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Chapter 1

Introduction

In the last years, one of the most abundant chemical elements in universe that is present in
all known life forms, namely carbon (C) has aroused exorbitant interest all over the world.
Carbon atoms bound in a two-dimensional honey-comb lattice built from benzene rings is
called graphene and can also be interpreted as a basal plane from graphite or an unrolled
carbon nanotube. For a long time strictly two-dimensional crystals have been believed
to be thermodynamically unstable, however it is possible to mould two-dimensional crys-
tals on top of a sustaining (flat) three-dimensional substrate coupled simply by van-der
Waals forces [1,2]. Since the seminal experimental realization in 2004 by A. Geim and
co-workers [1] and the simultaneously but independently published measurements of the
quantum Hall effect from Andre Geim’s and Philipp Kim’s groups [3, 4], in the only one
atom thick graphene sheets attracted much interest from fundamental research in physics
and chemistry, over nanotechnology to development of device concepts. Referring to the
authors of reference [5] (and references therein) this can be attributed to three main rea-
sons. Firstly, due to peculiarities in the dispersion relation and hence, the linear band
structure for low energies, charge carriers in graphene monolayers behave like "massless
Dirac fermions" and in bilayers like "massive chiral fermions" [2, 6]. Therefore the electron
transport is described by the Dirac equation allowing access to quantum electrodynamics
in a simple condensed matter table top experiment without extensive colliders such as the
Large Hadron Collider (LHC) [7]. In this way, a counterintuitive relativistic process, Klein
tunnelling of relativistic particles - also know as Klein paradoxon was experimentally ob-
served for the first time in graphene [8,9]. Quantum electrodynamics and the introduction
of a pseudospin due to two sublattices led to the understanding of the half-integer quantum
Hall effect [2—4,10].

Second, graphene is a promising candidate for device application because of its superla-
tive properties, often valid also for bilayer and few-layer graphene [11]. The charge carriers
exhibit a giant intrinsic mobility still at room temperatures leading to a mean free path of a
few microns making them capable to built spin valve-, superconducting- or ballistic transis-
tors [6] and ultra-high frequency devices [12,13]. Graphene can sustain high current densi-
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ties and shows record thermal conductivity. By the way, graphene is the strongest material,
is very stiff and impermeable to gas, transparent and suitable for foods [14]. These eligible
properties make them promising for a wide field of application from gas sensors for indi-
vidual molecules, over transparent electrodes e.g. for solar cells and sandwich-materials
to hold longer fresh or makes materials more robust to microelectronics. The development
of graphene devices may help to preserve the validity of the well known Moor’s law [15]
for a longer time or promote "green technologies" where reduction of power consumption,
thermoelectric properties [16] and hence also heat transfer plays an important role.

The third reason for the current interest in graphene is the fact that "flat" graphene has
intensely been investigated theoretically for more than 60 years [17]. Because graphene
is the basic materials e.g. for three-dimensional graphite, one-dimensional carbon nan-
otubes and zero-dimensional buckyballs, it is not surprising that a lot of the famous prop-
erties were predicted long before the experimental realization.

However some findings are still unclear. Since room temperature mobilities up to ~
10° cm?/Vs are calculated [18], and even ~ 2 x 10° cm?/Vs [19] are expected in a
relevant range of carrier concentration from temperature dependent measurements, an
experimental confirmation of such high values for the mobilities are still leaking. The con-
sensus exist that a fundamental limit of the mobility in graphene is due to electron-phonon
scattering. Despite the origin for the low mobilities observed in numerous experiments is
still under debate. It is known that the conductivity in suspended and thermally cleaned
graphene can be significantly enhanced [20, 21] and it has been reported that also the
use of Pb(Zro2Tipg)03 (PZT) as substrate material increases the mobility of few layer
graphene [22]. We had to mention that the commonly used substrate is Si/SiO, with a
certain thickness of the oxide layer due to the visibility of even monolayer flakes under an
optical microscope [23]. The influence of the underlying substrate seems to dominate the
mobility of the graphitic sheets. Possible scatteres are (charged/magnetic) impurities [24]
and moreover, the interaction between graphene and the substrate determines the fre-
quency of the out-of-plane (flexural) vibrations, both influencing the transport properties at
finite temperatures. In addition, electrostatic interaction between a single graphene sheet
and a SiO; substrate is dominated by polar modes at the SiO, surface [25].

The motivation of this thesis was to facilitate investigations of graphene on various sub-
strates and to explore the influence on the transport properties. We decided to use crys-
talline semiconducting GaAs-based substrates grown by molecular beam epitaxy due to
their high tunability. Furthermore, GaAs is the best understood semiconductor for ultrafast
electronics, optoelectronics and quantum electronics applications [26]. The combination of
these two materials may auxiliary lead to opportunities in device applications and enables
the investigations of graphene with surface acoustic waves. Because of the mostly used
amorphous SiO; substrate material, the latter was not possible far to now. First promising
tests of probing graphene with surface acoustic waves have already been enabled and
carried out in cooperation with J. Ebbecke from the Mads Clausen Institute, University of
Southern Denmark in the framework of this thesis. An optical micrograph of such a sample



(I

Figure 1.1: Optical micrograph of a graphene sample, prepared for surface acoustic wave exper-
iments. The graphene on the right is contacted by the lower right two aluminum contacts (bright).
The interdigital transducer for the surface wave generation is visible in the left part of the image.
These two main components are zoomed in at the corresponding insets.

is depicted in Figure 1.1.

During our work, we became aware from Raman investigations of graphene on GaAs [27]
and graphene on GaAs/AlAs heterostructures that is used to tune the visibility of graphene
on such a substrate [28]. To best of our knowledge, no transport investigations has been
done on graphene or thin graphite lying on top of GaAs or InGaAs.

The thesis is organized in following way. After this short introduction the basic theoret-
ical concepts are given in chapter 2. First the lattice structure, the resulting dispersion
relation and peculiarities with respect to the number of layers of a graphene sheet will be
introduced. Afterwards the transport properties such as the minimum conductivity and the
magnetotransport behavior with the half-integer quantum Hall effect in graphene mono-
and bilayer is briefly discussed. This chapter is closed with the basic concepts to some
quantum interference phenomena, namely weak localization effects and universal conduc-
tance fluctuations.

In chapter 3 the experimental set-ups and technologies used in this thesis are collected.
For graphene detection optical and scanning electron microscopes are used, for detecting
the morphology atomic force microscope and to observe the optical properties imaging
ellipsometry is applied to the graphitic sheets. Magnetotransport measurements are done
in dependence of the temperatures down to 7' = 1.7 K and with magnetic fields up to 10 T.
Graphene preparation on different substrates and the especially the graphene detection,
localization and the counting of the number of layers is covered in chapter 4. One focus
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lies hereby on the challenging detection and classification of graphene on non Si/SiO,
substrates with a certain thickness of the oxidized layers, where the graphitic flakes are
not visible with an optical microscope. We visualize how we were able to overcome this
problem by an entanglement of different experimental efforts. In this way also the prepa-
ration of field-effect transistor like devices for transport measurements can be done.

In the next chapter, chapter 5, the mechanical and optical properties of graphene will be
discussed. These results are a direct benefit from some efforts with the detection. On the
one hand the flexibility of graphene was investigated in detail with atomic force microscopy
and on the other hand the dispersion relation including refraction and extinction indices
could be determined from the imaging ellipsometry data.

Chapter 6 deals with electrical, transport and magnetotransport properties of graphene
on mainly GaAs and InGaAs substrates. Fundamental transport measurements in de-
pendence of field effect and temperature have been carried out on graphene on different
substrates as well as comprehensive investigations of weak localization signatures at low
magnetic fields.

The last chapter 7 briefly recapitulate the contents and achieved results of this work. A
comparative discussion and a short outlook closed this thesis.



Chapter 2

Background

Carbon is a very common material, often connected to energy processes, such as in the
Bethe-Weizsacker-cycle (also known as CNO cycle) in stars or in photosynthesis of plants.
As condensed matter two modifications of carbon are known: diamond and graphite. The
hybridization and the resulting crystal structure distinguish between these two materials.
The latter, graphite, consist of numerous layers of carbon atoms arranged in a honeycomb
lattice that are stacked in an ABA configuration. The binding of the C atoms within a plane
are very strong, whereas the coupling from one basal plane to the other is very weak. The
crystal structure of one basal plane and only a few stacked planes, called graphene and
few layer graphene or thin graphite, will be described in the first part of this chapter. In the
following the basic concepts are introduced for understanding the experimentally observed
electronic and magnetotransport properties in this two dimensional crystal. Therefore, the
band structure and the electronic properties are described depending on the number of
layer. Next the dependence on magnetic field will be discussed. Finally, experimentally
detected phase coherent transport phenomena are shortly described, namely weak local-
ization and universal conductance fluctuations.

2.1 Structural and electronic properties

As already mentioned there are two possible forms of condensed carbon matter - diamond
and graphite. They differ in the state of hybridization of the carbon atoms leading to two
very different materials. Carbon atoms have the following starting configuration:

1322s22p2 (2.1)

The two 152 electrons from the innermost shell do not contribute to the chemical bonding
and are no longer taken into account.
To assemble molecules or solids from carbon atoms, bonds in between are needed. This

5
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a) b) P,
sp, sp,

0.67 nm

Figure 2.1: Comparison between a) sp3 and b) sp2 hybridization (taken from reference [29]) and
the resulting crystal structure c) diamond and d) graphite [30].

can be achieved in different ways'. The two most interesting options to build a solid are
the so called spz— and sp3 hybridization. Therefore one or two electrons of the 2p-level
combine with one of the 2s electrons to three or four hybridized orbitals for sp? and sp>
hybridization, respectively. The sp> hybridization leads to tetrahedral bonds, originating
the rigidity of diamond for instance.

Graphite is based on sp2 hybridized bonds. The spz-orbitals define three ¢-bonds within
a plane with an angle of 120°. A schema of the hybridization is drawn in Figure 2.1 a) for
the sp3 and in b) for the sp2 hybridization. The resulting crystals are shown in c) for the
diamond and d) for the graphite lattice structure with ABA stacking.The distance between
two planes in graphite is 0.335 nm. A basal-plane of the graphite lattice is called graphene.
From the 120° angle of the bonds in such an sp2 arrangement a hexagonal lattice follows.
The lattice of a graphene plane and some fundamental crystal properties are depicted in
Figure 2.2. The two main directions in the two-dimensional lattice are called zigzag and

'Probably one reason why carbon is very often present in nature and carbon research is such manifold.
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Figure 2.2: a) Perspective view of a hexagonal lattice. Armchair and zigzag direction are denoted
by arrows. A hexagonal lattice with equal atoms can be reduced to two sublattices shown by black
and grey spheres. b) The construction of the lattice in real space with the lattice vectors d@; and d,.
c) The reciprocal lattice which is again based on hexagons with the corresponding lattice vectors.
The hatched hexagon is the first Brillouin zone. The yellow parallelogram shows a unit cell with the
two inequivalent points K and K”

armchair and are marked with arrows in Figure 2.2 a). The hexagonal lattice in real space
is shown in Figure 2.2 b). In the selected representation the base vectors are a1 = a-(1,0)
and @ = a- (—1/2,v/3/2) with a = v/3a9 and ap = 1,42A the distance between two
neighboring carbon atoms. In Figure 2.2 c) the corresponding reciprocal lattice with the
first Brillouin zone (hatched hexagon), the reciprocal unit cell (yellow) and the reciprocal
base vectors are given. Some distinct points at the zone boundary K and K" are labeled.
The graphene layers in graphite are only weakly coupled with the unchanged p, orbital also
shown in Figure 2.1 b). This remaining valence electron gives rise to the @ bond which will
provide delocalized electrons in the plane forming a bonding © and an antibonding ©*
band.

Because the hexagonal lattice is built only by carbon atoms, in real space as well as in
k-space the crystal lattices can be described by two inequivalent triangular sublattices.
As a consequence, two in real space neighboring carbon atoms occupy non-equivalent
sites as demonstrated in Figure 2.2 with red and grey atoms. The band structure of the
for electric properties relevant  bands can analytically be calculated with a tight-binding
approach using a separate Bloch function ansatz for the two inequivalent lattice sites.
Carefully computing this ansatz as described in details for instance in reference [31] leads
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to following dispersion relation:

3aky ky k
E(ky,ky) = £Y04| 1 +4cos <\/_2a > cos (%) +4cos? (%) (2.2)

with @ = v/3ap = 0.256 nm and Yo ~ 2.8 eV the nearest neighbor hopping energy. The "+”
and ”—" sign in equation (2.2) the signs for the occurrence of electrons and holes as charge
carriers, respectively. Another mentionable fact is also found in equation (2.2): For some
particular values of k the whole root cancels out and the energy of electrons and holes
becomes zero. Together with the + sign this already shows the semi-metal character of
graphene. Accordingly, conduction and valence band, generated by the binding © and the
antibinding * bands, respectively, touch each other exactly at all inequivalent K and K*
points. Moreover, the bands are parabolic at the Gamma point in the middle of the zone
center and a band gap opens at the M point which is in the middle of the Brillouin zone
edge.

The dispersion relation E(%) for a full hexagon in k-space is plotted in Figure 2.3 a). The
situation for low energies in the first Brillouin zone terminated by K and K" is enlarged in
Figure 2.3 b). In the intrinsic (undoped) case, the valence band is fully occupied and the
conduction band is empty. This causes the Fermi energy Er to intersect the bands exact
at K and K*. Hence, in case of neutrality, states exist at Er, which are half hole-like and
half electron-like. This is why the K and K" points are labeled as charge-neutrality points.
However, these points are also referred to as Dirac-points. For low energies only a linear
term of equation (2.2) survives:

E([k]) ~ V3my alk| (2.3)

In comparison to most of the commonly considered semiconductors/semi-metals, the band
structure in the for electronic properties interesting low energy region is linear. Thus the
charge carriers behave like relativistic Dirac fermions and hence, the description for low
energies is similar to a photonic dispersion relation:

E(p)=c"-p (2.4)

with an effective speed of light of ¢* ~ 10° m/s. The speed of light is translated into a solid
state physics term with the Fermi velocity vr. One consequence is that the effective mass
of the charge carriers in graphene is equal to zero m* = 0 [3,14,32]. The gray background
in Figure 2.3 b) indicates the first Brillouin zone in reciprocal space. Since the boundaries
of the Brillouin zone and the Dirac points coincide it is obvious that only one complete
double cone must be considered, since all other points in reciprocal space can be reached
by a reciprocal lattice vector.
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Resulting from the two sublattices and as a direct consequence a further quantum num-
ber, the so called pseudo-spin is introduced accounting the valley-degeneracy [2,32]. A
good quantum number for this description is the chirality, the projection of the pseudo-spin
onto the wave vector k. Normally chirality is conserved. The fact that there is an additional
degeneracy (described by the pseudo-spin) automatically leads to a four-fold degeneracy
in the description of graphene: each charge carrier can be spin up/down and at valley K
or K". This effects among others the quantum Hall effect as will be described later. The
properties of the pseudo-spin can be described by a so called spinor like structure as
known from relativistic quantum mechanics. Together with the linear dispersion relation
it can be shown that a charge carrier in graphene must be described rather by relativis-
tic Dirac equation than by Schrédinger equation and hence they are often named Dirac
fermions [2—4,10, 32].

This extraordinary band structure of graphene attracted theorist long before graphene was
experimentally realized [17, 33, 34]. However, since the experimental observation of the
four-fold degeneracy by quantum Hall measurements it was realized that graphene offers
the access to quantum electrodynamic phenomena in a solid state environment.

From graphene to graphite

Graphene is the base of graphite, which is constructed from many A-B stacked graphene
layers. The interlayer coupling is transferred mainly by van-der Waals forces and hence
weak as already mentioned above. The band structure, however, is very sensitive to the
number of layers. By adding one additional layer a so-called bilayer graphene system is
created. One layer more leads to trilayer graphene and the next one to four-layer graphene
and so on, ending up with three-dimensional graphite, where some layers more or less do
not change the properties any more. By adding up layers, the unit cell changes each
time and consequently the electronic properties, too. The threedimensional properties of
graphite are more and more recovered. In the ideal case the layers have an ABA stacking,
also known as Bernal stacking (compare Figure 2.1 d) and Figure 2.4 (a)). The properties
of more than ten layers should be quite similar to those of graphite [2]. The situation for
graphene consisting of one, two, three or four layers will briefly reviewed, following refer-
ence [35]. Related drawings are reproduced in Figure 2.4.

Starting with a bilayer system the unit cell is already a three dimensional one counting four
atoms, two for each layer. Besides a band splitting of two parabolic bands, a parabolic
dispersion relation for valence and conduction band is recovered at low energies. Again,
valence and conduction bands touch each other at K and K", for bilayers without asym-
metries between or in the layers . This situation is depicted in Figure 2.4 (b) without elec-
tric field (thin lines). Consequently, undoped bilayer graphene has also no bandgap and
hence behaves like a semi-metal. In the case of trilayer graphene the situation gets more
complicated. Theoretically, a band gap opens, that would make trilayer graphene a semi-
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Figure 2.3: Dispersion relation of graphene. In b) the important low energy region is drawn. Two
double cones result at the K and K™ points. Shaded in grey denotes a part of the first Brillouin zone.
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Figure 2.4: a) The geometric structure of the trilayer graphene. 7Y is the intralayer interaction
and vy;’s indicate the interlayer interactions. The light (heavy) curves in (b), (c),and (d),respectively,
exhibit the energy dispersions of the bilayer (N=2), trilayer (N=3), and four-layer (N=4) graphene in
the absence (presence) of electric field (F) in units of YO/(eA), taken from reference [35]. The x axes
describe directions from one Dirac point K to points of high symmetry (I" and M) and have different
lengths.
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Ry (kQ)

Figure 2.5: Reprints of the transport properties of a trilayer graphene taken from reference [36]. In
a) the gate dependent sheet resistance is plotted and in b) the corresponding Hall resistance for
a fixed perpendicular magnetic field of B=9 T is shown. The three insets schematically depict the
position of the Fermi energy (EFr) at different values of V;,, from [36]

conductor [35] but experimental investigations point to the semi-metallic like behavior with
overlapping conduction and valence bands [36]. The next layer would theoretically recover
a semi-metal behavior for four-layer graphene. But the classification between a semi-metal
or semiconductor with a small band gap seems to be a difficult tasks for theorists due to
various contributing parameters [35, 37—40] and hence should not be discussed in more
detail here. In experimental reality, trilyer graphene behaves, similar to graphite, like a
semi-metal with overlapping parabolic valence and conduction band at K and K" points as
measured by M. F. Craciun et al. [36] and shown in Figure 2.5. This band overlap is re-
ported to be tunable by field-effect [36]. Two relevant graphs of this reference are reprinted
in Figure 2.5. In Figure 2.5 a) the sheet resistance R of a trilayer graphene in dependence
of the applied backgate voltage and in Figure 2.5 b) the corresponding Hall resistance at B
=9 T are shown. Both measurements were done at low temperatures [36]. The sheet re-
sistance as a function of the backgate voltage shows a distinct peak. Its position is equal to
a characteristic sign reversal in the Hall resistance. The maximum in the sheet resistance
(compare Figure 2.5 a)) is attributed to the existence of a charge neutrality point (CNP)
where the electron density in the system is equal to the hole density and the Fermi energy
Er lies at E = 0. Especially from Hall resistance data in Figure 2.5 b) it follows that trilayer
graphene is a semi-metal with overlapping conduction and valance band as depicted in
the inserted schemas of Figure 2.5 b). A maximum in the sheet resistance, or equivalently
a minimum in the conductivity as a function of the gate voltage is also observable in mono-
and bilayer graphene that appears at Er = 0, where valence and conduction bands touch.
For intrinsic (undoped) mono- and bilayer graphene exist, contrary to the findings in trilayer
graphene, only holes for Er < 0 and electrons for Er > 0, meaning that there is no band
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overlap.

Finally it should be noticed that the description of graphite (so adding up many more
layers) is already quite old and a lot of work bases on the Slonczewski-Weiss-McClure
model which describes the coupling between layers with hopping terms between 7 orbitals
in different layers [17,32-34]. The multi-layered structure of graphite makes it a highly
anisotropic crystal and explains its softness and lubricant properties?.

Regrettably, the number of layers can often only be determined with a uncertainty of one
or two layers in this thesis. In such a case this sample will be referred as "graphene”,
meaning the whole range from monolayer to Few-Layer Graphene (FLG), but much thinner
than graphite. This seems reasonable, because especially the transport in the classical
regime is quite similar for single to few-layer graphene.

2.2 Transport properties

The previous discussed band structure is responsible for different phenomena occurring
in electrical measurements in graphene. These are the minimum conductivity, classical
and quantum Hall effect and phase coherent phenomena, namely weak localization and
universal conductance fluctuations. These are introduced in the next paragraphs.

2.2.1 Minimum Conductivity

As already stated and shown for the case of trilayer graphene (Figure 2.5) one property of
graphene and few-layer graphene is their missing band gap. The type of charge carriers
is determine by the position of the Fermi energy Er. Its position can be changed by an
electric field that can be generated by applying a positive or negative gate voltage. A direct
consequence is the strong dependence of the conductivity of the position of Er and hence
from the gate voltage. The minimum conductivity appearing for Er = 0 and hence lying
exactly between valence and conduction band was one of the first reported experimental
finding of graphene [1,3,4]. A typical measurement of this phenomenon (taken from refer-
ence [3]) is reprinted in Figure 2.6. The inserted double cone of the low energy part of the
dispersion relation helps explaining the slope of these experimental findings. By sweeping
the gate voltage V, from -100 V to +100 V the Fermi level is shifted on the double cone
from the valence band on the left to the point where valence and conduction band touches
in the middle, to the conduction band on the right. This affects both, charge carrier density
and simultaneously the conductivity. First, the hole density is linearly reduced down to
the Dirac point, where the conductivity minimum is reached. Then the type of the charge

2Probably nearly everybody uses this probabilities in everyday life by writing with a pencil.
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Figure 2.6: Gate dependent conductivity of a graphene monolayer, adapted from [3]. The con-
ductivity does not vanish at the Dirac point. The inset shows one double cone of the dispersion
relation.

carriers changes, as proven by Hall measurements. Further increasing the applied gate-
voltage increases the electron density and thus the conductivity increases again linearly.
At the Dirac point, also referred to as charge neutrality point, the conductivity reaches
a minimal however finite value. But - as it was quickly realized - the conductivity never
falls below a certain value. Regarding the band structure one would conclude that at the
crossing points of the bands the number of carriers tends to zero and thus the conductivity
should also vanish. But in contrast, a minimum conductivity in the range of G,,;, = 4e2/h
is found experimentally in many samples [1-3]. Theoretically a value of G,,;, = 4¢/hn
is predicted [41, 42], but the detailed origin of this phenomenon is still unclear and under
debate [2].

2.2.2 Quantum Hall effect

The unconventional quantum Hall effect (QHE) found in graphene [3, 4] was one of the
driving forces in the early days of experimental graphene research and pushing investi-
gations on the whole material system a lot. The QHE was one of the most significant
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Figure 2.7: The sequence a)-c) describes the energy dependent density of states D(E) at a finite
magnetic field perpendicular to the plane of the charge carriers a) for massless Dirac fermions in
single layer graphene, b) for massive Dirac fermions in bilayer graphene and c) for Schrédinger
electrons with two parabolic bands touching each other at zero energy [2]. d) and e) Resistivity
(red) and Hall conductivity (blue) as a function of charge carrier density at finite magnetic field [10].
The measurement of the quantum Hall effect in d) corresponds to a monolayer [3] and shows the
half-integer quantum Hall effect. The quantum Hall effect in e) reflects the quantum Hall effect in
bilayer graphene, the missing plateau at zero carrier density is clearly visible [43].

discoveries [44] of the 1980s and is an effect that has so far only been observable in high
quality semiconducting two dimensional charge carrier systems. Before going into the de-
tails of the outstanding effects in graphene, QHE in conventional systems with a parabolic
dispersion relation will shortly be revisited after a few words about the concept behind the
classical Hall effect.

From classical Hall effect to (half-)integer quantum Hall effect

The classical Hall effect can be observed by measuring a conductor’s resistance perpen-
dicular to the current, if a magnetic field is applied again orthogonal to current and voltage
probes. The electric field induced by the voltage compensates the Lorentz force (produced
by the magnetic field affecting the charge carrier. Thus the resulting voltage is proportional
to the magnetic field: |Uy,| =1-B/(|dne|) with I the flowing current, B the absolute value
of the magnetic field, d the width of the conductor, n the charge carrier density and e the
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electron charge. By normalizing this voltage-drop by the current I the following expression
for the Hall resistance R,, is deduced.

B
Y |dnel

(2.5)

The Hall resistance is proportional to the magnetic field B and can be used to determine
the charge carrier density n if the sample thickness d of the three dimensional sample
is known. For two-dimensional charge carrier systems the Hall resistance R,y is directly
proportional to B and indirect to e and n.

But what happens if the same measurement is carried out with a high mobile two-dimensional
charge carrier system at low temperatures and a high magnetic field? As demonstrated by
K. v. Klitzing et al. in 1980 [44], under such conditions the Hall resistance gets quantized
and exhibits constant values over a certain magnetic field range, what is referred to as
quantum Hall plateaus. The resistance at the plateau takes the following values

1h 1
R,y = i Ry -25812.8 Q (2.6)
with v being an integer. In the presence of a finite perpendicular magnetic field the density
of states of a real two dimensional charge carrier system (only the lowest subband oc-
cupied) condenses into equidistant highly degenerated delta shaped peaks, the so-called
Landau levels (LL). These peaks are broadened by disorder. The integer v is the so called
filling factor. For a non spin-degenerated system it is defined as:

_nh

V= B (2.7)

The energy of such a LL in a conventional semiconductor is Ey,, = htc(Npr + 3) with
oc = eB/m* the cyclotron frequency and # the Planck constant / over 21t and the effec-
tive mass m*. The equidistant spacing of the LL level can be seen from this relationship. A
schema of the LL of a conventional two dimensional system is depicted in Figure 2.7 c¢), a
series of broadened peaks of the distance of hwc. That is also the situation expected and
already experimentally verified for FLG [45].

In the case of massless Dirac fermions as present in graphene monolayers the spectrum
of the Landau levels takes a different form:

1 1
ENLL = :I:VF \/zeBh(NLL + 5 + 5) (28)
In this equation v is the Fermi velocity that is approximately 1/300 of the speed of light
(vr = ¢/300), h is again the reduced Planck constant and Ny, refers to the Landau level
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index. This sequence of Landau levels is drawn in Figure 2.7 a). The "%2” term in equation
(2.8) considers the spin and the "+'2" term the pseudospin, which is originated by the
double valley degeneracy of the bandstructure as defined before. The "+2” term gives
rise to the unconventional so called half-integer QHE and a very big difference in the LL
spectra compared to conventional QHE systems. For massless Dirac fermions there exists
a zero energy state at the Oth LL, meaning that this lowest LL is occupied by both holes
and electrons. For conventional parabolic systems with Schrédinger-like fermions this low-
est energy level is shifted by "2hwc. Additionally, the %2 in equation (2.8) shifts the
whole QHE spectrum by 2 in comparison to conventional systems. Therefore, this QHE
is denoted as half-integer QHE in contrast to the integer QHE in conventional parabolic
system. However, the half-integer QHE must not be mixed up with the fractional quantum
Hall effect, which can be described in the picture of composite fermions [46].

There is another noticeable property in equation (2.8). The distance between two Landau
level peaks depends on the square-root of the energy. Together with high mobility and
Fermi velocity this dependence (especially the big energetic distance between Ny; = 0
and Ny; = *1) allows to measure QHE at room temperature for the first time [47]. With
respect to spin and pseudospin the degeneracy in the LL spectrumis f = 4. This four-fold
degeneracy of graphene was already mentioned in the discussion of the band structure. To
sum up, the position of the quantum Hall plateaus are described in graphene monolayers
by modifying equation (2.6):

1 h 1 h

Ry=-—=d—""— 2.9
Y ver T 4.(Npp+1/2)e? (2:9)

In the case of massive Dirac fermions that are found in bilayer graphene another unusual
QHE occurs. The Landau quantization is shown in Figure 2.7 b) and is described by

ENLL = :i:hO)C\/NLL : (NLL — 1) (2.10)

Evidently two possible solutions exist for a zero-energy state, Ny = 0 and Ny = 1. Apart
from a missing plateau for zero energy originated by this additional degeneracy, the Lan-
dau level peaks are now equally spaced again and therefore a conventional sequence of
quantum Hall plateaus is observed.

1 h 1 h
Ro=Ve = iNg e @1
The experimental findings for both monolayer and bilayer confirm this results. The half-
integer steps of 462/h for a graphene monolayer are shown in Figure 2.7 d) in blue and in
the corresponding longitudinal resistance exhibiting SdH oscillations are clear fingerprints
of massless Dirac fermions in graphene. In Figure 2.7 e) the same measurement for a
bilayer graphene is given. There is really no plateau at zero energy and since the number
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of states in that situation is twice compared to higher levels, the step in the Hall resistance
at the (missing) Oth LL must be twice, too. The amplitude of the SdH for this LL is also
much higher and much more pronounced than those for higher LLs.

2.2.3 Interference phenomena

For simplicity the following is described for electrons even if the argumentation for holes is
analog. Before the wave character of electrons and its consequences for charge transport
is addressed, the classical picture of transport in matter (e.g. a metal) is shortly revisited.
The so called Drude model describes charge transport in matter by a classical approach.
The electrons are viewed as particles that are accelerated by an applied electric potential.
Scattering on heavier and relative immobile positive ions localized in the crystal, the ac-
celeration of the charge carriers is stopped and the movement of the electrons is slowed
down. With reaching an equilibrium between acceleration and slowing a stationary current
density j = —en,vp = eZTT""’ arises (with n.: electron density, vp drift velocity and T mean
free time between ionic collisions). From this current density the term for the conductance
can be deduced: ' 5
o= ™" (2.12)
E m

This description holds as long as the electron’s wave character can be neglected. If the
dimensions of the systems get smaller and the temperature is lowered, quantum mechan-
ical interference effects influence the transport and must be taken into account for the
description of the transport. Two effects are briefly considered in this thesis, namely weak
localization (WL) and universal conductance fluctuations (UCFs). More comprehensive
discussions of these effects can be found in literature [48-51].
Systems in which the quantum mechanical character of charge carriers becomes visible
are called mesoscopic system. Their lengths scales are in the order of the phase coher-
ence length Ly. This length is a very important quantity and refers to the mean free path a
charge carrier can travel phase coherently. In other words, the mean free path is the length
scale, where the phase information of a charge carrier is stored. Due to the diffusive mo-
tion of charge carriers, the phase coherence length is connected to the diffusion constant
D and the coherence time ty by Ly = /D -Ty. The situation in mesoscopic systems,
where phase coherence transport must be considered is sketched in Figure 2.8. Starting
at point A and ending at point B two different possible path are drawn. The black points
demonstrate scatterers. For a quantum mechanical description of the transmission prob-
ability from A to B all partial waves of the charge carriers with their complex amplitudes
A; must be considered, since all interfere at point B. The total transmission probability is
given by:

T = |A1 +Aaf” = |A1* +|A2]” +2|A1]|A2| cos (01 — ¢2) (2.13)
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Figure 2.8: The way from A to B can be traveled on different ways (e.g. 1 and 2). The partial waves
of all possible way starting at A interfere at P, from [50].

with @ the phase of each partial wave. The classical limit is reached if the phase informa-
tion or phase coherence is destroyed by scattering (e.g. by inelastic scattering). Then the
third term representing phase-interference if the partial waves in equation (2.13) vanishes.

Weak localization

A special case of trajectories is given in Figure 2.9. The paths of two partial waves are
chosen in such a way that both describe a more or less regular loop (the exact shape
is irrelevant) in opposite direction. Both partial waves interfere constructivly at the initial
point, if time reversal symmetry excludes phase differences between these two partial
waves. The probability for such wave pairs for constructive interference equivalent with
backscattering, which is doubled compared to the classical description, since A = A, and
cos(@ — @) = cos(0) = 1 [50]. The electron is localized within this path and can not con-
tribute to the current resulting in an increase of the resistance. The description is valid in
absence of an internal or external magnetic field and the effect is called weak localization
(WL).

However, an applied magnetic field breaks the time reversal symmetry. This can be vi-
sualized regarding the enclosed area. In the case of an applied external magnetic field, a
magnetic flux is defined by this area. Since the waves on these paths travel in opposite
directions, this flux adds phases with opposite sign to the wave functions, which is known
as Aharonov-Bohm effect. Thus the interference term in equation (2.13) does not give one
any more. So backscattering is reduced, the electron begins to delocalize and contributes
to the conduction. Therefore the resistance shrinks by applying a magnetic field. The en-
closed areas are not equal since the points of scattering are randomly distributed in the
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Figure 2.9: Two partial waves propagating on the same path in opposite direction. The constructive
intereference at the initial point A leads to a (weak) localization and hence the conductance of the
sample is reduced, taken from reference [50].

sample. As a consequence by increasing the magnetic field the weak localization gets
damped and finally vanishes.

Weak localization as a quantum correction to conductivity of two-dimensional system has
been studied for more than 20 years [49,52]. It has already been shown [53, 54] that WL
measurements in graphene cannot only provide information about the dephasing but also
on elastic scattering mechanisms [55,56]. Elastic scattering can take place within a single
valley (intra-valley) and between valleys (inter-valley). So the pseudo-spin has also to be
considered since it controls the phase of the wavefunction. Intra-valley scattering cancels
the conservation of chirality and thus suppresses WL. Such scattering can occur on lattice
defects or dislocations and due to the so-called trigonal warping [55]. In contrast, inter-
valley scattering restores WL. The WL correction to the Drude conductivity of a graphene
monolayer is given by [55,57]:

2 -1 -1 —1
So(B) =< AF (L) —F|—t—)-oF(—— B (2.14)
Th Ty Ty +27; Ty tT 0 T

where F(x) = In(x) +¥ (§ + 1), ¥ is the Digamma function and ;' = 4eDB/h with D as
diffusion constant. Further is T4 the dephasing time. Inter-valley scattering is characterized
by T;, whereas intra-valley scattering is described by t.. In the latter scattering on defects,
which break chirality, as well as on dislocations and ripples, which destroy the interference
by their effective random magnetic field, are combined. The corresponding lengths scales
are given by Ly ; « = /D - T¢.i «, With D again the diffusion constant.
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In bilayer graphene the WL correction must be modified and can be described by [54, 56]:

2 -1 —1 —1
So(B)= < {F (B ) —F | —2— | +2F | 28— (2.15)
Tth Ty T, +27; Ty tT T

The difference between equation (2.14) describing a monolayer and equation (2.15) for the
bilayer case is the changed sign in the third term. It is also remarkable that for tl-_l,t;l —
oo meaning that the corresponding scattering mechanism are not present any more, both
equation are transformed into the conventional expression for WL in a two dimensional

system with two valleys as it is valid for FLG for equal or more than three layers.

Universal conductance fluctuations

The positions of scattering centers are more or less randomly distributed in a real conduc-
tor. As depicted in Figure 2.8 the phase differences at a final point depend strongly on the
exact paths a charge-carrier takes. In the same manner the transmission probability is de-
pendent on these individual paths. Therefore the conductivity of a mesoscopic sample, for
which the size is on the order of the phase coherence length, depends on the exact con-
figuration of the scattering centers and consequently is specific for each individual sample.

As already explained, the phase differences get changed by an applied magnetic field.
This generates aperiodic, reproducible fluctuations in the magnetconductance of a sam-
ple. The fluctuations base on the configuration of the scattering centers and hence these
fluctuations are often referred to as "magnetic fingerprint” of a sample.

For a phase coherent conductor the amplitude of these conductance fluctuations is in-
dependent of the absolute conductance value and can be expressed with the following

relation:

&2

3G =1/{(G—(G))?) ~ A (2.16)
From this independence of the absolute value the fluctuations are universal and therefore
called Universal Conductance Fluctuation (UCF). For a real conductor equation (2.16) is

only slightly modified since the result ez/h is multiplied with a value with magnitude ~ 1.



Chapter 3

Experimental methods

The basic requirement for investigations of graphene on other substrates than SiO, with
a certain oxide thickness is to overcome the problem with minor visibility of the graphitic
layers in an optical microscope on such substrates. Therefore we utilize a combination of
several microscopy techniques.

Within this chapter, all used experimental methods including microscopy techniques for
detection of graphene, imaging ellipsometry to investigate the optical properties and the
set-up for electrical characterization and magnetotransport measurements at low temper-
atures will be introduced and described.

3.1 Scanning electron microscope

For detection and determination of the lateral dimensions of graphitic layers on semicon-
ducting substrates a Scanning Electron Microscopy (SEM) was prefered albeit height and
number of layer of the flakes was not observable. The used LEO 1530 SEM is equipped
with a GEMINI column that is schematically depicted in Figure 3.1.

To get an image from the sample, an electron beam is focused to the region under inves-
tigation of the specimen. Therefore, the electrons in the available SEM are released from
a field emitting crystal and accelerated into the column containing magnetic and electro-
static lenses. The electrons always pass this system with the maximum possible energy of
the SEM, in our case E; = 30 keV. Shortly before the electrons hit the specimen they are
decelerated to the desired primary energy.

After interaction with the specimen surface and volume, the scattered primary electrons

(PE) and secondary electrons (SE) are detected. An image is generated by moving the
electron beam via scan coils on a raster over the sample and counting the incident, scat-
tered electrons at each point. The number of electrons corresponds to the gray scale value
in the image as demonstrated e.g. in Figure 4.7 b).

There are different detectors for SEM, e.g. the most common one is the so called Everhart-
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Figure 3.1: Schema of GEMINI column of the used SEM. The in-lens detector is marked in red [58].

Thornley detector, but as it turned out [59] from the three available detectors at our SEM
only the In-Lens detector enables imaging of graphene. For that reason only this detector
is described in the following.

Let us return to the interaction of the incident electrons with the specimen. Some of these
electrons and also the SE will be attracted by the potential in the column. Due to the re-
verse movement of these electrons the potential is now attractive and accelerating. These
electrons can only be captured with a detector which is placed inside the lens system.
From that the name In-lens is derived.

The configuration of this SEM routinely achieves lateral resolutions smaller than 10 nm
with a high surface sensitivity which is necessary for the detection of the graphitic layers.
Additionally the SEM is equipped for electron beam lithography (EBL). This technique is
needed for sample preparation and described in Chapter 4.1.3.

3.2 Atomic force microscope

As already mentioned, SEM images give clear information about the position and shape of
the flakes of interest, but not their height or number of layers. However, both values, espe-
cially the number of layers, are needed to classify the graphene sheets and to distinguish
between monolayer, bilayer and few layer samples. Therefore, an additional microscopic
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Figure 3.2: Lennard-Jones potential describing the force between tip and sample F;; as a function
of the distance between tip and surface. The force-distance curve is non monotonic and generated
by short-range and long-range forces.

approach is necessary to provide some information about the topography of a sample.
These needs can be met by an Atomic Force Microscope (AFM). Since the first AFM [60]
was developed by modifying scanning tunneling microscopy (STM) technique [61] in 1986,
the elementary working principles are similar.

A sharp tip, which ideally consists of a single atom, is scanned over the surface giving the
x- and y-coordinates of the data. The determination of the z-coordinate depends on the
chosen AFM mode but in principle all of them measure the force acting between tip and
sample. The characteristic force-distance curve is described by a Lennard-Jones potential
and shown in Figure 3.2. The expression of the Lennard-Jones potential is (with C; and

(C, as constants): o
1 2
V(z) o< 6 (8.1)
The details of tip-sample force characteristics are determined by both long- and short-
range contributions, e.g. electrostatic, magnetic and van der Waals forces. Additionally,
under ambient conditions the sample surface is covered by a thin water film leading to
meniscus forces. Contribution and distinction between different forces is rather complex.
Interesting reviews on this topic can be found in literature [62—64]. The potential is char-
acterized by two regions where the potential gradient has the same sign and a minimum
between these two regions. This leads to the development of several AFM modes since
the first AFM was reported [60]. Two main groups are distinguishable, contact modes and
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Figure 3.3: Drawing of the used DI Multimode Illa-AFM. The tip is at a fixed position and the
sample is move by the scanner. The measured signal is the potential difference between the upper
and lower half of the photo detector [65].

non-contact modes. All contact modes work on the branch with negative slope the non-
contact modes in the region with the positive one. An imaging mode that combines both
regions (working near the minimum of the potential) is the so called tapping mode™. Here
the tip is oscillating with a rather high amplitude ~ 100 nm. This mode was used for all
AFM investigations in this thesis since it is a rather simple mode, delivering good results
also under ambient conditions. Another advantage of this mode is the energy stored in
the oscillating system making it robust against glue residues that are also on the substrate
surface. The AFM used in this work was a Veeco DI Multimode llla. Its components are
shown in Figure 3.3. The sample is mounted on a tube that contains piezo elements for a
movement in 3 dimensions. The cantilever with the tip is mounted above the sample and
fixed in space, meaning that the sample is moved with respect to the tip. The cantilever
is excited by another piezo element. The bending of the cantilever is picked by an optical
system consisting of laser lens, deflecting prism, mirror and dual segment photodetector.
The deflection of the laser at the photodetector is proportional to the force on the can-
tilever. The recorded quantity in tapping mode is the amplitude modulation. By changing
the tip-sample distance, the resonance frequency of the oscillating cantilever is changed
resulting in a modulation of the amplitude. The feedback loop acts on this modulation and
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the controller makes a z-movement so that the initial amplitude is recovered. In that way
the tip sample distance is kept constant. The z-movements are recorded providing the
height information and the topography of the sample surface [59, 65]. Other quantities can
additionally be recorded such as the phase or the amplitude of the signal.

3.3 Imaging ellipsometry

Principles of ellipsometry

A completly different approach for the characterization of thin films is ellipsometry. This
optical, nonperturbing and contactless method has been known for more than 100 years
[66] and is very sensitive on the dielectric properties of matter. The change of the known
polarization of an incident light beam by reflection on a sample’s surface is used to describe
optical properties of surfaces and thin films [67—69]. From this either the dispersion relation
i written in terms of refraction index n and the extinction coefficient k¥ or the dielectric
function € with its real- and imaginary part €; and €, can be calculated. Those quantities
are related as follows:

n = n+ix (3.2)
€ = g +iep
= (n+1x)? (3.3)

The refraction index n indicates the phase velocity, while k is related to the amount of ab-
sorption loss of light propagating through matter, since every electromagnetic wave light
moves on a straight line. But a beam of light is not unambiguously described by its direction
of propagation. Additionally, the oscillation orientation of the electromagnetic wave must
be defined. This is done with the polarization of an electromagnetic wave. By convention,
the polarization is equal to the direction of the wave’s electric field vector E [67]. Both the
electric and the magnetic part oscillate with the same frequency and the electric field can
be separated in two independent linear oscillation. The relative phase between these two
linear components define the polarization. If both oscillations are in phase the light beam
is called linear polarized, if there is a phase shift of £90° the polarization vector describes
a circular motion. With any other phase difference the resulting light beam is elliptically
polarized.

Another property of light is the fact that it is a transverse wave, meaning that the polariza-
tion is perpendicular to the direction of propagation. The best coordinate system for the
description of light interacting with matter is sketched in Figure 3.4. A beam of monochro-
matic or quasi-monochromatic light is reflected on a surface under an oblique angle of
incidence (AOI) with respect to the surface normal 7i. The initial beam and the final (re-
flected) beam define a plane of incidence. Now two additional coordinates are defined:
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Figure 3.4: Drawing of the principles of ellipsometry introducing a suitable coordinate representa-
tion that is parallel p or orthogonal s to the plane of incidence.

The first one is parallel to the plane of incidence, denoted by p and the other is orthogonal
to the plane denoted with s. Due to the properties of transverse waves both coordinates
are orthogonal to the travel direction of the beam of light.

With the reflection on the surface, s and p component deliver different phase shifts which
leads to a change of the polarization. This is a measure of the optical properties of the
surface.

— —

Eouw = E‘Ein (3.4)

( Eout,p ) — ( Rpp Rsp ) ( Einp > (3.5)
Eout,s Rp,s Rs,s Ein,s .

The incident electric field vector E-n is transformed into the outgoing vector E;m by the
reflection matrix R. This matrix includes all layers leading to a phase shift in p and s

components. For isotropic materials R is diagonal (Rs,p, Ry s = 0) and the ratio p of the
complex reflection coefficients R, s and R, , is expressed by two so called ellipsometric
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angles ¥ and A.
p o Rp,p . E{)ut,p / Ein,p (3 6)
Rs,s Eom‘,s / Ein,s .
= M . ei(SP.pfafﬁ.y)
[Rss]
= tan¥-e” (3.7)
The last equation is given by the following definition:
R
tan¥ = —|‘Rp’p (3.8)
8,8
A = 8,,— 8, (3.9)

The goal of ellipsometry is the determination of the reflection matrix. Since this is a rather
complex situation, an appropriate model for the surface must be developed. If the mea-
sured values in terms of angles 0°< ¥ < 90° and -180°< A < +180° fit to this model,
the optical properties of the investigated sample are well described by the model.

Setup for imaging ellipsometry

Conventional ellipsometry is limited in lateral resolution to the diameter of a light spot of
typically 100 um. This can be overcome by adding a lens system as additional optical ele-
ment to the setup, as depicted in Figure 3.5. This leads to Imaging Ellipsometry (IE). The
incident beam is first polarized (P), passes through the compensator! (C), is reflected by
the sample surface (S) and focused by a lens through an analyser (A) onto a CCD camera.
This is a so called PCSA-setup. A focused image can be obtained by moving the focus
line over the sample by a lens to level the angular light incident. The lateral resolution of
IE is only given by the numerical aperture of the microscope objective and reaches ~ 1 um.

The required quantities in equation (3.7) can be measured by the concept of nulling el-
lipsometry. The steps performed in such a measurement are schematically depicted in
Figure 3.5. The nulling condition at which the light intensity at the CCD camera is minimal
is generated in such a way, that the polarizer and/or compensator is rotated until the re-
flected light is linearly polarized. Then the analyzer detects this state by a rotation until the
minimal intensity is reached which is equivalent to a 90° rotation between the analyzer’s
axis and the linear polarized reflected light. This gives the orientation of electric field and
simultaneously the state of polarization of both the incident and reflected beam.

One advantage of this technique is that only a minimum in the light intensity at the CCD

'The compensator is a A/4 plate
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Figure 3.5: Setup for imaging ellipsometry. The circles show the polarization direction for nulling
imaging ellipsometry after each component.

camera must be found and that only angles of the optical components have to be deter-
mined which can accurately be done. A more detailed discussion on imaging ellipsometry
on multi-layer systems is given in literature [70].

The nulling imaging ellipsometer nanofilm_ep3-se (Accurion, Géttingen, Germany) deliv-
ers different wavelength ranging from A = 360 nm to A = 1000 nm (bandwidth 20 nm).
For higher light intensities the system is equipped with a laser (A = 532 nm). A 20x- or
50x-objective are available, the latter gives 68 x 79 ,umz field of view. All measurements
were carried out in cooperation with Accurion.

3.4 Magnetotransport measurements

The second part of this work does not deal with microscopic studies of the graphene but
with the investigation of the electronic properties of those layers. In the following the used
setup is shortly described.

The magnetotransport measurements were performed in an “He-Oxford-Cryostat (Figure
3.6) with a Variable Temperature Insert (VTIl) and a superconducting magnet that can
achieve a maximum magnetic flux density of 10 T. The sample is placed with help of a
sample holder inside the VTI which is connected to the surrounding liquid Helium reser-
voir via a needle valve. All other parts of the VTI are decoupled from the bath by a inner
vacuum shield.

The sample holder is designed for a standard 20 pin chipcarrier and equipped with a Si-
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Figure 3.6: Drawing of the cryostat. Magnetic fields up to 10 T can be applied. The sample is
mounted in the VTl which enables temperatures from T=1.7 K to nearly room temperature [71].

diode sensor to take the temperature close to the sample by its temperature dependent
resistance. The sample temperature can differ a lot to the temperature measured at the VTI
during cooling down, hence the diode is needed to get reasonable curves of the tempera-
ture dependent resistivity of the samples. Filling the VTI volume with liquid Helium leads
to a standard temperature of T = 4.2 K. The temperature can be reduced to 7' ~ 1.7 K by
reduction of the gas pressure in the VTI by pumping. A resistance heater allows tempera-
tureupto T =~ 200 K.

Electrical characterization of the samples and magnetotransport measurements have been
performed using standard DC and AC set-ups [50,51,72]. DC measurements were carried
out with a parameter analyzer and low frequency AC measurements with up to four Lock-
In amplifiers depending on the number of contacts. One was used as voltage source
which generates combined with a ohmic resistor an oscillating current. Typically 100 nA
were used with an excitation voltage of Uy = 0.1 V and a 1 MQ resistor. An oscillation
frequency of 17 Hz or 13 Hz was chosen to avoid noise injection especially by the power
line. All instruments were additionally thoroughly grounded. Gate voltages were applied
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via DC voltage sources. The measurement instruments are read out by a computer which
is connected to the setup via GPIB.



Chapter 4

Preparation and detection of graphene

Graphene, a one atom thick sheet of carbon atoms, has to be sufficiently isolated from its
environment and need at the same time a substrate to be stabilized. Without lying on a sur-
face a two-dimensional crystal can not exist thermodynamically and will be crinkled [73,74].
nature strictly forbids the formation of a two-dimensional (solid state) material [2,14]. The
conflict that a substrate is required but influences of the environment including bounding
to the substrate have to be prevented is challenging in particular with regard to the repro-
ducible fabrication of graphitic flakes with evaporation techniques on an industrial scale
with feasible properties [14]. In this chapter first an overview about state of the art fabri-
cation methods to produce graphene sheets will be given. Advantages and disadvantages
of the different techniques will be briefly discussed. Next the different substrate materi-
als used in this thesis will be introduced, in particular the inconvenient crystalline IllI-As
based substrates. Then the steps from peeling off a sheet of graphene by micromechani-
cal cleavage to a contacted and wired graphene sample for electrical characterization will
be described in the following.

The challenge of identification and classification of graphitic sheets on arbitrary substrates
can be solved with comparison of different microscopy and spectroscopy methods such as
scanning electron microscopy, atomic force microscopy, imaging ellipsometry and Raman
spectroscopy. This will be described in the second part. A comparison of the detection
methods will close the chapter.

4.1 Fabrication of graphene samples

4.1.1 Roads towards graphene

Graphene can be made in two principle ways. One way is the mechanical cleavage of bulk
graphite into individual atomic planes and deposition on a substrate. The other one is the
growth of graphene on top of an appropriate substrate and transferring it to an intended
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Figure 4.1: Making graphene. A: Large graphene crystal prepared on an oxidized Si wafer by the
scotch-tape technique. B: Left panel: Suspension of microcrystals obtained by ultrasound cleavage
of graphite in chloroform. Right panel: Such suspensions can be printed on various substrates.
The resulting films are robust and remain highly conductive even if folded. C: The first graphene
wafers are now available as polycrystalline one- to five-layer films grown on Ni and transferred onto
a Si wafer. D: State-of-the-art SiC wafer with atomic terraces covered by a graphitic monolayer

(indicated by "1"). Double and triple layers ("2" and "3") grow at the steps, image and description
from reference [14].

surface or the reduction of SiC under high vacuum [14]. An overview of the different tech-
niques is given in more detail in references [2,14,75] For the reduction of graphene, (0001)
6H-SiC wafers are heated to 7 ~ 1300°C under ultrahigh vacuum conditions [76, 77] or
under an argon atmosphere [78]. This seems to be a very promising way because of the
insulating substrate essential for electronic devices. SiC exhibits a Si and a C terminated
faces resulting in two different growth modes. Si terminated faces constitute single, dou-
ble and tri-layer graphene, and on C terminated faces multilayer sheets. Among others
there are still some difficulties like lattice mismatch between SiC and graphene, strong
coupling to the substrate, an intermediate layer and the rotational disorder (no Bernal
stacking) [14,76-78].

The other epitaxial process is the growth of graphene on ultraflat metallic surfaces (e.g.
Cu, Ni) by Chemical Vapor Deposition (CVD). This procedure has been known for a cou-
ple of years [79]. The graphene layers grow on the catalytic metals (e.g. copper foils) at
temperatures up to 1000°C using a mixture of methane and hydrogen, resulting in lay-
ers with ~ 1cm? [80]. Nickel and copper were already used for growing single graphene
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Figure 4.2: A Schematic of roll-based graphene production. The films grow on a Cu foil. With the
usage of a supporting polymer the copper can be etched away and the graphene can be transfered
on a target substrate. B picture of the transfer step. C a transparent ultra-large-area graphene film
on a PET sheet, adapted from reference [83].

layers [80—83]. Actually considerable efforts are needed and done to improve the transfer
step of the atomic layers from the metal to insulating substrates. In a recent preprint the
breakthrough for the fabrication and transfer of very large high-quality graphene sheets
with a roll-based production method was reported [83]. The principles of this production
techniques and the resulting graphene sheets are depicted in Figure 4.2. Raman spectra
suggesting very good crystal quality and purity of the material, high transparency and sign
of conductivity minima at room temperature close to zero gate voltage, indicating low in-
trinsic doping, have been reported for the 30 inch large graphene mono- and bilayers as
well as it is possible to measure quantum Hall effect on these layers [83].

The second route is to separate the planes of a piece of bulk graphite into individual
graphene flakes. This can be done on the one hand in solution by pure ultrasonic cleav-
age or chemically assisted to make the sonification more efficient. This leads to a stable
suspension of graphene crystallites with submicrometer size that can be used to make
polycrystalline films and composite materials [14]. On the other hand individual graphene
sheets can be peeled off from a piece of bulk graphite by an adhesive tape and trans-
ferred to a substrate. This technique often is referred to as the "scotch tape method" which
was the first one used to prepare graphene. The development of this method by A. Geim
and coworkers in 2004 was the kick-off for the intense graphene research over the last
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dielectric layer

Figure 4.3: a) schema of the used substrates - a highly doped layer that is usable as backgate
electrode is covered by a dielectric material; b) 3D-AFM picture of the used InGaAs substrate - the
surface has a periodic like morphology with a periodicity of ~ 600 nm and a height of ~ 15 nm.
This values change slighly on the entire wafer.

years [1]. This easy and cheap method allows the fabrication of high-quality graphene
samples with very high electron mobility for basic research and to prove basic device con-
cepts [14]. However, the method is very time consuming, generates only samples below
1 mm of edge length [14], mostly only in the range of tens of micrometers handicapping the
detection on non Si/SiO; substrates as will be described below and hampering e.g. trans-
port experiments in different geometries on one flake for better comparison. Nevertheless,
we have applied micromechanical cleavage to fabricate our graphene samples to be inde-
pendent from other groups. This approach will be introduced in more detail subsequent to
the presentation of the used substrates.

4.1.2 Preparation of graphene on various substrate materials

As previously described most of transport investigations have been carried out on graphene
on Si/SiO; with a certain thickness of oxide due to the visibility even of monolayers under
an optical microscope. The influence of the substrate, especially substrate phonon-modes
and (un-) charged or magnetic impurities have been theoretically covered [84—86], but
minor experimental work has been carried out of exfoliated graphene on non Si/SiO;
substrates. There are few optical investigations of graphene on GaAs, sapphire and
glass [27,28,87] and a report of the mobility enhancement for few-layer graphene lying
on top of a ferroelectric Pb(Zry 2Tip 3)O3 (PZT) substrate that is ascribed to reduced scat-
tering due to strong screening of PZT [22]. The mobilities are comparable to those in
suspended flakes. The mechanisms limiting the mobility and the influence of the substrate
e.g. on quantum interference phenomena such as weak localization phenomena (WL)
remain still unclear. This is why we are interested on graphene on crystalline semicon-
ducting substrates. In the following the preparation of such graphene devices for optical
and electrical measurements will be described.
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substrate name | doped layer | dielectric material | dj;.icctric (NM)
SiO, n* Si amorphous SiO, 300
GaAs n" (001)-GaAs | crystalline AIGaAs 600
GaMnAs n* (001)-GaAs | crystalline GaMnAs 35
InGaAs nt (001)-GaAs | crystalline InAlAs 1512

Table 4.1: Table listing the used wafer, together with some characteristic values. All thicknesses of
the dielectric materials are the nominal values.

Substrate materials and preparation

All used substrates consist of a similar two layers structure. The thicker layer is highly
doped and the thinner one on top acts as dielectric material and simultaneously as the
real substrate upon which the graphene sheet is deposited. The principal layer sequence
is depicted in Figure 4.3 a). The highly doped layer works as back-gate electrode to have
the possibility to change the Fermi-energy Er in the graphitic flakes via field effect. Besides
the standard substrate of 300 nm SiO, on highly n-doped Si, we used GaAs-based crys-
talline substrates grown by Molecular Beam Epitaxy (MBE) in the group of Prof. Werner
Wegscheider in Regensburg and the Si/SiO, wafer are commercial ones (supplier: Si-Mat
Company Landsberg/Lech, Germany). The MBE growth allows precisely tailored sub-
strates with a high crystal quality and purity. All lll-As substrates are grown on highly
n-doped (001) GaAs wafers and listed in table 4.1 and referred to as semiconducting
substrates if there is no need to distinguish them. The dielectric layer consists either of
undoped GaAs, an undoped GaAs/AlGaAs layer sequence, slightly Mn doped insulating
GaMnAs layer or undoped InGaAs layer on top of an undoped metamorphic buffer. More
details on the growth can be found in literature [88] and an overview of the most important
sample parameter is given in table 4.1. The exact layer structures are given in Appendix
C. Apart from the InGaAs substrates all other substrates are rather smooth with a Root
Mean Square (RMS) roughness of less than 1 nm. Because of the metamorphic growth
the InGaAs wafer feature an intrinsic texture, which is illustrated by a stereoscopic AFM im-
age in Figure 4.3 b), where the periodic cross-hatched morphology is clearly visible. Due
to peculiarities at the MBE growth, height and periodicity changes a little over the entire
wafer [88]. In the shown region the height from bottom to apex is about ~ 15 nm and the
vertical extent of one period is ~ 620 nm. As depicted the morphology does not exhibit a
homogeneous sinusoidal periodicity, because the shape of the elevations sometimes has
a sharp profile and additional bumps. The GaAs/AlGaAs multilayer and the GaAs sub-
strates are nominally undoped, but there is also an intrinsic amount of impurities in the
crystal with a density well below 10'® cm™3. The Mn doping of the GaMnAs wafer has
to be done at very low growth temperatures involving lattice defects and this is why we
have some magnetic moments and a p-type doping from the Mn in the range of 10!8 cm~3
and simultaneously n-type toping from Mn interstitials and As antisite defects both acting
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as double donors. The GaMnAs is insulating especially at low temperatures but there is
a huge amount of charged impurities that could act as scatterer [88]. We have to men-
tion that some Ga droplets are sometimes present on the surface of the semiconducting
MBE grown substrates known as oval defects, but for transport experiments these parts
of substrates have not been used. With this variety of substrates it should be possible to
study the influence of impurities in the substrate and rough surfaces on the properties of
graphene in comparison to the standard amorphous SiO; substrates.

For graphene deposition the substrates with resist-protected surfaces are cleaved into typ-
ically 3.5x3.5 mm? pieces. Some pieces are patterned by optical lithography and metal
evaporation with a grid for better reorientation and finding of graphene flakes, especially
IE and Raman experiments were carried out on such samples. This is also very useful
for SiO; substrates, but it turned out that the practicability is limited for semiconducting
substrates. For those a SEM is needed to find the graphene flakes and alignment marks
can be processed by Electron Beam Lithography (EBL) directly around the interesting
flake resulting in both a better workflow during graphene detection and higher accuracy for
electric contacting the flakes. Lithographic techniques will briefly be described below and
recipes lists of the different steps can be found in appendix B. For electrical characteri-
zation the samples are patterned with a contact to the highly doped back gate electrode.
After the sample surfaces are carefully cleaned in acetone and isopropanol ultrasonic bath
and dried with a dry nitrogen flow, the substrates are ready for graphene deposition.

Deposition of graphene by micromechanical cleavage

As already mentioned, graphene is deposited on the substrate surface by micromechani-
cal cleavage as numerously described in literature and in references therein [6,89]. Nat-
ural graphite is mined all over the world, but there are also some ways to synthetically
produced graphite. We used both synthetic Highly Oriented Pyrolytic Graphite (HOPG)
(Supplier: Schaefer Technologie GmbH Langen, Germany) and natural graphite (Supplier:
NGS Naturgraphit GmbH Leinburg, Germany). Pictures of the basic materials are given
in Figure 4.4 a). To peel off graphene from graphite and subsequent transfer it to the sub-
strate adhesive tapes (Supplier: Scofch Magic Tape 3M) are used. Therefore a piece of
graphite is pressed onto the tape and the rest is removed. Folding and opening the tape
several times peels off individual flakes and spreads them over the entire tape. The pro-
cedure can also be done or repeated with further tapes. At some spots of the tape there
will remain some (large) graphitic flakes. A picture of the adhesive tape with graphene is
shown in Figure 4.4 b). In the next step the substrate is put onto the tape, slightly pressed
on and carefully removed. Van-der Waals forces between graphene and substrate are
strong enough to allow flakes to withstand cleaning in acetone and isopropanol to remove
glue residues caused from the adhesive tape. After detection of the graphene flakes and
if required the patterning of alignment marks with EBL and Ti/Au (~ 5 nm/40 nm) evap-
oration visible in Figure 4.5 b), the sample can be prepared for electrical measurements.
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Figure 4.4: Materials for graphene preparation. a) Two kind of graphite have been used: natural
graphite (1) and HOPG (2). b) Graphitic flakes are cleaved using Scotch tape. A part of such a
strip lies on a black background

Since the detection of graphene on non-SiO, substrates is very special, it will be described
in detail in an own section at the end of this chapter.

4.1.3 Preparation of graphene samples for electrical measurements

For electrical characterization and transport measurements in field effect transistor like de-
vices at least 2 ohmic contacts to the graphitic layer and one ohmic contact to the gate
electrode is needed. Mostly 2 contacts to the gate are prepared prior to graphene deposi-
tion and the number of contacts to the graphene flakes depends on size and shape of the
flake. The contacts are aligned in a van-der Pauw geometry [90].

Contacts to the gate-electrode

For the contact to the gate electrode, the dielectric layer was etched away with Reactive
lon Etching (RIE) in the case of SiO, and wet chemically in the case of semiconduct-
ing substrates. Next Ti/Au (5 nm/150 nm) as contact to the n-doped Si layer and Pd/Ge
(25 nm/50 nm) to the n-doped GaAs layer was evaporated. After the lift-off process, the
contacts are annealed under a forming-gas atmosphere at 450°C for 20 min (Si) and at
250°C for 60 min for GaAs. The gate-contact characteristic was checked at room tem-
perature as well as at T = 4.2 K and with the described steps highly linear current-voltage
characteristics have been observed for the semiconducting substrates (see also chapter
6.1.1) and sufficiently linear behavior for the Si layers. We tried two alternative and very
easy routes to prepare the contact to the gate electrode either by soldering it with In on
the scratched surface of substrate comparable to the fabrication of ohmic contacts to two
dimensional electron gases in GaAs/AlGaAs heterostructures [88] or by using conductive
silver at the substrates back-side. However, in both cases and for all substrates still a
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d) Graphene contacts

Figure 4.5: Optical images of a graphene on GaAs sample. In a) the gaps in some of the leads
are visible. b) A zoom in to the graphene layer, indicated by the dashed line. ¢) The sample is
connected to the chip carrier and the gaps are closed by conducting silver. d) The complete chip
carrier with the sample mounted, ready for transport measurements.

Schottky barrier between the doped semiconductors and the metal is formed resulting in a
diode-like contact characteristic.

Contacts to graphene

Contacts to graphene are prepared by electron beam lithography. This technique com-
bines the property of a SEM to move a defined electron beam on a certain path with the
sensitivity of an appropriate resist for exposure with such an electron beam to write the
desired structure into the resist. The long chains of such a polymer based resist (in this
work Polymethylmethacrylate (PMMA) was used) get cracked by the energy of the accel-
erated electrons. With a suitable developer it is possible to dissolve the shortened chains
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with respect to the longer unchanged ones that still cover the surface. Since no masks are
needed individual geometries with high lateral accuracy can be realized. Routinely dimen-
sions smaller than 100 nm can be achieved and with special techniques below 10 nm [51].
More details on the used EBL system can be found in references [65, 91, 92], realization
and preparation of very small nanostructures can be found e.g in references [50, 51].

After the spin coating of the sample with a PMMA double layer system and baking the
resist layers (the exact parameters are given in Appendix B), the writing process starts
with aligning the sample in the SEM using the alignment marks defined before and then
the contact layout is written into the resist. The geometry is individually designed for each
graphene flake. For required accuracy the contacts are written in several steps in con-
centric areas starting with the innermost area, where the contacts have an overlap with
graphene. To overcome uncertainties by movement of the sample-stage, the first and sec-
ond part of the contact leads are written without moving the sample-stage. Since the whole
layout is too big to write it within one scanning area, now the sample-stage is moved and
the next fields can be written, if the single elements of the next field overlap by ~ 20 um
to make sure that the elements are connected. After exposure, the resist is developed
and then metal is evaporated. Lift-off is done in warm acetone that removes the remaining
resist and simultaneously the metal on the unexposured areas. Finally only the written
parts are covered with metal. Palladium (Pd), Ti/Au and Cr/Au were evaporated as contact
materials. The best results and lowest contact resistance (< 1 kQ) were achieved with
40 nm Pd. Consequently, Pd was used to prepare ohmic contacts to graphene at most of
the samples.

The design and the different steps are demonstrated on one sample shown in Figure 4.5.
We want to refer to a peculiarity in the sample layout: To prevent the graphene flake
from destruction by a electrostatic discharging during the preparation process, a small gap
between inner leads and the outer part is introduced as clearly visible in Figure 4.5 a). This
gap is closed as last preparation step as depicted in Figure 4.5 c).

Assembly into chip carrier

The last preparation step is mounting the sample into a standard 20 pin chip carrier that
is used for putting the sample into the sticks for transport measurements. Usually the
electrical connections between the pads on the sample and the chip carrier are done with
an ultrasonic wire bonder. With some experience and after destruction of some graphitic
sheets we decided to connect the contact pads both to graphene and to gate electrodes
with thin gold wires using conductive silver at the sample side and soldering with indium
at the chip carrier side as depicted in Figure 4.5 c¢) and d). Finally the soldering at the
chip carrier is secured with conducting silver and also the gaps of the contact leads at
the sample are closed by painting with conducting silver. A sample ready for transport
characterization is shown in Figure 4.5 d).
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Figure 4.6: Optical micrographs of graphene and few layer graphene on SiO, and their relative
contrast. a) Color image taken with white light. b) Image from a) in grey scale represantation.
The yellow numbers correspond to the number of layers. c) relative contrast normalized to the
background. The number of layers and their contrast scales linear.

4.2 Detection and the humber of layers

It is not surprising that graphene can be deposited with the micromechanical cleavage
technique on nearly every arbitrary substrates. The challenge to be solved is the detec-
tion of the atomically thin graphitic sheets. Typically the produced flakes are some pm to
few tens of microns long and hence are clearly smaller (more than 100.000 times) than the
dimension of the substrate (~3.5x3.5 mmz). As already mentioned, graphene on the stan-
dard Si/SiO; substrate is visible under an optical microscope, but this is not the case for
the other used substrates. Here a combination of different microscopy and spectroscopy
techniques is necessary to find and classify graphene on arbitrary substrates. Those will
be introduced in the following.

Optical microscopy

For this method an optical microscope is used and the resulting contrast between graphene
and the background is evaluated. This is a very impressive technique, since the optical
microscope only leads to a magnification and the detection of monolayers is "only" done
by the human eye. Therefore, it is possible to scan rather fast over the surface and the
detection of graphene is not very time-consuming. The drawback however is that this
techique only works with the use of Si/SiO; substrates with certain thicknesses of the
oxide layer [23, 93-95] or substrates having similar optical properties as e.g. 300 nm
SiO, [28,96]. The oxide thickness of 300 nm is a very crucial parameter and a deviation
of more than +5% leads to a strong decrease of the contrast [2] between graphene and
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the bare substrate. The mostly used thickness is 300 nm due to the possibility to see
monolayers of graphene with white light illumination without any filter [23, 93-95] what is
accessible with nearly every optical microscope.

Such an optical image is shown in Figure 4.6 a) and b). In Figure 4.6 a) the RGB colors are
taken with a CCD camera mounted on the microscope and in Figure 4.6 b) the colors are
transfered to grey scale representation. The yellow numbers correspond to the number of
layers in the circled areas. These numbers are determined by taking the relative contrast
between the grey scale values G of the image [23,93-95]:

§— Learbon — Ibackground

4.1)
1 background

The grey scale values for the above data are averaged over 20 pixel values for the carbon
area and the background, respectively. It is worth mentioning that the background value
changes a little over the image. Therefore it is necessary to determine the background val-
ues in the neighborhood of each carbon area. In Figure 4.6 c) the relationship of different
regions of Figure 4.6 b) is plotted (only three selected areas are circled in the image). A lin-
ear relationship between the number of layers and the relative contrast can be deduced. In
this image the slope of the linear fit has a value of 0.042 denoting that each layer absorbs
~4.2% of incident light. The given errors are overestimated compared to the RMS values
due to the uncertainties in random choice of the pixels. The slope changes a little from
sample to sample but a few percent seems to be realistic [95,97]. The deviations might be
caused by small angle deviation from non identical sample mounting on the microscope,
different numerical apertures of the used objectives or changes of the background by e.g.
tape residues. With some experience the number of layers can be distinguished with high
accuracy employing this technique. Other methods such as Micro-Raman, magnetotrans-
port measurements [98] or AFM have confirmed the number of layers determined with the
optical microscope available in our group.

It was already mentioned that the substrate material, even the oxide thickness is a very
crucial parameter for this method. This annoying fact is confirmed in this work. Here the
focus was not changing the SiO; thickness but the whole base material was switched to
[lI-As semiconductors. In Figure 4.7 a) and e) two examples of optical microscope images
of a few-layer graphene (FLG) and a graphene monolayer (ML) on GaAs substrates are
depicted. These images are taken with white light illumination. The FLG flake is hardly
visible in an optical micrograph and nothing is visible for the ML graphene. Only the SEM
image in Figure 4.7 f) shows that there is a flake and with help of AFM measurements the
height was determined to less than <1 nm and therefore this flake can be classified as a
monolayer.

From this results it follows that another microscopy technique is needed for locating graphene
on the semiconducting substrates.
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Figure 4.7: Comparison between different microscopy techniques applied to a few-layer graphene
a)-d) and a monolayer graphene flake €) and f). Yellow/white crosses are metallic alignment marks.
a) Optical microscope and b) SEM image of the same flake, even a few layers are not clear distin-
guishable at the optical microscope image in contrast to a SEM picture. c) zoomed SEM micrograph
of image b) - different layers are clearly visible. d) AFM investigation of the flake confirms the lay-
ered structure of the flake. The oval white spots are Gallium droplets embedded in the substrate.
e) A graphene monolayer is not visible in white light of the optical microscope. f) The monolayer is
clearly detectable in SEM.

Scanning Electron Microscopy

Another option for microscopy is the use of a SEM. This leads to images of higher resolu-
tions but it is much more time consuming since only one single detector is addressed and
therefore the image is serially generated.

To take SEM images typical acceleration voltages of a few kV (U, < 6 kV) were used
and in particular for GaAs normally 2 kV are applied. As it has been shown in previous
work [59] an inlens detector is necessary to obtain good images from graphitic sheets. To
avoid damages of the graphitic layers [99, 100] the resolution was often reduced and only
the minimized needed exposure time was chosen. The mechanism to built a picture from
graphene with a SEM is not well understood so far and is beside the focus of this work.
Nevertheless, one possible mechanism can be discussed here. The experimental findings
are the following (for a SEM image of FLG on GaAs see Figure 4.7 c)):

* Few layer graphene down to monolayers are darker than the surrounding substrate
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» Within one flake, thicker regions (more layers) appear darker than thinner ones
* The increasing contrast works up to a layer thickness of d ~ 15 nm.

* For thin graphite layers (thicker than d ~ 15 nm) the situation is inverted. The
thicker the flakes the brighter the SEM image ending with the high contrast known
for graphite and more generally for metals.

The picture generation in SEM is mostly determined by secondary electrons (SE). These
are created by repeated random scattering and absorption of the incident primary electrons
(PE) with a teardrop-shaped volume of the specimen (interaction volume) [101]. Since the
FLG sheets are thinner than a typical interaction volume (penetration depth > 100 nm),
the SE are also generated within the substrate and have to pass the carbon layer on top.
As they have less energy than the PE, there is some probability that a low energetic SE
can not pass through the FLG. It is absorbed within the FLG. This could explain the darker
color of the FLG and the increasing contrast with increasing layer thickness, because the
flakes become darker for thickness d up to ~15 nm. The finding that thin graphite layers
again get brighter might be explained by a SE generation within the semi-metallic graphite,
where it is easier to release an electron from the metallic material. It seems that the image
formation must be described by two different mechanisms, however detailed studies are
lacking at the moment. Investigations of the origin of these contrasts might be done e.g.
by systematically exploring the dependence of the contrast on the acceleration voltage or
capturing images in a tilted geometry. A similar effect was found by reflection measure-
ments in the optical regime [93]. There a contrast inversion for an increase of the layer
number is reported, too. This effect is visible in the optical image of graphene on SiO, in
Figure 4.6 a).

Examples for such SEM images are assembled in Figure 4.7 b), ¢) and f). In contrast to
optical microscope the single layer graphene is also detectable with SEM (Figure 4.7 f).
The FLG including its substructure is clearly visible in Figure 4.7 b). The images show the
same regions of a sample. The FLG in Figure 4.7 a) to d) shows the mentioned increase
in the contrast for increasing number of layers. The AFM image in Figure 4.7 d) confirms
the layered structure of the flake with more than two sheets.

These findings enable the detection and locating of single and few-layer graphene sam-
ples on all introduced semiconducting substrates by means of SEM. The disadvantage of
this technique is the slow image capturing speed and that no distinct number of layers
can be determined since the contrast varies from sample to sample. There a cross-check
with another technique is needed. Possible explanations for the changes might be surface
inhomogeneities from pealing away the adhesive tape during preparation. Another source
for different behavior could be different discharging by either non-uniform sample mounting
or non-uniform conductivity of the substrate. The latter could be excluded, since the con-
ductance is averaged over a large volume and MBE growth is rather a reliable technique.
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Figure 4.8: AFM images of graphene layers on different substrates: a) Graphene on GaAs-
substrate with a layer thickness of ~ 0.7 nm, b) on GaMnAs-substrate with a layer-thickness of
~ 1.5 nm, c) on InGaAs-substrate with a layer thickness of 1.6 nm; additionally resist residues are
spread over the flake, d) Few-layer graphene (~ 5 nm high) on pre-patterned SiO, halfcylinders
with a height of the cylinders of ~85 nm. Graphene follow textures of the substrates very closely
as visible for all shown substrates.

Atomic Force Microscopy

As remarked above with SEM images it is not possible to distinguish the exact number
of layers of a graphitic flake. This is why an additional experimental method is needed to
confirm the SEM results. Contrary to optical microscope and SEM images, AFM investiga-
tions allow deeper insight about lateral shape and surface morphology, because the lateral
resolution is increased (routinely < 10 nm) and the measured data additionally contains
information about the topography of the surface. These advantages are balanced by the
disadvantages that the scan speed and scan field are further reduced. Therefore it is ob-
vious that scanning every flake or whole samples with AFM takes far too long.

The most interesting quantity is the height of the flakes that have been located by SEM.
The layer thickness can be determined by AFM, however still for polished and carefully



4.2. DETECTION AND THE NUMBER OF LAYERS 45

cleaned SiO, substrates the height of a monolayer graphene seems not to be a fixed value.
From measurements of HOPG step heights for a graphene monolayer of ~ 3.4 A would
be expected. This values is independently determined by early X-Ray Diffraction (XRD)
measurements [102—104] that already gave a precise view on the crystal structure of
graphite. But for the case of an isolated graphene lying on a substrates the reported
values are widely spread between the expected 3.4 A and 10 A [75,105-107]. These
deviations are not yet fully understood. Some groups claim that there is especially water
underneath the carbon layer, others address a properly chosen working point in the force-
distance curve to solve all the problems [107, 108] and references therein. But it must
be additionally considered that both the different technique (AFM in contrast to XRD) and
the different situation of isolated layers lying on an amorphous substrate in contrast to a
regularly ordered crystal in case of graphene on HOPG may lead to deviation in the step
heights. Keeping these difficulties in mind some pictures of graphene and FLG are exem-
plarily arranged in Figure 4.8. In the Figure 4.8 a) to c) graphene layers with a height less
than ~ 1.6 nm are shown. All three flakes are deposited on semiconducting substrate.
The locating of the flakes was performed by SEM as described above. The substrate ma-
terials are GaAs a), GaMnAs b) and InGaAs c). In Figure 4.8 d) the substrate (Si/SiO5)
was pre-patterned to get a a larger periodicity (~ 3.3 um). This flake is approximately 5 nm
thick. Not only the relative big height of the half cylinders of approximately 90 nm but also
all other surface textures are followed very closely from all graphene sheets investigated
on the different substrates. This will be discussed in more detail in chapter 5.1. Additional
difficulties in the correct interpretation of the AFM measurements are also visible in Figure
4.8, especially in image c¢). Small white dots are spread all over the image indicating very
high spots. As shown later, these spots are resist residues. After a flake is located by
SEM alignment marks are patterned with EBL and metal evaporation. These marks are
used to relocate the flakes in the AFM or other methods. The resist residues are present
due to the fact that the spinned PMMA can not be totally removed during lift-off even with
additional cleaning. Therefore some small spikes are left on the surface. The density of
the peaks (peaks per area) varies as clearly visible in Figure 4.8. In nearly every AFM
image after a patterning step these peaks are detectable. These peaks further hamper the
measurements of the graphene height since they are ~ 4 nm high which is more than the
doubled height of the desired flake thickness [109]. This adds an additional error to the
measurements but the alignment marks patterning can not be avoided in the available AFM
since the rough positioning system of the AFM allows only a positioning of ~ 420 um.
A grid patterning before the graphene deposition as known from SiO, substrates reduces
the contrast in SEM and hence is not feasible, too.

Micro-Raman

A reliable method to identify or prove the number of layers, especially for graphene ML
and graphene bilayer (BL) is Raman spectroscopy. Inelastic scattering of monochromatic
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Figure 4.9: SEM image of a bilayer graphene on InGaAs that was confirmed by Raman.

light gives clearly distinguishable signatures for graphene ML, BL and FLG up to about 5
layers [5,110]. Scaling down the spot size of the exciting light by optical means together
with a movable stage allows the observation of frequency shifts in Raman signal with a
high spatial resolution and leads to Micro-Raman images. The lateral resolution achieved
by this technique is a few 100 nm.

As shown in Figure 4.10, Raman signals of a ML graphene sheet consists of G (~ 1584 cm™!)
and D’ (~ 2700 cm™!) line and eventually a D peak (~ 1350 cm™') apparent for disturbed
graphene, e.g. graphene with broken symmetry by edges or high a defect density. The
number of layers can either be determined by the intensity of the G-line that increases
with increasing number of layers or by the shift of the D’ line and changes in the RMS, or
equivalent with the number of Gaussians needed to fit the curve of the D’ peak. Increasing
the number of layers shifts the D’ peak to higher energies [5,45]. The Raman spectrum for
a graphene monolayer and bilayer graphene taken from reference [110] is shown in 4.10
clarifying the above described characteristics. These features allow a detailed study of the
properties of such small graphitic crystallites and have already been reported [45, 111].
But for graphene layers on semiconducting substrates the situation seems to be more
complicated. While detection and characterization of mono- and few-layer graphene on
top of GaAs substrates with Raman spectroscopy has already been demonstrated in ref-
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Figure 4.10: The Raman spectra of monolayer, bilayer, three layers, and four layers graphene on
SiO; (300nm)/Si substrate (left panel). The enlarged 2D-band regions with curve fit are shown in
the right panel, taken from reference [110].

erences [27,87], first attempts failed to confirm the number of layer on our GaAs substrate
by measuring the Raman spectrum, since the signal was superimposed by photolumines-
cence of the substrate [112]. The measurements have been carried out by M. Hirmer in
the group of Prof. C. Schiller. Despite difficulties, an interpretation of the Raman spectrum
for one flake, shown in Figure 4.7, is tried identifying this flake as a graphene bilayer [112].
This problem could be even solved by doing confocal Raman spectroscopy, which would
reduce the area under investigation and hence the signal from the underlying substrate.
Otherwise the PL signal of the GaAs/AlGaAs substrate can be tailored by adapting the Al
concentration and the layer sequence. This would allow to move the PL signal from the
substrate away from the Raman shift generated from the graphene. However, this is in
strong contrast to SEM and AFM investigations of the identical flake. Both prove the multi-
layered structure of this graphene sheet. On InGaAs substrates the situation seems to be
more promising. One flake showed a bilayer signature in the Raman spectra consistent
with SEM images taken from this flake.

Imaging Ellipsometry

Imaging ellipsomety (IE) on graphene is in an early state. Nevertheless we demonstrated
successfully that detection of graphene on flat surfaces like SiO, or GaAs and the deter-
mination of the optical constants of graphene is possible.

In Figure 4.11 a) a typical micrograph taken by the CCD camera of the IE is shown demon-
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b)

Figure 4.11: a) Imaging ellipsometry micrograph of flakes on SiO, ranging from graphene to thin
graphite. Inserted is the optical microscope image of the dashed area. Scale bars are both 20 um.
b) A zoomed view of the monolayer flake (marked in the images with circles) from a).

strating the possibility to distinguish between different flakes and areas with different num-
ber of layers. The inserted optical image of the dashed region shows that there are also
areas covered with graphene monolayers. The optical contrast of this sample was also
investigated in Figure 4.6, proving the number of layers. For clarity a higher magnification
image of the relevant area is depicted in Figure 4.11 b).

Due to the fact that IE is a very sensitive technique for differences in surface properties,
monolayer and thin graphite layers can be detected. Fortunately this seems not only lim-
ited to SiO, substrates as verified in Figure 4.12 and Figure 4.13. There IE results of one
area of graphene flakes on a GaAs substrate are collected. The circle is positioned around
a FLG with a height of about 2 nm as determined by AFM. The arrows mark a "L’-shaped
tape residue around the FLG. In the upper left part of the images an alignment mark is
visible, except for the SEM micrograph in Figure 4.12 a) showing a smaller area of the
sample. These SEM image already gives an impression of one difficult task: how to distin-
guish between graphene/FLG and possible residues or surface changes by peeling of the
tape? The similar contrasts in SEM given by graphene and residues causes uncertainties
in the correct classification of a contrast difference. |E overcomes these problems without
any difficulty. This can clearly be seen in part b) and c) of Figure 4.12. These imaging
ellipsometric micrographs are taken with different angles between polarizer/compensator,
sample and analyzer, in detail in b) with an angle difference of 12.936 ° and in c¢) with differ-
ence of 19.095° The analyzer is adjusted to 32.920° in b). In c¢) the analyzer orientation
is 30.326°. This contrast inversion adjusts the images to be sensitive for the FLG in b) or
contrarily for tape residues in ¢). The "L’ shapes of the residues are strongly suppressed
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Figure 4.12: a) SEM image of a graphene flake on GaAs; b) |E picture optimized to show the flake,
c) contrast inverted IE picture optimized for the background structures. The flake is marked with a
circle, the arrows point towards some residues.

Figure 4.13: W-map a) and A-map b) of the FLG shown in 4.12 and the surrounding area; In the
upper left corner a metal-evaporated cross for orientation is visible and leads to reflections. Circle
and arrows mark FLG and the residues. W-map shows FLG whereas A-map does not, but shows
instead the residues. Small elliptic disturbtions due to residues from EBL-resist and graphene
preparation. The small rectangulars in b) give the position of analyzed regions of interests.
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Figure 4.14: a) converted W-map into a thickness map of the flake shown in Figure 4.13; b) Line
profile through the IE Image; ¢) AFM-Image; d) Line profile of the AFM-image. Folded region
(arrows) of FLG is visible in both pictures.

in Figure 4.12 b), whereas the signal coming from graphene/FLG is well pronounced. By
only rotating optical components of the setup the background structures became visible
again and the graphitic flake becomes undetectable as demonstrated in Figure 4.12 c).
It is worth to mention that even a small residue above the flake is resolved. This type of
images are captured in real time by the CCD camera allowing a quick inspection of the
sample surface.

Besides ellipsometric images also A and ¥ maps can be captured (Figure 4.13 a) and
b), respectively) again to get a possibility to distinguish between residues and graphitic
layers. It seems that the ¥ map pronounces the flake in contrast to the residues and for
the A map the other way round. The circular like disturbances are originated from resist
residues. One challenge using this technique is the interference fringes introduced espe-
cially from the reflecting metallic alignment marks or sample edges.

Since the InGaAs substrate has a rough surface it was only possible to visualize a thin
graphite layer.

In addition to the simple detection of graphene a quick determination of the thickness is a
big advantage of IE. By development of a model for the optical system, the A- and ¥-maps
can easily converted to height-maps similar to the topographic images taken from AFM-
measurements. For the model the refractive index n and the extinction k is needed. Their
properties will be discussed in chapter 5.2 in more detail. In a first assumption they should
be set to constant values, so that the thickness of the graphitic layer is the only free fitting
parameter. Then the W-map (Figure 4.13 a)) of a graphene sheet can be converted into a
map of the topography as shown in Figure 4.14 a). In Figure 4.14 c) the identical flake is
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mapped by AFM. The elevated bright regions on the left edge of the AFM image is caused
by a residue comparable to the circular perturbations in the IE that can be ascribed to a
particle laying on the flake. This particle is also visible in the SEM picture (Figure 4.12 a)).
In Figure 4.14 b) and d) the height profiles along the drawn lines in a) and c) are plotted. In
this way the height of the flake was determined to (2.0 £0.6) nm with |E technique. This is
in good agreement with AFM measurements performed on this flake which gives a height
in the central region of about 2 nm.

Transport

The last method that should be mentioned here are magnetotransport measurements of
quantum Hall effect. As described in chapter 2.2.2, the quantum Hall effect is different
for graphene ML and BL as demonstrated in Figure 2.7 d) and e). Therefrom measur-
ing the QHE is a highly reliable method since the electronic properties of single and bi-
layer graphene are fundamentally different as has already been explained in chapter 2.2.2.
Since this way is well described in literature [2,6,32,89] and its background is well under-
stood it should not be explained here in detail.

Graphene monolayers became famous for their so called half-integer quantum hall effect.
Half-integer is used to distinguish it from the fractional quantum Hall effect. The plateaus
sequence is spaced with integer steps of 4e2/h for both mono- and bilayer. In the case of
a monolayer, the quantum Hall plateaus are multiples of (n+ 3) 4¢®/h. In contrast to that
a bilayer exhibits the plateaus at integer multiples of i4e2/h. Additionally the zero plateau
is missing in the bilayer case. Hence it is possible to distinguish between one or two lay-
ers from the position of the quantum hall plateaus. Even if this requires magnetotransport
measurements and is therefore a rather ambitious approach and very time-consuming ap-
proach, it gives very reliable data.

4.3 Detection methods — an overview

A couple of ways for determination the number of layers were presented in this part of the
thesis. At the end of the chapter the pros and cons of the different methods are summed
up. The itemized experimental methods were:

* Optical microscopy
* Scanning electron microscopy
* Atomic force microscopy

¢ Micro-Raman
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* Imaging Ellipsometry
* Magnetotransport

The most popular technique together with the highest performance is optical microscopy.
It is a very fast technique and the number of layers can accurately be determined, if the
substrate is suitable and at the same time this is the biggest disadvantage of this method.
It is limited to Si/SiO, substrates with a certain thickness of the oxidized layer or to sub-
strates with comparable optical properties [28].

The detection with SEM is also possible [109], even it is still necessary to apply a cross-
check with another experiment. Actually, it is unclear if and how dramatic damages are
introduced to the flakes [99, 100] by some carbon precipitation by SEM. SEM is more time
consuming than optical microscopy but still faster than AFM. Since the layer thickness
of single graphene layers seems to be quite different especially under ambient condition,
even AFM does not provide a reliable proof of the number of layers. But for the semi-
conducting substrates even Micro-Raman measurements can fail as it has been shown.
Difficulties here are the photoluminescence of the substrate and possible damage of the
flake investigated with higher light intensities. But for further experiments the optical prop-
erties of the substrate could be tuned shifting the PL signal away, as already shown for the
InGaAs substrate.

As another optical technique imagining ellipsometry was applied. The detection of graphene
can be performed as fast as with optical microscopy. The limitation are that smooth sur-
faces are required. Additionally, IE allows to distinguish between graphene and tape
residues within seconds. With a ¥ map and under some assumption a map of the to-
pography can be created within minutes that gives similar results to AFM measurements.
As a last method to distinguishing especially between monolayer and bilayer magneto-
transport is listed. The difference between one and two layers is distinct. Since mea-
surements of the quantum Hall effect are needed, a totally patterned graphene sample
working at low temperatures is necessary to characterize the number of layer of a certain
graphene flake. The preparatory work takes a couple of weeks for this method, if graphene
on a semiconducting substrate is used.



Chapter 5

Mechanical and optical properties

In the following chapter the mechanical properties deduced from the morphology of the
graphene sheets after different treatment and the optical properties will be discussed. The
mechanical properties directly follow from AFM investigations of the surfaces of pristine
rough, flat and prepatterned substrates and the comparison of substrate and graphene
after and before a lift-off process. The information about the flexibility and stiffness are
more or less a coproduct of the efforts of detection and classification of the graphitic sheets
as described in the previous chapter. Similarly the optical properties are a result of the
successful attempt to utilize IE for detection and classification of graphene on various
substrates. We were able to determine the dispersion relation of a graphene monolayer in
the whole visible spectrum. We could extract both extinction and refraction and found that
they depend stronger on the wavelength as it seems in literature [113]. This situation will
be discussed at the end of this chapter.

5.1 Mechanical Properties

Graphene can be viewed as a crystal consisting of two surfaces without an interlayer. From
this point of view it is it is no surprise that this material is very sensitive to its surrounding
environment. Other interesting topics are the mechanical properties of a two dimensional
sheet that could thermodynamically not be stable without support. Van der Waals inter-
action to the substrate surface stabilizes the graphene sheets. Fascinating mechanical
properties such as stiffness and Young’s modulus have already been studied with mi-
cromechanical resonators prepared of graphene as well as the usage of this light material
as a very sensitive mass sensor [114—117]. But what about the flexibility and how closely
do the intrinsic rippled sheets follow the (smallest and largest) curvatures of the underlying
substrate materials? In this context another question arises about the origin of the ripples
of graphene that seems to be intrinsical (to stabilize the crystal) and extrinsic due to some
dirt between graphene and substrate or roughness of the substrate [25, 108, 118—120].

53
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Figure 5.1: a) Line-cuts through substrate and a 14 nm thin graphite flake. The inset shows this
flake. The y-axis is stretched by a factor 3. The peak at ~ 5 pm is due to some layers pointing
upwards. Even thicker flakes are so flexible that they can follow unevenness of the substrate,
marked for certain positions by black arrows. b) 3D view of the same flake also showing the
indentical topography between flake and substrate.

These corrugations can lead to local strain and hence to intrinsic fields inducing quantum
coherence effects such as weak (anti) localization and universal conductance fluctuations
due to spin-orbit interaction (SOI) [121-124]. Also the conductivity is strongly influenced
by residues beneath substrate and graphene or on top of graphene, or by the corruga-
tion. For this reasons extensive AFM investigations of graphene of various flat, rough and
prepatterned substrate have been performed. The flexibility of layers with different thick-
nesses with respect to long periodicities and/or bigger amplitudes of the substrate surface
has been observed. As already qualitatively shown in Figure 4.8, graphene sheets are
very flexible and follow the substrate texture very closely. The ~ 1 pum periodicity of an
InGaAs substrate shown in Figure 4.8 c) gives small trenches (~ 15 nm high) that are fol-
lowed by this ~ 1.6 nm thick flake on an InGaAs substrate. As known from the statement
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in chapter 4.2 the AFM step height is not suitable to count the exact number of layers of
the flake, but it can be estimated between 2 and 4.

In Figure 4.8 d) an artificially modified SiO, substrate is used. The surface was prepat-
terned with half cylinders with a height of ~ 85 nm and a distance of about 3 um and is
exactly reproduced from an ultra thin graphite sheet with a thickness < than 5 nm. This
finding demonstrates the high flexibility of graphene and ultra thin graphite sheets with a
thicknesses < 5 nm and varying number of layers ranging from 2 to 15 precisely following
the curvature of larger structure.

To test the flexibility for thicker sheets, in Figure 5.1 the data taken on a 14 nm thick
graphite flake on an InGaAs substrate are shown. The inserted image is stretched by a
factor 3 for better visibility. The line scans through the flake (along the lines in the inset)
show a quite accurate and detailed copy of the underlying substrate texture even for such
a large number of graphene layers. Figure 5.1 b) is the unstretched 3D view of the same
flake. This image shows as well the identical copy of the surface texture for such a large
number of layers (> 40 layers). This behavior is observed on all samples and all substrates
with a graphite thickness of up to 40 nm even if the texture is smeared out as intuitively
expected. Actually for more than 120 layers the influence of the substrates surface on this
layer stack is great enough to create a bending in the out of plane direction.

To gain more insight into the flexibility of graphene sheets and the influence of the mor-
phology of the substrates also on small length scales, detailed AFM scans of graphene
flakes and of the corresponding substrates have been performed. To check for unwanted
process residues on the substrates, also pristine substrates and substrates after an e-
beam lithography step are compared. In Chapter 4.2 it was already introduced that the
mechanical exfoliation technique with adhesive tape always leaves residues on the sur-
face [125]. Therefore the areas outside the graphene flakes are not a proper reference.
Instead, control samples have been treated with same lithographic processing, but with-
out depositing graphene flakes. Typical AFM images are reproduced in Figure 5.2 a) to
c). A high resolution AFM scan of a narrow region of the pristine substrate is depicted
in Figure 5.2 a). The morphology of a graphene sheet (thickness ~ 1.3 nm) on a GaAs
substrate is displayed in Figure 5.2 b). In Figure 5.2 c) the surface morphology of a con-
trol sample without graphene after a standard lift-off process with PMMA is given. The
roughness of the pristine substrate shown in Figure 5.2 a) does not appear in the image of
the graphene flake in Figure 5.2 b). The flake seems to cover the fine texture originating
from the substrate. But the inspection of the graphene surface displayed in Figure 5.2 b)
reveals noticeable singular spots with a height of about 4 nm and a diameter of 30 nm.
Similar spots appear on the reference samples after a lift-off process, but not on the pris-
tine samples. Therefore, those spots seen on the graphene sample (Figure 5.2 b) ) must
be PMMA residues, which lie on top of the graphene flakes, since the alignment markers
are deposited after graphene preparation. A sketch of the situation is inserted in Figure
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Figure 5.2: AFM-images of a) pristine undoped GaAs, b) graphene on GaAs, c) GaAs-substrate
after lift-off. All scale bars 50 nm. d): power spectral density of AFM-images, the inset schematically
drafts the situation. Graphene follows the bigger substrate texture but not the additional small
structures. On top single PMMA residues are randomly positioned [109].

5.2 d). Those spots appear even though the PMMA was carefully removed in the lift-off
procedure with warm acetone. A strong oxidizing agent or oxygen plasma are not suitable
for more thorough cleaning since this could also damage the graphene flakes. Similar
results (on SiO,-substrates) were reported in literature [108]. Since the substrates have
an intrinsic surface roughness extending to high spatial frequencies, those can be used
as a “test signal” to probe how closely the graphene flakes follow the underlying structure.
Therefore a power spectral density analysis is done from the AFM images of graphene
flakes and the underlying substrate, before and after lift-off processing. Each curve is the
Root Mean Square (RMS) average of the radial 1D power spectral densities of the indi-
vidual line scans of an AFM image. For the pristine and the resist covered surfaces the
curves of several 400 x 200 nm? areas were averaged to reduce the variance in the data.
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The graphene curve was determined from an 800 x 800 nm? image. The pristine GaAs
surface has a rather flat spectrum up to 1.6 x 108 m~! which then gradually decays at
higher spatial frequencies, presumably due to the limited lateral resolution of the AFM and
the finite lateral size of the AFM tip. The graphene surface shows a similar spectral density
at intermediate frequencies, but the decay occurs already at 1.2 x 108 m~! (corresponding
to ~ 8 nm) and is somewhat more steep. This defines the cut-off frequency up to which
the graphene follows the substrate corrugations. For higher frequencies the stiffness of
graphene prevents the sheet from following the substrate in total [108]. The pronounced
peak at low frequencies is found on the graphene samples and on the substrates after
lift-off processing, but not on the untreated substrate, and hence can be attributed to the
PMMA dots on top of the graphene.

These data and the fact that these spots can also be found on graphene on SiO; after an
EBL step (including a lift-off process), but not on graphene samples not coated with pho-
toresist clearly reveals the existence of resist residues on the surface of graphene after the
lift-off process. Another finding of these AFM investigations is the flexibility of graphene
layers. The sheets can follow a continuous substrate texture from ~ 8 nm to more than
1 um. Finally, AFM images and power spectral densities demonstrate that even with care-
ful lift-off, an EBL step leaves unwanted PMMA residues on top of graphene as well as
substrates.

Discussion of mechanical properties

A very early result of theoretical physics was the thermodynamical instability of two di-
mensionals crystals by Landau and Peierls [73, 74] which was extended by Mermin [126].
Within this framework it was a surprise that two dimensional crystals can be experimentally
realized [1,127]. First of all it must be stated that the graphene layers are connected to
a sustaining substrate. This probably leads to stabilization of the atomically thin flakes. A
deeper insight of the behavior of suspended graphene layers was given by Transmission
Electron Microscopy (TEM) [118,119]. By analyzing the diffraction pattern the "rippled”
structure of suspended graphene layers was first shown. These ripples create a quasi
third dimensionality by a displacement of the atoms in an out of plane direction. This
seems to be an intrinsic property of graphene flakes. In addition, the sustaining substrates
also influence the microscopic topography of graphene. Both effects are demonstrated in
Figure 5.3. The schemes show both a flat graphene sheet in Figure 5.3 a) and the rippled
graphene sheet in Figure 5.3 b) similar to the findings of TEM investigations [118, 119].
In Figure 5.3 c) a stereoscopic STM-image of graphene’s topography, taken from refer-
ence [128] is included to display the above described situation for graphene on substrates.
The bigger surface modifications are introduced by the substrate, the small substructure
are the resolved carbon atoms.

Especially the influence of the substrate’s morphology on graphene layers has been con-
firmed and extended to larger structures within this thesis. The mechanical formations
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Figure 5.3: a) Schema of a flat graphene sheet and b) of a rippled graphene sheet imitating the
situation for graphene found with TEM [118,119] c) Constant current STM topography of a graphene
flake above a SiO; substrate. Corrugations with a lateral dimension of few nanometer and a vertical
dimension of ~ 1.5 A are observed, introduced by the underlying substrate, taken from [128].

induced from the substrate into graphene is big and it is known that this bending of the
sheet can be described as an additional potential [129]. This affects the scattering mech-
anism and therefore limits graphene’s electronic properties [32]. Bending of graphene can
also lead to strain in the sheet. Raman investigations of unstrained, strained and relaxed
graphene reveal that graphene is very sensitive to tensile strain [130, 131].

Two conclusions can be deduced from this: First, if (electronic) properties of graphene
are tried to be connected to graphene’s morphology, the influence of the substrate and
its morphology must carefully be checked. And the opposite direction: If influences from
graphene’s morphology should be avoided (e.g. reduce scattering or spin orbit interaction)
a substrate is needed as flat as possible. AFM investigations for such a situation have
recently been reported [106].

The impact of the number of layer on flexibility and stiffness of thin graphitic layers as
demonstrated above, which is weak compared to most of the other solid state materials,
can be explained analogue to a piece of paper positioned on a corrugated surface. For one
or a few sheets, they will probably follow the surface. But if much more sheets are stacked
on top of each other the finite thickness of the stack reduces the flexibility of the whole
stack even for the lowest lying sheet. This analog is valid due to the fact that the graphene
sheets are only weak coupled by van-der Waals forces comparable to the stacked sheets
of paper. This enables a motion of the layers with respect to the neighboring layers which
is needed for the observed low influence of the layer number on the flexibility of the whole
stack.



5.2. OPTICAL PROPERTIES 59

a)

.

'44,7 ‘{I '53!7
[ I
-150,3 A 1757

Figure 5.4: a) Optical image of a graphene monolayer on a SiO; substrate. The black rectangles
shows exemplary two regions of interests for the investigations of the dispersion relation. b) The
same area as ¥ and c) as A map captured with IE.

5.2 Optical Properties

The development of the sample layout, measurements and investigations with imaging
ellipsometry and the evaluation of the dispersion relation were carried out in close collab-
oration with Accurion Company in Géttingen. For determination of the optical properties,
graphene on the standard SiO; substrate is used due to the possibility for characterization
by optical microscopy and for comparison with results achieved by other groups and differ-
ent techniques.

The starting point for the determination of the optical properties are the measured A and
Y maps that were already introduced in Chapter 4.2. The sample used here was carefully
chosen and checked by optical microscopy and AFM for its monolayer nature. On this suit-
able flake first A and W maps are taken as shown in Figure 5.4 b) and c), the corresponding
optical image is included in Figure 5.4 a). The disturbances visible as interference fringes
especially in the A map are mainly from the PMMA residue, also visible in optical image.
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Figure 5.5: a) ¥ values and b) A values of graphene for different wavelength at different angles of
incident (AOI).

The ¥ map gives a better contrast of the carbon structure as the A map and single and
bilayer areas can be distinguished. The Angle Of Incidence (AQI) for these maps was 42°.
Now the A and W values of different Regions Of Interests (ROI) are determined in depen-
dence of the AOI and the used wavelength A. The ROls were chosen in such a way that
several ROIls are representing graphene and separately the surrounding SiO, substrate,
respectively. Exemplarily two such ROls are shown in Figure 5.4 a). For all ROls the spec-
troscopic data are measured, whereas the data for different ROls within one kind of matter
are consistent. Since the data are acquired with an optical setup that allows a resolution
of ~ 1x1 um? the values are already averaged over this area.

Finally, the A and W values for different wavelength and AQOIs (Figure 5.5) are measured
for these ROIs. The resulting plots are given in Figure 5.5 a) for the ¥ angle and in Figure
5.5 b) for the A angle. The used AOIs ranged from 40° to 49° in 3° steps. A strong
dependence on the used wavelength is observed for both quantities. The maximum value
of ¥ and A increases with increasing the AOI. The wavelength A of the maximal value is
shifted to shorter ones while increasing the AOI. Especially the wavelength range between
A ~400 nm and A ~600 nm seems to give the biggest influence to A and ¥ angles. With
these data a further analysis can be done, leading to the optical dispersion of graphene.
For this a model system is created, representing the three layers of the sample (graphene
/ 300 nm SiO, / Si). The way is the following: The expected A and ¥ values for the
model parameters (layer thicknesses, refraction index and extinction) are calculated and
compared to the measured ones. Since the error between these values is too big, the
parameters of the model are adjusted. In the ideal case the model system has exactly
the same optical properties as the real sample and the parameters (e.g. the refraction
index and extinction) of the model system are taken as the corresponding parameters of
the sample. The way of calculating a dispersion relation from the IE data can be found in
reference [70].
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Figure 5.6: Dispersion relation of graphene on SiO; substrate. The refraction index axis # is the
left one and the extinction coefficient k one the right axis. The lines are fits of our measured A
and ¥ values to a Drude model. The scatter data are two samples from reference [113]. All data
show a strong dispersion in the visible range, where the value of both the index of refraction and
the extinction gets smaller for shorter wavelength.

During modeling it turned out that a careful adaption of the actual SiO; thickness is nec-
essary. Indeed, the variation of the oxide thickness is less than 1% (302+0.4 nm instead
of nominal 300 nm) but since IE is a very sensitive technique all parameters of the sample
must be determined with high accuracy. For this purpose ROIls on the bare substrate have
been used (the left rectangle in Figure 5.4 a)). With the adjusted oxide thickness and to-
gether with the thickness of the flake determined by AFM to about 0.7 nm calculations are
done by using a Drude model [132]. The calculations have been performed at Accurion
company using their IE software EP4_model.

The resulting dispersion relation is shown in Figure 5.6. Both, the index of refraction n and
the extinction coefficient k strongly depend on the applied wavelength and decrease with
decreasing the wavelength A.

Discussion of optical properties

The interpretation of the dispersion relation shown in Figure 5.6 is in an early stage. The
scattered data in Figure 5.6 are taken from reference [113] and correspond to the dis-
persion values for two samples at three wavelengths (A =488 nm, 532 nm and 633 nm)
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measured with picometrology. Since this method requires a laser light source only these
three values are accessible and to the best of our knowledge no other experimental data
on the dispersion relation exist. The strong dispersion is visible in our data as well as in
the data of Wang et al [113]. They found that the dispersion is five times greater for both
the real part and imaginary part compared to bulk graphite. The authors of reference [113]
claim that this strong dispersion is likely caused by the strongly modified quantum level
structure of one atom layer compared to graphite. The refractive index n resulting from
IE seems to have a similar wavelength dependence as the picometrology ones. However
the extinction seems not to be as strongly wavelength dependent as in the case of refer-
ence [113]. The origin of this is actually unclear. Another problem might be the description
of a single atomic layer with a refraction index. Instead of that a description in terms of
optical conductivity might help to avoid errors in the definition of refraction indices [133].



Chapter 6

Electronic Properties

Originally, the aim of this project was to study the influence of the substrate on the trans-
port properties of graphene. However, to be able to perform electrical measurements of
graphene on the crystalline GaAs based substrate we had to overcome difficulties mainly
with the detection and classification of the graphitic sheets on these non SiO; substrates.
During the successful, but time consuming path to develop appropriate methods for detec-
tion, interesting results about mechanical and optical properties of graphene have been
found apart the main route. So much the better that we are able to conclude with this
chapter the part of results in this thesis. It combines temperature and gate-voltage de-
pendent transport and magnetotransport measurements on mono-layer graphene (MLG),
bi-layer graphene (BLG) and few-layer graphene (FLG) sheets on GaA, InGaAs and SiO;
substrates. Besides temperature dependent measurements of the intrinsic sheet resistivity
and the conductivity around the charge neutrality point, signatures of quantized transport
in the longitudinal and Hall resistance will be presented. Additionally, phase coherent
transport phenomena such as weak localization (WL) and universal conductance fluctua-
tions (UCFs) were intensely studied in dependence of temperature and gate voltage, and
compared with the signals taken from graphene on SiO,. Finally, significant inelastic and
elastic coherence lengths are extracted from the data. For comprehensive series of mea-
surements and/or for repeating them, the aging process of the graphitic flakes will also
be addressed. During this thesis more than 30 graphene samples on GaAs and InGaAs
and a few on SiO; substrates have been prepared and investigated by means of electri-
cal measurements. For clarity, we refer to the measured effects using the examples of
the most prominent samples including mono- and bilayer graphene sheets. Most of the
measurements have been carried out on graphene on GaAs.

63



64 CHAPTER 6. ELECTRONIC PROPERTIES

6.1 Transport behavior

To avoid misinterpretations of the electrical measurements it is indispensable to have ac-
curate knowledge about the characteristic of the contacts to graphene, the gate contact
and about the dielectric layer. It is necessary to have ohmic behavior of the metallic con-
tacts to graphene and gate and to know the voltage range which can be applied over the
dielectric layer between gate-electrode and graphitic sample without significant leakage
current. Thus, this chapter starts with this issue. We want to remark that all samples
investigated by electrical measurements are collected, briefly described and the related
flakes and contact geometry is displayed in Appendix C.

6.1.1 Contact and gate characteristics

In Figure 6.1 a) and b) |-V characteristics taken for different current paths in the transistor
like device are shown. For clarity the lower left inset sketches the configuration. In the
simplest case there are two metallic contacts (green) to a graphene flake on top of a sub-
strate. The scheme also shows one contact to the highly doped part of the substrate used
as backgate electrode. The two graphene contacts are also shown in the upper right inset
what consists of a SEM image of a flake overlaid with two metallic strips.

In Figure 6.1 a) the I-V trace (cyan line) between two metallic contacts to graphene is
depicted demonstrating linear and therefore ohmic behavior. We found that the contact
resistance can be lowered to less than 1 kQ for Pd contacts compared to those made with
Ti/Au. Therefore Pd is mostly used for the contacts to graphene. Because of the formation
of a Schottky barrier between metals and doped semiconductors [46], the preparation of
ohmic contacts to the gate is more challenging. As shown in 6.1 b) (red trace), a diode like
I-V characteristic results for not annealed contacts independent if they are soldered with
In, glued with conducting silver-past or evaporated metals. Metal evaporation and heat
treatment as described in detail in Appendix B for the different substrate materials leads
to nice ohmic contacts to the highly doped semiconducting layer as demonstrated in 6.1
b) (green line). The dielectric layer in the case of the semiconducting substrate was an
undoped semi-insulating GaAs/AlGaAs or InGaAs/InAlAs layer stack. Despite larger layer
thicknesses, these dielectric layers have a rather low breakthrough voltage of only a few
volts (typically +=3 — 6 V) compared e.g. to SiO, substrates where more than 100 V can be
applied. This is surprising, since GaAs and its ternary compounds have a higher permit-
tivity as silicon dioxide. This low breakthrough voltages may be caused by the formation
of deep traps and oval defects during the MBE growth [134-136]. The |-V characteris-
tics of the dielectric layer of a GaAs substrate is shown in Figure 6.1 a) and b) as black
traces. The diode-like trace shows an insulating behavior (current flowing < 1 nA) within
a few volts. If the applied voltage is too high, a significant current is flowing indicating the
breakthrough of the substrate.
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Figure 6.1: I-V traces for different samples and different current paths. a) Sample with improved
(ohmic) gate contacts. The graphene-graphene |-V characteristics results in an ohmic resistance
with R~ 8 Q. The insulating voltage range over the dielectric layer is about ~ +3V. Inserted is
both a SEM image of the flake with overlaid contacts (upper inset) and a schematic drawing of the
principal setup. b) I-V-traces with not optimized contacts to the highly doped backgate (black and
red trace) in comparison with optimized gate contacts (green trace).

6.1.2 Temperature dependent intrinsic conductivity

The temperature dependent resistance of a couple of graphene samples with number of
layers ranging from mono- to few layer flakes deposited on GaAs, InGaAs and SiO; are
collected in Figure 6.2. The cooling-down curves are measured in a two-terminal ge-
ometry by slowly cooling down the samples without magnetic or electric field from room
temperature to 4.2 K. For better comparison of the different samples, the resistance R(T')
is normalized to the maximum value of the resistance R;,,.. For most of the samples in-
dependent from substrate materials and number of layers, the resistance decreases with
decreasing temperature until a saturation is reached between 100 K and 75 K. This be-
havior demonstrates metallic behavior and existence of a large amount of intrinsic charge
carriers in these samples. The nearly linear T —dependence down to the saturation tem-
perature together with the magnitude of the resistance change strongly points towards
scattering between charge carriers and longitudinal acoustic (LA) phonons in graphene
limiting the charge carrier mobility [22]. Note that the minor increase of the resistance
after saturation seen for GaAs-BLG(a) (red trace) and GaAs-MLG(a) (black trace) seems
to be induced by strong electron-electron interaction as will be discussed later. Saturation
of the resistivity for temperatures below ~ 75 K indicates the onset of another scattering
mechanism that may be induced by the substrate. Similar behavior was reported, e.g. for
FLG on Pb(Zry,Tip )O3 (PZT) and FLG/MLG on SiO; [22].

Contrary, for some graphene samples on GaAs a increasing resistance with decreasing
temperature and a saturation at reduced temperature between 30 K and 45 K was ob-
served as depicted in Figure 6.2 for GaAs-FLG(a) (orange trace) and GaAs-MLG(a) (black
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Figure 6.2: Cooling down curves of graphene on different substrate materials. The values are
normalized to the maximum value within the measurement.

trace). This experimental finding points towards low intrinsic charge carrier density near
the charge neutrality point (CNP) of the graphene flakes, high amount of electron-hole
puddles or further interaction mechanisms leading to enhanced scattering of the charge
carriers. However, on these two graphene samples no signatures for a CNP was found in
the available gate voltage range, what seems to exclude a low intrinsic doping density to be
the reason for the increasing sheet resistivity with decreasing temperature. The origin of
this behavior and the appearance of a small local maximum in some samples, independent
from positive or negative slope, is unclear up to now.

6.1.3 Charge neutrality point

As direct consequence of the specific band structure of graphene, the Fermi energy Er can
be shifted almost continuously by applying an electric field perpendicular to the sheet. Con-
sequently, polarity and density of the charge carriers can accurately be tuned by putting
the backgate electrode on a distinct potential. The position of the CNP, which can be
determined by a maximum in the sheet resistance, relative to the applied gate voltage
identifies polarity and density of intrinsic doping in the graphitic flakes. Due to lattice de-
fects, doping, adsorbates, strain or influence of the underlying substrate the graphene
sheets can intrinsically be doped [2]. In Figure 6.3 a) gate dependent sheet resistance of
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Figure 6.3: a) Temperature dependence of the CNP of a BLG on GaAs. b) Resistance value R,
(black) of the CNP and hole-mobility (green) and electron-mobility (blue) as function of In(T). c)
Temperature dependence of the intrinsic charge carrier density and polarity. Negative values (grey
region) denote electrons, positive values holes.

a bilayer graphene flake deposited on GaAs (GaAs-BLG(b)) is plotted at different temper-
atures. The observed positions and resistance values of the CNPs are marked with black
squares. lt is clearly visible that shape and position of the CNP changes with tempera-
ture. At T = 4 K the resistance maximum is detectable at R ~ 4.6 kQ and Voyp =~ 1.5V
demonstrating a small shift of the CNP to positive gate voltage Vg4 in correspondence
to a low intrinsic hole doping. The gray dash-dotted line marks Vg4 = 0 V and is there-
fore related to the intrinsic carrier density. The intrinsic carrier density is calculated with
n,D = OGaas - VGateeff» Where Ogaas = 4.1- 101 em~2/V is the charge injection param-
eter determined from Hall measurements as shown later and Viueeff is the corrected
gate voltage Vgue — Vonp. As clearly visible in Figure 6.3 ¢) a crossover of the CNP from
positive to negative gate voltages can be observed suggesting a temperature dependent
variation of density and polarity of the intrinsic carriers. The position of the CNP seems to
be constant for T < 12 K and the graphene is nominally undoped at about 7 = 18 K. For
T > 18 K electrons become the dominant kind of charge carriers. Furthermore, the gate
voltage dependent resistance maximum is broadened and the resistance value reduced
for increasing temperature. This behavior may be connected to temperature dependent
changes of the interlayer coupling, to a modified influence of the dielectric GaAs substrate,
e.g. freezing out of traps in the GaAs layer or changed screening and/or to the formation
of more or larger electron-hole puddles [137]. From the linear dependence of the sheet
conductance o on the carrier density and by using the charge injection parameter o, the
hole and electron mobility u was determined from the CNP measurements:

€& UGate aGO 1
o=enu=e = Ugue = =0 TH= M= 50 e (6.1)
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Where n denotes the charge carrier density, €9 and €,, the permittivity of free space and
the dielectric material, respectively, o the charge injection parameter and e the unit charge.
In the observed temperature range from 4.2 K to 25 K the electron-mobility constitute be-
tween 3500 cm?/Vs < u, < 3580 cm?/Vs and the hole-mobility is marginally lower between
3456 cm?/Vs < u, < 3580 cm?/Vs, respectively. The mobility is for both kind of charge
carriers in the investigated region minor temperature dependent, albeit the mobilities are
just as R4y linear with In(7"). The absolute values for the mobilities are in the range found
in our group for graphene on SiO, made from natural graphite and without a further an-
nealing step [138]. The measured shift of the CNP to positive voltages at 7 = 4.2 K has
been detected for all investigated graphene mono-, bi- and few-layer samples on GaAs-
based and InGaAs substrates, a temperature dependence of the CNP shift, however, was
not detectable for more samples so far. Contrary, for graphene on SiO, investigated at
T = 4.2 K a shift of the CNP is visible for both negative and positive gate voltages.

In Figure 6.3 b) the maximum resistance values are plotted against In(7') (black squares).
A clear trend is observable that the resistance values decrease linearly with the logarithm
of the temperature as indicated by the red line in Figure 6.3 b). To the best of our knowl-
edge neither temperature dependent shift of the CNP nor a linearly decrease of R;;,,, With
In(T) is reported in literature for CNP measurements of graphene on amorphous SiO,
or on any other substrate. This may possibly be caused by the influence of the crys-
talline substrate materials and hence from interaction of the charge carriers in graphene
with phonons, intrinsic field or dopants in the underlying semiconductor. A change of the
intrinsic doping was theoretically predicted only for graphene on the nonpolar surface of
(110)-GaAs not for the polar surface of (001)-GaAs [85].

6.2 Magnetotransport behavior

The magnetotransport properties of graphene on GaAs and InGaAs are demonstrated
on examples of a mono- and bilayer graphene sample on GaAs and a bilayer sample on
InGaAs. Both field sweeps of a perpendicularly applied magnetic field at constant gate
voltage and gate voltage sweeps at a finite applied magnetic field have been carried out.
Temperature dependent magnetotransport measurements, accurate analysis of the data
and possible explanations will be presented in the following.

From measurements of the longitudinal R, and Hall resistance R,y, information about
quality, mobility and carrier density of the investigated sample can be achieved. In Fig-
ure 6.4 the two-terminal resistance Ry, as a function of the backgate voltage measured
at T = 4.2 K and with an applied magnetic field of B = 10 T for the graphene bilayer
(InGaAs-BLG(a)) on InGaAs is displayed. The number of layers in this case has been
confirmed by Raman spectroscopy [112]. As demonstrated in inset of Figure 6.4, for both
sweep directions starting from -1 V to -2.5 V (black trace) and back from -2.5 V to -1 V (red
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Figure 6.4: Gate dependent resistance for bilayer graphene on InGaAs substrate (InGaAs-BLG(a)).
At B = 10 T SdHs are observable. The inset shows up and down sweep of the gate voltage in the
negative region. Besides a small offset the signals proof themselves.

trace) Shubnikov de-Haas (SdH) oscillations are clearly visible. This substantiates the
two-dimensional nature of the charge carriers and the high quality with rather high charge
carrier mobility of the two-dimensional graphitic crystal. The small offset between these
two traces may be caused by changes of the electrical field at a certain voltage between
down and up sweep due to (de-)charging of deep traps and misfit dislocations in the meta-
morphic grown buffer for strain relaxation [88], which is also part of the dielectric layer.
Since the distinct SdH oscillations are monitored for low negative bias voltages in the hole
transport region, the type of intrinsic charge carriers for this BLG on InGaAs seems again
to be holes, as found for all other graphitic flakes on GaAs or InGaAs substrates. The rea-
son for the resistance behavior around zero gate voltage and for positive gate voltages is
still unclear. The signal becomes noisy and no further (distinct) oscillations are detecable
as visible in Figure 6.4. One may speculate, that measurements in two terminal geometry
are influenced by polarity of the charge carriers relative to the current path and polarity
of the magnetic field [98], that the lower Landau levels (first and second) are broadened
by disorder and can not be resolved or that the dielectric material or the gate contact is
damaged. One or a combination of these possibilities could explain the observed behav-
ior. After these sweeps, the gate-gate contacts became diode-like, even though they were
almost ohmic before these measurements. Due to that, no further measurements on this
BLG were feasible.
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Figure 6.5: Magnetic field and gate voltage dependence of a graphene monolayer on GaAs
(GaAs-MLG(b)) at T = 4.2 K. a) Four-terminal longitudinal magnetoresistance R, (black) and Hall-
resistance Ry, for Us4.= 0 V, an optical image of the device is inserted. b) Gate sweeps at B =
0 T (black) and B = -10 T. The resistance increases with increasing the voltage, but neither clear
Shubnikov-de Haas oscillation nor clear quantum Hall plateaus are observable.

The magnetotransport properties with both, magnetic field a) and gate voltage sweep b)
at T =+4.2 K measured in a multi-terminal geometry on a MLG sample (GaAs-MLG(b))
on GaAs are shown in Figure 6.5. The intrinsic longitudinal resistance R,,, without ap-
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Figure 6.6: Gate voltage dependence of a graphene monolayer on GaAs (GaAs-MLG(b)) at T =
4.2 K. a) Gate-voltage dependence of R,, for applied voltages between 3.5 V and -1.5 V (Same
sample as in Figure 6.5). Inset: Carrier density extracted from Hall measurements in a) as a
function of the effective gate voltage.

plied gate voltage measured as a function of a perpendicular applied magnetic field swept
from -10 T to +10 T shows signatures of quantized transport (Figure 6.5). Small mag-
netoconductance oscillations interpreted as universal conductance fluctuations are visible
superimposed to a parabolic background in the whole magnetic field range of B = +10 T.
The Hall resistance R,, shows a linear slope in the low-field region and rudimentary Hall-
plateaus demonstrating transport in a two-dimensional charge carrier system. The positive
Hall coefficient suggests transport in a hole system. From the slope of Ry, the intrinsic hole
density was determined to p = 7.7- 102 cm~2. In Figure 6.5 b) two gate sweeps of the
longitudinal resistance R, are plotted. The black trace is measured without an applied
magnetic field (B=0 T), whereas the red line corresponds to the behavior with an applied
magnetic field of B=-10 T. The trace without field shows an increase of the resistance R,
by increasing the gate voltage, further verifying holes as intrinsic charge carriers. The CNP
point is expected to appear for much higher positive voltages, namely for Ugye = 18.8 V
as will be demonstrated later. From the linear dependence of the conductivity taking into
account the shape of the contact geometry and the charge injection parameter again the
mobility can be determined. Due to the high intrinsic doping only the hole mobility for this
monolayer sample (GaAs-MLG(b)) can be observed, which constitutes p = 1660 cm?/Vs
and is almost a factor three lower compared to the bilayer sample GaAs-BLG(b). The data
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acquired with an applied magnetic field of B= —10 T also shows an increase in R,,. Some
changes in the slope, but no clear signatures for SdH oscillations are detectable by varying
the carrier density over the gate voltage. Reasons for the absence of clear signatures for
quantized transport can be found in the low charge carrier mobility and the high intrinsic
charge carrier density together with the low breakthrough voltage that precludes larger
changes of the two-dimensional charge carrier density.

In Figure 6.6 a), the Hall resistance Ry, for the same monolayer sample (GaAs-MLG(b)) is
measured for different gate voltages from Ugye = 3.5 V t0 Ugye = —1.5 V. Variations in
the Hall-slopes indicates gate-induced changes of the two-dimensional hole density, which
can be determined from the Hall slope. The two-dimensional hole density p exhibits a lin-
ear dependency on the applied gate voltage Ug.. as demonstrated in the inset of Figure
6.6, where a shift of the CNP of about 18.8 V has been corrected. From the dependency of
the carrier density on the gate voltage, n, p = 0. Ugae o ¢, the charge injection parameter
o for the GaAs substrate was determined to be diggas = 4.1 - 10'! em~2/V. The measured
value for the used GaAs/AlGaAs substrate is about four times higher than the theoretically
estimated one. Nevertheless, both, theoretical and measured values are higher compared
to the literature value for SiO, with oLsip, ~ 7.2- 109 cm=2/V [22].

The magnetotransport measurements on the bilayer sample on GaAs (GaAs-BLG-(a))
shown in Figure 6.7 have been performed in two-terminal geometry with a perpendicu-
lar applied magnetic field up to B = + 10 T without changing the carrier density by ap-
plying a backgate voltage. In the high-field region (|B > 1.5| T) signatures of quantized
transport, namely SdH oscillations are detectable that are superimposed on a positive
parabolic background. In the low field region quantum interference phenomena such as
weak localization (WL) and universal conductance fluctuations (UCFs) were found. In the
low field region these effects are superimposed by a negative parabolic background. Both
regions are depicted for T = 4.2 K in Figure 6.7 a). As depicted in Figure 6.7 b), SdH
oscillations, WL signal, UCF and the negative parabolic background exhibit strong tem-
perature dependent damping, whereas the positive parabolic background in the high field
region is almost temperature independent. The temperature dependent damping of the
SdH oscillations is demonstrated in Figure 6.8 a) after subtraction of the second order
polynomial background at higher fields and plotted vs. the inverse magnetic field 1/B. The
Fast-Fourier Transformations (FFT) of the data shown in Figure 6.8 a) reveal two distinct
maxima corresponding to densities p, and p3 in the whole investigated temperature range
(1.7 K< T <50 K) and a smaller maximum p; (see Figure 6.8 b)). The two-dimensional
carrier density seems to be p3 = 1.29-10'2 cm™2 = 2- p» = 4 p1. The relation between
P1, P2 and p3 may be caused by spin- and valley degeneracy. The degeneracy of such a
graphene or thin graphite layer is known to be g = 4 [45]. From gate dependent measure-
ments the type of charge carriers has been determined to be holes and from the density
and the charge injection parameter o the shift of CNP has been ascertained to 3.15 V. This
means that the intrinsic hole density is rather low for this bilayer sample on GaAs (GaAs-
BLG(a)) compared to most of all other investigated mono-, bi- and few-layer sample on
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Figure 6.7: Temperature dependent two-terminal magnetoresistance of a bilayer graphene on
GaAs (GaAs-BLG(a)). a) Magnetoresistance at 4.2K. The low-field region is marked. b) Tem-

perature dependent magnetoresistance.

GaAs.
In Figure 6.9 the temperature dependent low field magnetorsistance (MR) traces are de-
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Figure 6.8: Analysis of the temperature dependent two-terminal magnetoresistance from Figure
6.7 a) high-field region (B > 2 T) after subtraction of a second order polynomial. b) Fast-Fourier
transformation of the reciprocal traces of a).

picted for temperatures between 1.7 K and 10 K after subtraction of a temperature de-
pendent negatively curved parabolic background which is shown in Figure 6.10 a). Both,
WL and UCFs are reproducible, symmetric regarding polarity of the B-field and strongly
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Figure 6.9: Temperature dependent two-terminal magnetoresistance of the bilayer graphene on
GaAs (GaAs-BLG(a)- same sample as in Figure 6.7 and Figure 6.8). The temperature dependent
magnetoresistance for low magnetic fields (B < 2 T) is plotted after subtraction of a second order
polynomial background.
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Figure 6.10: Analysis of the second order polynomial background of the electron-electron-
interaction of Figure 6.9. a) Temperature dependent polynomial background in the low field region.
b) Slope 7y of the polynomial background as a function of B> plotted vs In(1/T) corresponding to
Tee- Black traces correspond to the data taken for positive B-fields and red from negative fields.

temperature dependent. Surprisingly, WL signatures seems to be suppressed for lower
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temperatures or superimposed by increased UCF-signal. As outlined at the end of this
chapter, from this quantum correction to the classical Drude conductivity, the phase coher-
ence length Lg caused by inelastic scattering and the temperature dependence of Lg will
be determined as demonstrated in references [124,139, 140]. The temperature dependent
negatively curved parabolic background could also be induced by a quantum correction to
the classical Drude conductivity due to impurity (electron-electron) interaction. Assuming
transport in a diffusive channel in the metallic regime (ErTe./h >> 1), the impurity inter-
action time T,, can be deduced from the parabolic background following the procedure
demonstrated by Choi and coworkers [141]. The parabolic background can be written as

2
€Tee
Amﬂm“p<Wm)-B”&w (6.2)

with m* effective mass, 6 classical Drude conductivity and 8o, correction to the Drude
conductivity due to electron-electron interaction. For kgT't../h < 1 theory predicts for the
two-dimensional case

24+ F F &2 h
oo () ()

with F = %(1 + 2I‘T‘”sin(%))*l, kr the Fermi wave vector and « the inverse screening
length. The slopes Y of R(B) plotted as a function of B? for different temperatures are
collected in Figure 6.10 b). The slope 7 is linearly dependent on In(1/7). From this
correlation 1., can be extracted using equations (6.2) and (6.3). The resulting electron-
electron interaction time is T, = (0.157 - "mL;) ps. Assuming m* = 0.1 mg, the mass of
charge carrier in BLG [142] or the mass of the heavy holes in FLG [1], one obtains T.. =
15.7 fs. This value seems to be reasonable compared to values found for two-dimensional
charge carrier systems in conventional heterostructures [141].

6.3 Aging process of graphene

By dealing with transport properties of graphene, we had to address the problem that the
environment changes the properties of these ultra-thin sheets. It is established that mobil-
ity and further transport properties are very sensitive to the surroundings and surfactants
on the graphitic sheet [20]. Since the graphene sheets investigated in this thesis are not
suspended and not cleaned by heat treatment, the mobilities of the flakes are low but
comparable to flakes on SiO; substrates. Thus, it is not astonishing that the transport
properties of the graphene sheets changes significant between different cooling down cy-
cles, where the sample is exposed to air. Of course, the samples are preserved in vacuum
as long as possible and the time in air is reduced as much as possible. But as visible in
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Figure 6.11: Reduction of the sample quality with time. Both panels show the temperature de-
pendency of a two-terminal measurement on GaAs-MLG(a). a) shows a resistance that is half the
resistance in b). A clear developing Shubnikov-de Haas oscillation is observable at ~ 9 T. Addi-
tional signs for quantized transport are found for lower magnetic fields. b) has been measured ~
200 days after a). In both panels the inset shows the corresponding low field region where weak

localization can be observed.
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Figure 6.11, the transport signals are significant altered in a second cooling down after
200 days with carefully storing in vacuum between the measurements. In Figure 6.11 tem-
perature dependent magnetotransport measurements on a monolayer graphene sample
on GaAs (GaAs-MLG(a)) are shown. Both measurements are carried out in two-terminal
geometry using identical contacts. In the first measurement depicted in Figure 6.11 a)
clear signal of Shubnikov-de Haas oscillations are visible up to T = 50 K indicating pleas-
ant quality of the crystal and high charge carrier mobility. In the low field region a strong
positive magnetoresistance due to WL is observable up to T = 50 K (see inset of Figure
6.11 a). Another phase coherent transport phenomenon, namely UCFs are visible in the
whole magnetic field range up to T = 20 K. Disregarding the WL corrected sheet resistiv-
ity, e.g. taken at |B| = 0.5 T, increases only weak with decreasing temperature. All these
features are clearly changed in the second cooling cycle as collected in Figure 6.11 b).
The two-terminal resistance is almost doubled caused by degrading of the contact and/or
sheet quality. The disappearance of the clear SdH oscillations points towards strongly re-
duced quality and simultaneously mobility of the sample. The WL maxima are broadened
and disappear already at about 7' ~ 30 K compared to T ~ 50 K at the first measurements
cycle. UCFs disappear at nearly the same temperature of about 7' = 20 K, but seems to
be more pronounced at the second cooing down also pointing towards increased scatter-
ing potential in the second run. Further, the resistance increase is stronger dependent on
lowering the temperature. Regrettably, it was not determinable, whether the intrinsic type
and density of carrier and position and shape of the CNP has been changed. All together,
it is evidently that the sample has dramatically changed between the two measurement cy-
cles. However, not only the aging process between two cooling downs, but also the aging
during the measurements is demanding. It is not rarely that individual contacts or the di-
electric layer are degrading during all kind of measurements without exposure to air. Often
this disturbs comprehensive series of measurements. The reason can be quested in the
mechanical stress between metal contacts and graphene, microfissures in the graphene
sheets that appears sometimes close to the contacts. We learned that larger overlap of
the contact to graphene rectifies this problem by simultaneously loosing space for contacts
and hence variation in the measurements geometry. This is the reason why smaller sam-
ples are often contacted only with two or three contacts.

Also the substrate contributed to the aging process. Due to the easy visibility of graphene
on SiO—, only one optical microscopy image and one EBL step is needed to detect, clas-
sify the graphene flake and to prepare it for electrical measurements. On other substrates
further microscopy studies are needed such as SEM and AFM to detect and classify the
sheets. During SEM hydrocarbon is cracked and deposited on the substrate and dur-
ing AFM measurements the sample is exposed to air for a long time. And of course
this all takes some time during that the sample is aging. For this reason Micro-Raman
spectroscopy or Imaging Ellipsometry could be possible detection methods to improve the
quality of graphene on various substrate.



6.4. PHASE COHERENT TRANSPORT 79

6.4 Phase coherent transport

In the low temperature magnetoresistance measurements two phase coherent transport
phenomena were observable in all graphene samples, independent from the number of
layers. The magnetoresistance effect around B = 0 T is addressed to weak localization
(WL) effect and occurs in samples with a phase coherence length larger than the elastic
scattering length. Magnetoconductance oscillations, called universal conductance fluctua-
tions (UCFs), arise in mesoscopic disordered samples, when the size of the conductor is
in the order of the phase coherence length. The principles of both effects are described in
chapter 2.

6.4.1 Weak localization

Weak localization arises from constructive interference between time reversed partial waves
of the charge carriers in disordered samples. Due to the chirality of the charge carriers,
quantum interference in graphene is different to conventional semiconductors [53]. Conse-
quently the carriers in graphene have an additional Berry phase of ®. As shown in Figure
6.12 a) for various gate voltages the quantum correction of the resistance is usually mea-
sured by applying a perpendicular magnetic fields B. WL in graphene depends not only on
the inelastic scattering of electrons, characterized by the phase coherence length Ly, but
also on the elastic scattering caused by impurities and lattice defects. The inelastic scat-
tering is represented by two characteristic lengths, the intravalley scattering length L, and
the intervalley scattering length L;. Large L, suppresses the interference within one valley
due to chirality breaking defects and random magnetic fields due to ripples and disloca-
tions, whereas large L; restores the interference by mixing the two valleys with opposite
chirality [53]. Intervally scattering is caused by sharp defects, e.g. sample edges, whereby
charge carriers can be scattered between valleys. Interestingly, in graphene both, weak
localization and weak anti-localization was reported to appear in one sample depending
on the ratio Lgy /L, and Lg/L; that can be tuned by changing carrier density and tempera-
ture [53].

The data in Figure 6.12 were measured in a four-terminal geometry at 7 = 4.2 K on
the monolayer sample GaAs-MLG(b), which exhibits a charge carrier mobility of u =
1660 cm?/Vs as shown in section 6.2. The magnetoresistance traces were taken for dif-
ferent two-dimensional hole densities ranging from 8.5-10'> cm~2 t0 6.3-10'2 cm~2. The
hole density is varied by changing the backgate voltage from -1.5 V to 3.5 V. Please note
that the traces are not vertically shifted for clarity. The offset is caused by the fact that
decreasing the carrier density increases simultaneously the sheet resistivity. Remember,
the high-field magnetotransport behavior of this monolayer sample was already shown
in Figure 6.5, where also an optical micrograph of the device is inserted. For almost all
curves, a positive magnetoresistance due to weak localization appears around B =0 T.
Additionally, UCFs are visible for the whole swept magnetic field range. For better com-
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Figure 6.12: Weak localization measurements for different gate-voltages of a monolayer sample
on GaAs (GaAs-MLG(b)). a) Gate-voltage dependence of the low-field region of R,, for applied
voltages between 3.5 V and -1.5 V. b) Data from a) in a false color plot of the low-field region of
R, after subtraction of a second order polynomial background. The WL signal is aperiodically
suppressed with the hole density. The suppressed regions are marked with arrows.
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Figure 6.13: Vertical traces through the plots in Figure 6.12 along B=0 T. a) The data without any
correction. b) The data of a) corrected by a linear regression (corresponding to the B=0 T profile of
Figure 6.12 b)). The regions, where the WL signal is supressed are marked with arrows.

parison of the WL signal, the curves are displayed in Figure 6.12 b) in a false color plot,
where the second order polynominal background is subtracted. Bright areas correspond
to high resistance values and dark blue ones to low resistance values. Surprisingly, the
WL signal aperiodically disappears for certain carrier densities. The regions, where the
WL is suppressed are marked with arrows in Figure 6.12 b). Linecuts through this plots
along B =0 T are shown in Figure 6.13 without a) and after b) correction with a linear
regression taking into account the carrier density dependency of the sheet resistivity. In
both graphs the suppression of the WL signal is clearly observed. From simple analysis it
was not possible to extract a periodicity in the curves. The regions with vanishing WL sig-
nals, and simultaneously regions with very distinct WL signals are spaced in gate voltage
between AU = 0.9 V and AU = 1.1 V corresponding to changes in the two dimensional
charge carrier density of between Ap = 0.37-10'> cm=2 and Ap = 0.47 - 10'2> cm™2. This
is not a clear periodicity, but the change in the hole density needed to come from one to the
next suppressed region are similar. The visibility of the suppression of the WL signals that
could also be interpreted as a starting transition from WL to WAL behavior is improved by
plotting the normalized magnetoconductance for all measured hole densities as revealed
in Figure 6.14. The curves for vanishing WL effect are red colored and correspond to the
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Figure 6.14: Normalized magnetoconductance traces for different backgate voltages measured on
sample GaAs-MLG(b) (extracted from Figure 6.12). The red traces correspond to gate voltages,
where the WL signal vanishes.

density (backgate voltage) values marked by arrows in Figures 6.12 and 6.13. We found
such an aperiodic suppression of the WL signal for graphene on GaAs independent of the
number of layers.

Suppression of WL or transition from WL to weak anti-localization (WAL) was reported
for graphene on SiO, dependent on the carrier density or the temperature [53, 55, 139],
but to best of our knowledge no recurrent suppression by continuously tuning the carrier
density is reported in literature so far. Only in reference [124] a similar plot was shown for
graphene on SiO;, however the authors did not discuss this issue.

Most investigations of WL and WAL effects of graphene on SiO, are done by averaging
over a certain range of carrier density to reduce the UCFs and hence pronounce the WL
signal. In this way, the curves can also better fitted by equation (2.14) [53,54]. But by
averaging only over a voltage range of AU = 1 V [53], what seems minor for SiO;, where
gate voltages of about Ug,. = 100 V can be applied, the uncertainty in the carrier den-
sity constitutes Ap ~ 7.4 -10'° cm?. Whereas the separation of the suppressed regions
in our experiments are found to be three to five time larger. One might speculate, that the
effect of recurrent vanishing WL signal by tuning the carrier density could also be visible for
graphene on SiO;. Moreover, the WL signal and hence its (possible) suppression is more
pronounced for graphene on GaAs compared to graphene on SiO,. The suppression of
WL may be induced by mesoscopic corrugations of the graphene sheets or the underlying
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Figure 6.15: Measured magnetoconductance at T = 25 K and Ug4. = 0 for sample GaAs-MLG(b)
(black) and fitted magnetoconductance (red).

substrate or by interaction with the substrate. The origin of this effect is still unclear and
also first discussions with theory have not yet given any result.

From careful analysis of magnetoconductance curves as depicted in 6.14, the phase co-
herence length Le and the electric scattering lengths, intervalley scattering length L; and
intravalley scattering length L, can be determined regarding to equation (2.14). In Figure
6.15 the magnetoconductance curves (black) for the monolayer GaAs-MLG(b) taken for
Ucae =0V at T =25 Kiis fitted (red) using the equation mentioned above. Obviously, the
fit matches the measured data very well in the magnetic field range of B = +0.8 T. The WL
signal was measured as function of different carrier densities changed by tuning the back-
gate voltage and in dependence of the temperatures between T =4.2 Kand T = 65 K.
Since this relative high temperatures the quantum interference effect still survives. But it is
generally known that the WL effect in graphene is visible up to much higher temperatures
(T = 200 K) [53] compared to conventional semiconductors and metals. In Figure 6.16,
the three characteristic scattering length Lg (black) , L, (red) and L; (green) achieved from
fits of the magnetoconductance are collected. The dependence from the carrier density
(backgate voltage) is displayed in Figure 6.16 a) and from the temperature in b). The solid
black line denotes the value for Ly determined from the averaged magnetoconductance
curve over all measured backgate voltages —1.5 V< Ugye < 3.5V at T =4.2 Kand con-
stitutes to Ly = 223 nm. This value lies in between all resulting values found for Lg lying
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Figure 6.16: Phase coherence length Ly (black) intravelley scattering length L, (red), and interval-
ley scattering length L; (green) a) at T = 4.2 K in dependence of the carrier density (gate voltage)
and b) in dependence of the temperature at Ugye = O.

between 122 nm < Lg < 317 nm. The grey shaded lines denotes the two-dimensional
hole density regions where the suppression of the WL signals has been found. The same
regions are marked with arrows in 6.12 and 6.13. Here, not an unambiguous relation can
be entitled, however a clear direction seems to emerge. For the suppressed regions the
phase coherence length Lg is definitely lowered relative to neighboring regions. Moreover,
Lo seems slightly to increase in average with decreasing carrier density, but this trend has
to be confirmed. The values for intravalley scattering length L, (red) and the intervalley
scattering length L; (green) are both struggling between 70 nm < L, ; < 212 nm. The
differences in the scattering lengths between neighboring hole density regions are very
large. The trend regarding the hole density for L, and L; seems to be the opposite to Lg.
Decreasing the hole density slightly decreases both elastic scattering lengths in average.
Also L, and L; are generally lower in the grey mark regions.

The temperature dependency of the three coherence lengths are given in Figure 6.16 b).
The values for L, and L; constitute both to about L, ; = 110 nm +10 nm and are inde-
pendent from the temperature between T = 4.2 K and T = 35 K and decrease minor
with increasing temperature for 7 > 35 K. In contrast to that, the phasecoherence length
Ly decreased linearly with increasing temperature from 212 nm at 7' =7 K to 96 nm at
T = 65 K. This behavior was expected from literature [45, 98], and references therein.
Generally, the relation Ly > L, ; obtained for graphene on SiO; [53, 98] is also valid for
graphene on GaAs. The determined values for the characteristic length for graphene on
GaAs, especially values and temperature dependency of the phase coherence length Lo
caused by inelastic scattering are in good comparison of the values reported in litera-
ture [53,54], and references therein. Finally, we had to refer about the uncertainty and the
error done by fitting the magnetoconductance data to equation (2.14). Due to three free
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Figure 6.17: Temperature dependent conductance fluctuations amplitude extracted from the low
field region for a) the bilayer sample GaAs-BLG(a) and b) monolayer sample GaAs-MLG(a).

parameters, the fit routine was not able to adjust all values automatically. Therefore, the fit
had to be optimized by hand, what was a little challenging, because all parameters affect
each other.

6.4.2 Universal conductance fluctuations

Using the example of the monolayer sample on GaAs-MLG(b) and the bilayer sample
GaAs-BLG(a) the temperature dependent investigation of the amplitude of the magneto-
conductance oscillations induced by UCFs are investigated. The related UCFs are visible
in the magnetotransport measurements shown in Figures 6.12 and 6.9 for GaAs-MLG(b)
and GaAs-BLG(a), respectively. In both figures it is clearly visible that the fluctuations are
very reproducible, damped by increasing the temperature and symmetric in the magnetic
field. To extract the amplitude 0G of the UCF a second order polynomial background was
subtracted from the measured data. In Figure 6.17 the corresponding amplitudes G are
plotted versus the temperature in a double-logarithmic plot. Sample GaAs-BLG(a) was in-
vestigated between T'=1.7 Kand T = 10 K and sample GaAs-MLG(b) between T =4.2 K
and T = 25 K. As expected from literature, the amplitude dc of the UCFs follows a power
law in T'. In the tested temperature range the conductance fluctuation amplitude does not
saturate. UCFs were clearly visible in all investigated graphene samples independently
from the number of layer for temperatures up to about 7' ~ 30 K.

6.4.3 Comparison with graphene on SiO,

For comparison, resistance R versus gate voltage Ug.. and WL measurements for dif-
ferent backgate voltages are depicted in Figure 6.18 on a trilayer sample on SiO,. The
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measurements were carried out at T = 4.2 K. The resistivity at B=0T and T =4.2 K
was observed for backgate voltages of Ugy. = 3100 V corresponding to charge carrier
densities variation for holes and electrons up to about p,n = 7.4-10'> cm=2. The CNP
is broadened similar to the findings for a graphene trilayer on SiO; in reference [36] and
can be explained by bandoverlap of valence and conduction band for low energies. The
CNP appears approximately at U, =~ 0 V and the curve is not symmetric for the hole and
electron region as shown in Figure 6.18 c). Also WL signal appears for this trilayer sample
on SiO;. The WL in both, hole and electron region is observed for several gate voltages
up to Ugare = 20 V corresponding to two-dimensional hole and electron densities up to
p/n~15-10'2 cm~2 at T = 4.2 K. The magnetoresistance curves for the hole and elec-
tron regions are plotted in Figure 6.18 a) and b), respectively. The WL effect seems to be
more pronounced in the hole region. Interestingly, the amplitude of the WL signal in the
hole region seems not to behave monotonic with increasing hole density, whereas in the
electron region the amplitude of the WL decreases with increasing the two-dimensional
electron density. However, no evidence of suppression of the WL effect or a transition
from WL to WAL was found for this sample. The reason for the differences between holes
and electrons are not clear, but a hint for different scattering mechanism is given by the
asymmetry of the resistivity around the CNP. The differences in the WL behavior between
graphene on GaAs and SiO, are distinct, but the origin behind the influence of the sub-
strate on the WL behavior is absolutely not clear, yet.

6.5 Discussion

In conclusion, we have shown, that graphene on crystalline epitaxial substrates can be
prepared for magnetotransport experiments. Temperature and gate dependent sheet re-
sistivity behaves as expected. Due to the low break-through voltage of the dielectric GaAs
and InGaAs layers a clear signature of a CNP was detectable only for one sample. How-
ever the origin of the shift of the CNP towards holes on these semiconducting substrates is
not yet clear. In magnetotransport measurements signatures of quantized transport phe-
nomena, SdH-oscillations in R, and Hall-plateaus in R,, have been observed. The carrier
density was detectable the (1/B)-periodicity of the SdH-oscillations and from the classical
Hall slope. Therefrom, the charge injection parameter o was determined for the GaAs
substrate to o = 4.2-10'Y cm~2 /V. Charge carrier mobilities between u = 1660 cm~2/Vs
and u = 3600 cm~2/Vs were observable. The values are in good agreement with the val-
ues reached in our group also for graphene on SiO, without an additional in-situ cleaning
step. Interestingly, from the gate dependence of the resistance it is obvious that the in-
trinsic charge carriers for graphene of GaAs and InGaAs are always holes, in contrast to
graphene on SiO, where both electrons and holes are observable. For a BLG on GaAs
with a lower intrinsic carrier density a negative parabolic background was found superim-
posed on the MR traces in the low field region. From the temperature dependence of the
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Figure 6.18: Magnetotransport measurements of a trilayer graphene flake on SiO, substrate. WL
traces for electrons a) and holes b) are plotted. ¢) Sheet resistance in dependence of the applied
gate voltage.

bending, the electron-electron interaction time 7., has been extracted. For all graphene
samples UCFs were found in longitudinal and Hall measurements in the whole magnetic



88 CHAPTER 6. ELECTRONIC PROPERTIES

field region. WL was found in the low-field region which got suppressed for specific applied
gate-voltage values. This behavior was not found for graphene on SiO,. The phase co-
herence length Lg, the intravelly scattering length L, and the intervalley scattering length
L; was extracted from the WL traces. Whereas L, and L; are more or less temperature
independent, Lg decreases linearly with increasing temperature as expected from litera-
ture and similar to the findings of graphene on SiO, [45,98]. Le, L, and L; seems to be
reduced at the charge carrier region, where the suppresion of the WL signal takes place.
The origin behind these effects is unclear up to now. Furthermore, we have found the
amplitude of the UCF 80 to follow a power law as expected [45].

Further comparative studies of the phase coherence length Le determined independently
from UCFs and WL as a function of temperature and gate voltage (carrier density) could
shield some light on the origin of the aperiodic suppression of the WL signal in graphene.
For a more detailed interpretation of the rich results found in magnetotransport a inde-
pendent determination of the layer number of the graphene sheets by Raman microscopy
seems to be indispensable.



Chapter 7

Conclusion

This thesis deals with the influence of the substrate materials primary on the mechani-
cal, electrical and magnetotransport properties of graphene. Therefore we used molecular
beam epitaxial grown GaAs-based crystalline substrates and compare the results with
graphene on the commonly used silicon substrates with 300 nm silicon dioxide on top.
One advantage of these MBE-grown substrates is that the optical and electrical properties
as well as the surface morphology and doping can precisely be tailored. Successful prepa-
ration and detection of graphene on such crystalline non Si/SiO, substrates would allow
investigating both, the influence of the interaction between individual charged or mag-
netic specimen, phonons or various surface morphologies on graphene and the probing
of graphene with other techniques, e.g. with surface acoustic waves, wherefore crystalline
substrates are needed. By the way, GaAs is a well established semiconductor in industry
and research. It is often used for high frequency-devices e.g. for terahertz application
and therefore to combine this material with graphene, from which transistors with ultra fast
switching rates have been realized [12, 13], seems to be promising.

In the framework of this thesis, the deposition, detection of graphene and the prepara-
tion of transistor like devices for electrical characterization was successfully transferred to
GaAs based substrate materials. Because of the absence of a distinguishable contrast
between graphene and semiconducting substrates compared to the Si/SiO, with a certain
thickness of the oxidized layer, the detection and the determination of the number of layer
was very challenging. With a combination of a scanning electron microscope equipped
with an in-lens detector and an atomic force microscope we were successful and able to
characterize the graphitic flakes. However, this process is very time-consuming and only
the lateral dimension and the absolute height were determinable. Due to some surfactants
between surface and graphene or on top of graphene the number of layer was only observ-
able with an uncertainty of about one. Micro-Raman spectroscopy was applied to verify
the layer number, however seems only work for InGaAs substrates not for GaAs/AlGaAs
ones. This may be caused by covering the weaker Raman signal by the strong photolumi-
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nescence signal of the substrate. For the future this problem can be overcome by exciting
the graphitic flake with light of another energy or by tuning the band structure and therefore
shifting the PL signal relative to Laser and Raman signal. For further experiments Micro-
Raman spectroscopy is expected to become a very powerful tool to classify the flakes. In
the context of the search for appropriate detection method, we discovered imaging ellip-
sometry together with the Accurion company as a nice tool to make graphene visible on
any substrate material and to determine layer number.

Fortunately, the very intense search for possible methods to detect the atomic thin graphitic
layers on arbitrary substrate materials leads to very valuable "spin-off products" resulting
in one published manuscript [109] and one manuscript in preparation, actually.

Graphene can be prepared on different kind of substrates, namely (001)-GaAs, magnetic
Mn p-doped GaAs and InGaAs. We found that the various electromagnetic substrate con-
figurations of our substrates ranging from amorphous SiO; over polar (001) GaAs to p-
doped GaMnAs do not affect the formation or stability of graphene. Investigations of the
morphology by AFM demonstrates graphene to follow a continuous substrate texture from
~8 nm to more than 1 pm. To prepare individual alignment marks or electrical contacts
to graphene an electron beam lithography step is needed. AFM images and their power
spectral density analysis show that even with careful lift-off, this step leaves unwanted
PMMA residues on the surface.

From extensive imaging ellipsometry studies, where a graphene monolayer on SiO; was
measured angle and wavelength dependent, the optical dispersion relation was modeled
with a comprehensive algorithm developed by Accurion company. This algorithm is based
on the Drude model [143]. Both, the values for extinction and refraction indices for incident
wavelength from 350 nm to 1000 nm increase with increasing wavelength. This is in con-
trast to the behavior for graphite, whose optical dispersion is rather small [144], what was
also believed to be for graphene for long time [23,97]. Comparison the wavelength depen-
dency from our data with picometrology results taken for three discrete wavelengths [113]
are qualitatively in good agreement. The refractive index n shows similar wavelength de-
pendence, whereas the extinction k obtained with IE exhibits a smaller wavelength depen-
dency compared to the picometrology data.

Finally, magnetotransport measurements have be carried out on a couple of graphene
mono-, bi- and few-layer graphene on GaAs, some on InGaAs and for comparison on SiO;.
Hereby the charge neutrality point in dependence of the temperature was observable.
Magnetotransport measurements at higher fields reveal signatures of quantized transport
phenomena. From the hole slope and the 1/B periodicity of the SdH oscillation the charge
carrier density can be deduced. Interestingly we found that at low temperatures the type
of intrinsic doping was p-type for all graphene samples on GaAs and InGaAs substrates.
The charge carrier mobility in our sample was not very high, but comparable to those in
identically prepared samples on SiO,. The mobility constitutes between u = 1660 cm?/Vs
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and u = 3600 cm?/Vs. Despite the charge injection parameter « is higher for the GaAs
based substrate compared to SiO,, the breakthrough voltage was found to be only a few
volt. Regrettably, this avoids the tunability of the charge carrier density over a larger area.
In the whole magnetic field range and up to about 7" = 30 K highly reproducible universal
conductance fluctuations were detectable. From the weak localization found at low mag-
netic fields and up to more than T = 65 K, the phase coherence length Lg due to inelastic
scattering, the elastic intravelley scattering length L, and the elastic intervalley scatter-
ing length L; were calculated. All lengths reveal values comparable to those reported in
literature and the maximal found coherence length was Ly = 317 nm. The temperature
dependency of the lengths was as expected from measurements on SiO;, whereas the
dependency of the carrier density was unexpected. We found an aperiodical suppression
of the WL signal by tuning the carrier density accompanied by lowering of all characteristic
length. This feature was not found for graphene on SiO;, and the origin is still unclear.

To sum up, preparation and investigations including electrical measurements of graphene
on precisely tailored crystalline 11l-As substrates is possible and enables hybrids of two ex-
citing and meanwhile well known materials systems and the application of well established
methods such as surface acoustic waves or rolling up of strained InGaAs/GaAs-hybrids
into long microtubes. Besides the minimum conductivity and quantized transport phenom-
ena, namely Shubnikov-de Haas oscillations and quantum Hall oscillation, intriguing and
recent phase coherent transport phenomena were observable in magnetotransport exper-
iments. The impact of the substrate material, especially of phonons, charged or magnetic
impurities inside the substrate in close vicinity to graphene on the (surprising) weak local-
ization effects are not yet clear. Continuative investigations will highlight the origin of these
findings. Moreover, symmetry-braking e.g. induced by sheet undulations due to surface
corrugation of the substrate can induce spin-orbit coupling effects making graphene more
interesting for spin-related effects.

Further improvement of high-quality graphene in large wafer sizes and the successful
transfer to an arbitrarily substrate, invigorate the role of graphene in current and forth-
coming research as well as possible applications. It is going to be exciting what path these
materials of the superlatives, capable for food, microelectronics, micromechanics and op-
tics will take.



Appendix A

Abbrevations

AFM atomic force microscope
AOI angle of incidence

BL bilayer

BLG bilayer graphene

CNP charge neutrality point
CVD chemical vapor deposition
EBL electron beam lithography
FFT fast-Fourier transformation

FLG few-layer graphene

PE primary electrons

PMMA polymethylmethacrylate
PZT Pb(Zro2Tips)05

QHE quantum Hall effect

RIE reactive ion etching

RMS root mean square

ROI regions of interests

SdH Shubnikov-de Haas

SE secondary electrons

HOPG highly oriented pyrolytic graphite SEM scanning electron microscope

IE imaging ellipsometry SOl spin-orbit interaction
LHC Large Hadron Collider STM scanning tunneling microscope
LL Landau level TEM transmission electron microscopy
MBE molecular beam epitaxy UCF universal conductance fluctuations
ML monolayer VTI variable temperature insert

MLG monolayer graphene WL weak localization

MR magnetoresistance XRD X-ray diffraction
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Appendix B

Recipes

Wafer protection

Coverage with ARP Resist
* 1% step: 800 rpm /9 acc / 30 sec
« 2" step: 500 rpm / 9 acc / 30 sec
* 5min 90°C hot-plate

* Keep in vacuum

Gate processing
Optical Lithography
1% step: 2000 rpm

2" step: 4000 rpm
* 7 minutes 90°C hot-plate
* Exposure with optical microscope 1 minute with maximum intensity

* ~ 1 minin NaOH development

Etching the dielectric layer

RIE etching for SiO, substrate:

* O[CHF3| =80 sccm, ®[Ar] = 100 sccm
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* p =50 mTorr
« P=300W
* t =8 minutes
Wet chemical etching of the semiconducing substrates:
* H,0: HyO, : aceticacid=5:1:5
* GaAs wafer: 6 min = 1.6 um

* InGaAs wafer: 9 min = 2.4 um

Annealing of the gate contacts

* For n™Si/SiO, wafer:

— Sputter cleaning in Univex with Argon (2 kV, 20 mA) for 30 seconds
— Evaporate 5 nm Ti/ 150 nm Au

— Annealing for 20 minutes at 450° with forming gas pressure of ~ 300 mbar
* For GaAs/InGaAs wafer:

— Sputter cleaning in Univex with Argon (2 kV, 20 mA) for 30 seconds
— Evaporate 25 nm Pd /50 nm Ge

— Annealing for 60 minutes at 250° with forming gas pressure of ~ 300 mbar

Electron beam lithography
Parameters PMMA spin coating

» Step 1: 3000 rpm /0 acc/ 5 sec
» Step 2: 8000 rpm / 9 acc / 30 sec
* 3 drops after spinning start, 3 during acceleration to second step

* 5min on 150°C hot-plate
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Resists and EBL parameters

Alignment marks:
* PMMA 200k, 3.5%

* Acceleration voltage: 25 kV
* Doses: SiOy: ~205uC | GaAs: ~ 205 —215uC | InGaAs: ~ 200uC

* Development: 1 minute MIBK/isopropanol (1/3), stopping 1 minute in iisopropanol
Contacts to graphene/FLG layers with a double layer resist system:
15" layer: PMMA 200k, 7%

* 5min on 150°C hot-plate

* 5 minute cooling and hardening the 1% layer
« 2" Jayer: PMMA 950k, 2%

* 5min on 150°C hot-plate

« 5 minute cooling and hardening the 2" layer
* Acceleration voltage: 30 kV

* Doses: GaAs & InGaAs: ~ 285uC

* Development: 20 seconds MIBK/isopropanol (1/3), stopping 40 seconds in iso-
propanol

Metal evaporation - Univex:

Alignment marks:

* 30 sec Ar sputtering with 2 kV and ~ 20mA
* Deposit 5 nm Ti
* Deposit 35 nm Au

* Lift-off: at least 15 minute in 60°C warm acetone
Contacts to graphene/FLG layers:

» Evacuate Univex over night
* Deposit 40 nm Pd or 40 nm Au or Ti/Au (5 nm/40 nm) or Cr/Au (5 nm/40 nm)

* Lift-off: at least 1 hour in 60°C warm acetone
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Removing and cleaning of samples after graphene deposition

This step is optional and was only used if the sample surface contained a lot of graphite.
* Warm acetone bath (60°C ) for ~ 5 minutes
* clean with squirt of acetone
* one minute cleaning with isopropanol

* drying with nitrogen gas



Appendix C

Lists of wafers, samples and
measurement equipment

List of available wafers

Type

Wafer

Layer sequence

GaAs

C070608A

200 nm GaAs
Superlattice: 25 x 7 nm Alg 75Gag.25As & 3 nm GaAs
50 nm GaAs
10 nm Alg 75Gag.25As
55 nm GaAs
15 nm Alg 75Gag.25As
20nm GaAs

InGaAs

C070709B

Superlattice: 10 x 7.5 nm Aly 75Gag 25As & 0.7 nm GaAs
32.6 nm GaAs
InAlAs buffer: 27 x 50 nm; increase In content by 5% per step
38 nm Ing.75Alp.25AS
10 nm Ing 75Gag 25As

SiO,

<100> Si-wafer, n™ doped
300 nm SiO,

GaMnAs

C070502A

5 nm Aly 78Gag 22 As
30 nm GaMnAs
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98 APPENDIX C. LISTS OF WAFERS, SAMPLES AND MEASUREMENT EQUIPMENT

List of presented samples

| sample contact layout | flakeimage |

GaAs-BLG(b)

GaAs-FLG(a)

GaAs-MLG(a) g '

GaAs-BLG(a)

GaAs-MLG(b)
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InGaAs-
BLG(a)

InGaAs-
FLG(a)

SiO2-MLG(a)
(Trilayer)

For magnetotransport measurements used equipment

DC characterization

HP Semiconductor Parameter Analyzer 4155A

Lock-In amplifiers

SIGNAL RECOVERY model 7265

DC Voltage source

Yokogawa DC source 7651

DC Voltage source

KEITHLEY 2400 source meter unit
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