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Abstract

Graphene, a single atom layer of graphite, is the first representative of a completely new
class of materials, which are considered to be a future key technology due to their unusual
physical properties. It is very promising for a wide field of applications. For instance the
usage for building sensors with single-molecule sensitivity, flexible transparent electrodes in
displays and solar cells, fast semiconductors, investigations of quantum mechanical phenom-
ena at room temperature or solely water permeable membranes, just to mention a few, are
imaginable. For the characterisation of graphene and other two-dimensional crystals elec-
tron microscopy, in particular transmission electron microscopy (TEM) turned out to be the
most efficient technique. Within the scope of this thesis the structure and characteristics of
such crystals are briefly presented whereas the emphasis is placed on graphene. In the experi-
mental section two examples for commercially available graphene enhanced TEM grids were
benchmarked. Furthermore different sample preparation methods for mechanically exfoiled
graphene were tested and improved in order to archive free-standing single layer graphene
membranes for the investigation via (S)TEM in terms of their structure, properties and es-
pecially their thickness. For the Pre-TEM characterisation several methods, namely optical
microscopy, atomic force microscopy (AFM), Raman spectroscopy and scanning electron mi-
croscopy (SEM) were used. The intent of this study is to give a overview of the used methods,
mention some results of current studies and estimate the future of graphene (and other two-
dimensional materials) research at FELMI-ZFE.



Kurztassung

Graphen ist der Name einer Form von kristallinem Kohlenstoff mit hexagonaler Graphitstruk-
tur, welcher eine Dicke von maximal zehn Atomlagen aufweist. Es ist der erste Vertreter einer
vollkommen neuen Materialklasse, die der zweidimensionalen Kristalle, welche sich durch
ihre auBergewohnlichen physikalischen Eigenschaften auszeichnet und mittlerweile als zu-
kiinftige Schliisseltechnologie angesehen wird. Eine Vielzahl an moglichen Anwendungen,
wie hochempfindliche Sensoren, flexible Elektroden fiir Displays und Solarzellen, schnel-
lere Halbleiter, als Testumgebung fiir quantenmechanische Experimente bei Raumtemperatur
oder Membranen die fiir alle Gase, inklusive Helium undurchlédssig sind, nicht jedoch fiir
Wasserdampf, wurden mittlerweile priasentiert. Zur Erforschung hat sich die Elektronenmi-
kroskopie und im Besonderen die Transmissionselektronenmikroskopie als geeignet erwie-
sen. Im Rahmen dieser Arbeit sollen die auBergewthnlichen Eigenschaften von Graphen und
ihre Anwendungsbedeutung vorgestellt werden. Einige der wichtigsten Herstellungsverfahren
werden présentiert. Der Fokus liegt hierbei auf der mechanischen Exfolierung, welche auch
in dieser Arbeit, in unterschiedlichen Varianten verwendet wurde um Graphen selbst herzu-
stellen. Weiters wurden kommerziell verfiigbare TEM-Netzchen mit aufgebrachtem Graphen
evaluiert. Eine Vielzahl an, am FELMI-ZFE verfiigbaren Charakterisierungsmethoden wur-
den angewandt. Optische Mikroskopie, Rasterkraftmikroskopie, Raman-Spektroskopie und
Rasterelektronenmikroskopie wurden verwendet um diinne Fldchen bereits im Vorfeld der
TEM-Untersuchungen zu identifizieren. Die Intention dieser Arbeit ist es, einen kompakten
Uberblick iiber das weite Feld der Graphenforschung zu geben und Méglichkeiten fiir ihre
Zukunft am FELMI-ZFE abzuschitzen.
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1 Introduction

Graphene is the name given to a specific modification of carbon. It is a two dimensional mate-
rial with a honeycomb structure were the carbon atoms are sp® -hybridized. These sheets are
the basic building block of other carbon modifications - they can be stacked to form graphite,
rolled up to form carbon nanotubes or wrapped to form fullerenes (see chapter 2). Due to its
extraordinary properties graphene rapidly became a very widespread field of research since its
first confirmed isolation in 2004 by Andre Geim, Konstantin Novoselov and their co-workers
at Manchester University [1]. Before 2004 two-dimensional crystals were thought to be ther-
modynamically unstable [2][3]. Geim and Novoselov got the Nobelprize for Physics in 2010
"for groundbreaking experiments regarding the two-dimensional material graphene" [4]. The
explosion of interest is shown in figure 1.1 with the help of the number of published graphene
related publications listed in Science Direct (www.sciencedirect.com). The value for 2012,
painted red in this figure, is the number of articles published until the 4/ of october.
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Figure 1.1: Number of published graphene related articles over years (source of data: www.
sciencedirect.com)
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2 Structure and Properties

2.1 Carbon and its allotropes

Carbon is a non-metallic element of the 14" group (main group IV) on the perodic table. In the
crust of the earth it is the 15" most abundant and in universe the fourth most abundant element
by mass. It is a fundamental component of all known live forms. The human body consists
of 18.5w% carbon [5]. It is tetravalent, thus there are four electrons available for covalent
bondings. Carbon can be found in different molecular configurations in nature, referred to as
the allotropes of carbon. Diamond, graphite and amorphous carbon are the most important
ones, each with completely different physical properties. Figure 2.1 gives some examples for

the diversity of carbon.
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Figure 2.1: Structure of some important carbon allotropes; a: diamond, b: graphite, c: lonsdaleite, d:
buckminsterfullerene (Cgp), e: Csag, f: C79, g: amorphous carbon, h: single-walled carbon nanotube (CNT)

(from wikipedia.org)



2 STRUCTURE AND PROPERTIES

2.1.1 Diamond and Graphite

Diamond and graphite are the most familiar allotropes of carbon, with graphite being its most
stable form (in terms of thermodynamics). Both materials exhibit quite antithetic physi-
cal properties. Diamond is a non-conducting, very hard and optically transparent material,
while graphite is conducting, quite soft and highly opaque. In diamond the carbon atoms are
sp>-hybridised and each atom is covalently bonded to four other carbons, with a distance of
154 pm, forming a tetrahedron.

Graphite on the other hand is sp>-hybridised. Hence one
s orbital and two p orbitals form a trigonal planar struc-
ture. The covalently bonded (o-bond) carbon atoms are
arranged in hexagonal rings with a side length of 142pm.
The sheets are stacked over each other with a separation of
335 pm, weakly bound by van der Waals forces. Figure 2.2
schematically shows the structure of graphite with bond-
ing relations. Due to the big energy discrepancy between
the intra-planar covalent (4.3eV) and the van der Waals
inter-planar bondings (0.07eV) the physical properties of
graphite are very anisotropic (values from [6]). This is the
reason why it is possible to separate the planes from each
other.

Figure 2.2: Graphite lattice structure
with bonding relations

2.1.2 Graphene

‘Graphene’ is the name given for one to ten planar sheets of graphite. Everyone who uses a
pencil has already produced graphene without knowing. While one writes, the graphite in the
lead is cleaved into thin flakes which stick on the paper. With high probability among these
flakes even monolayer graphene could be found. Despite the fact graphene synthesis seems to
be that facile, there are several reasons why graphene research effectively did not take place
before 2004. Due to the Peierls-Landau instability law, 2D materials were believed to be un-
stable (see section 2.2.1). On the other hand it is challenging to find graphene flakes among
the thick graphite pieces with conventional microscopic methods providing the necessary res-
olution (eg. AFM or STM), due to their low throughput. Moreover monolayers are in great
minority among the thicker flakes and are nearly completely transparent in an optical micro-
scope. The optical identification method, introduced by Novoselov and Geim [1] (see 4.1),
made that possible for the first time.

At the first glance it is surprising that thin graphite sheets with just a few to one layers in thick-
ness have completely different properties compared to bulk graphite. It can be distinguished
between 3 types of graphene regarding the electronic properties dependent on the thickness:
Single layer (SLG), double- or bilayer and few layer graphene (FLG). On the former we will



2 STRUCTURE AND PROPERTIES

focus within the scope of the present thesis. SLG can be seen as the basic element of several
carbon allotropes. For instance fullerenes, carbon nanotubes or graphite can be formed out of
graphene sheets, as figure 2.3 illustrates.

Figure 2.3: Graphene as the basic element of Cg fullerene molecules, carbon nanotubes and graphite [7]

2.1.3 Graphene nanoribbons

As one narrows the width of graphene sheets towards quasi one dimensional ribbons, they
again exhibit a change of electronic properties, dependent on the width and their edge struc-
ture. In principle there are two directions how graphene nanoribbons (GNR) can be oriented.
In literature they are referred to as armchair and zig-zag oriented nanoribbons, as shown in
figure 2.4. Ribbons in zig-zag orientation feature metallic properties, while armchair oriented
GNR can be metallic or semi-conducting, dependent on their width. The energy band gap of
a ribbon with armchair orientation is inversely proportional to its width [8].
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Figure 2.4: The two possible orientations of graphene nanoribbons; left: armchair orientation, right: zig-zag
orientation (adapted from [9])

Nanoribbons are very promising for the construction of graphene transistors, as they offer the
possibility to influence the band gap precisely. Pure graphene sheets with a zero-gap are not
applicable for building a transistor because it would be impossible to realize an ‘Off’-state.

2.1.4 Amorphous carbon

Amorphous carbon does not exhibit any crystal structure, despite some short range order, as
shown in figure 2.1 on picture g. It has usually a lot of dangling 7-bonds and is thus very
reactive and often hydrogenated. Hence the interatomic distances and bond angles variate. It
can be characterised by its sp>-sp> ratio. Common materials with a high amorphous carbon
content are for instance coal and soot. Indeed these are highly polycrystalline materials in
a amorphous carbon matrix. In the scope of this study amorphous carbon mainly appears in
terms of unwanted contamination.
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2.2 Properties of Graphene

The outstanding physical properties of graphene will be described in this section.

2.2.1 Structure

Graphene single layers have a honeycomb lattice structure with 2 car-
bon atoms per unit cell. It consists of 2 sublattices (named A and B in
figure 2.5, adapted from [10]), where every carbon atom is surrounded
by 3 atoms of the complementary sublattice (0 are the nearest neighbour
vectors). The basis lattice vectors a; and a, are given by equ. 2.1. The
distance between the nearest neighbours is about a=1.42 A, but varies at
room temperature between 1.3A and 1.54A [11]. The existence of two
sublattices is the reason for a phenomena called chirality. In general we
speak about chirality of the property of an object when it is not identical
to its mirror image. That means that every sublattice is responsible for
one dispersion branch which are (nearly) completely independent. The contributions from
each sublattice can be handled theoretically by defining a pseudospin quantum number.

Figure 2.5: 2 sub-
lattices (A,B) with
lattice vectors [10]

a=36,V3) & a=3(3,-V3) @.1)
Until 2004 it was believed that 2D-materials are thermodynamically unstable, as proposed
theoretically by Peierls and Landau with their Peierls-Landau instability law [3], [2] and also
by Mermin [12]. They argued that the contribution of thermal fluctuations is divergent for a
low dimensional crystal, which leads to a atom displacement comparable to the interatomic
distance for any temperature above O K. This was also supported by experimental observations,
like a decreasing melting point with decreasing thickness of thin films [13]. It is believed that
graphene is stable because it exhibits a rippled structure caused by thermal fluctuations [7][11].
Meyer et al. analysed the structure and dimensions of these ripples by TEM investigations
(broadening of diffraction spots due to ripples) [14] and determined an amplitude of 0.5nm
and a lateral size of 5nm. This was also confirmed by Bangert et al. [15]. Similar ripples can
also be found in other 2D systems like MoS; [16].

2.2.2 Optical properties

Monolayer graphene has an absorption of 2.3 % [17], which is unusually high considering its
thickness. Nevertheless it is still quite low and thus graphene may be a promising choice for
transparent electrodes. I'TO (indium tin oxide), the todays most widely used material for that,
has a transparency of around 90 % and a specific resistivity of 110 x 107®Qcm [18]. It is very
unflexible and the supply of indium is quite limited. Additionally its transparency decreases
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Figure 2.6: Simulated rippled graphene structure with an amplitude of 0.5nm and a lateral size of Snm, in
compliance with experimental data (from the supporting information of [14])
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very fast for wavelengths below 500 nm.
The light transmittance of graphene can be described with equ. 2.2 in terms of the fine structure
constant as described in [10] & [17].

T=(14+05ra)>~1-n0~0977A=1-T (2.2)

A=1-T (2.3)

Transmittance

Absorbance

Fine structure constant (&t = ;Ti)
Plancks constant

Speed of light

Electron charge

oo >R >4

It is remarkable that the transmittance is (nearly) independent on the wavelength of the light
and is thus almost constant from ultraviolet to infrared. Due to this suspended graphene
colourless. Since the single sheets are almost not interacting when stacked, the transmittance
of FLG is roughly proportional to the number of layers [10].

2.2.3 Electronic Properties
2.2.3.1 Dispersion relation

The band structure of graphene was first described by Wallace in 1946 [19]. Due to the two
dimensional honeycomb lattice structure graphene exhibits a linear dispersion relation at low
energies, described by equ. 2.5, without a band gap. Usually it is referred to as zero-gap semi-
conducter or zero-overlap semimetal. That means that the conduction- and valence bond meet
at 6 corners of the Brillouin zone border, the Dirac points. There are two different sets, usually
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labeled K and K’, each with three points. The two inequivalent corners, called Dirac points of
the Brillouin zone are given by equ. 2.4 [20].

As one p orbital is not affected by the o- bonds it provides an extra electron which leads to
the formation of a & bond with the 7 electrons of the neighbour atoms. Hence, the valence
electrons are delocalised over long distances. All 7-bonded electrons form the 7-band, which
is responsible for most of the outstanding electronic properties of graphene. Figure 2.7 shows
the dispersion relation for the first Brillouin zone on the right.

2w 27w 27 27
——) & K=(—,—
M3¢%) (M 3v/3a

= ( ) (2.4)

Few-layer graphene: Already bilayer graphene, in classical Bernal (AB) stacking shows
a different band structure compared to SLG, since it is parabolic around the Fermi energy
with a very small overlap of 0.16 meV. With rising layer count the metallic character becomes
more and more dominant. For more than 10 layers the difference in band overlap compared
to graphite (41 meV) is less than 10% [21]. The electronic properties of bilayer or few-layer
graphene are also dependent on the stacking order and orientation.

A\

holes
J ’ electrons

Figure 2.7: Left: schematic of the in-plane o-bonds and the perpendicular 7m-bonds (from [22]); right:
bandstructure of graphene, the blow up shows the conical low energy region with the zero-gap at one of the
Dirac points (adapted from [23])

o bond 7t bond

E(k) = hvp /K2 + k2 (2.5)

E(k)... Energy
vr... Fermi velocity
ky, ky... Wave vector components
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2.2.3.2 Dirac fermions

One of the most important consequences of the extraordinary linear dispersion relation near
the K points is that low energy electrons (or even holes) behave like relativistic massless parti-
cles, so called Dirac fermions, while moving through the periodic potentials of the hexagonal
lattice structure. Charge carriers can change continuously between electrons and holes and
travel over thousands of inter-atomic distances without being scattered. Thus it is possible to
observe quantum electrodynamics phenomena, like the quantum Hall effect in graphene even
at room temperature. The effective travel speed is given by the Fermi velocity vr (vp =~ 10°
m/s respectively 1/300"" the speed of light). Therefore they can be described with the Dirac
equation for relativistic fermions, rather than with the Schrodinger equation.

2.2.3.3 Electron mobility

Atroom temperature graphene has the highest electron mobility of all known materials. Exper-
imentally reported values are in excess of 15000cm?/Vs for mechanically exfoiled graphene
on SiO, [1], limited by defect scattering and probably by impurities between the graphene
flake and the SiO; surface [24]. Additionally, scattering by optical phonons of the substrate
is larger at room temperature than the intrinsic phonon scattering. This limits the electron
mobility of graphene on SiO; [25]. At room temperature the mobility is theoretically limited
by acoustic phonon scattering to 200000cm?/Vs. For free-standing graphene and low temper-
atures (~5K) even values in excess of 200000cm?/Vs were reported [24]. This corresponds
to a specific electrical resistivity of 107 Qcm.

2.2.3.4 Klein paradox

The characteristic property of relativistic fermions is that they can move through any potential
barrier of any height or width and without any reflecting component. This reflection less tun-
neling, which is far away from being intuitive, is called the Klein paradox. The reason for this
is that electrons can immediately transform to holes as they strike an electrostatic barrier and
back again when they reach the other side. This is also a consequence of the linear dispersion
relation without band gap.

The electronic properties of graphene are still a matter of research and some questions still re-
main to be answered. For further reading on this issue especially the publications by Novoselov,
Geim and their co-workers [1], [26] and [27] are recommended. The reviews by Geim [7] [28],
Geim and MacDonald [29] and Das Sarma et al. [20], which is complimentary to the review
of Castro Neto et al. [30], give a good introduction for this gigantic field of research.
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2.2.4 Mechanical Properties

Remarkable graphene facts can also be found in terms of its mechanical properties. It is one of
the strongest materials known. A in-plane Youngs modulus of around 1 TPa was measured by
Lee et al. [31] by nanoindentation via AFM on free-standing, mechanically cleaved graphene
membranes. The breaking strength measured in their study was 42N/m. That means that it is
100 times stronger than the strongest steel [4]. Beside its stiffness graphene is also very light,
weighing only 0.77mg/m?. A hammock made out of single layer graphene with an area of
1m? would hold a cat (~4kg) while weighing as much as one of the cats whiskers. (This
illustration of the strength of graphene was taken from the Nobel prize announcement [4].)
However, in practice the macroscopic mechanical properties are limited due to the presence of
defects and grain boundaries.

Nevertheless, already epoxy nanocomposite materials with graphene were synthesised, ex-
hibiting better mechanical properties compared to CN'T composites [32].

2.2.5 Thermal properties

Since the carbon atoms have a quite low mass and the in-plane covalent bonds in graphene are
very strong, the in-plane sound velocity is also very high (=20km/s [33]). This directly leads
to a very high thermal conductivity k, which is thus phonon dominated in graphene. Balandin
et al. [34] determined values up to k=(5300+480) W/mK at room temperature. Copper, for
instance, has a thermal conductivity of 400 W/mK, while diamond has exhibited the highest
known thermal conductivity of a natural material (with 2300 W/m K) until these investigations
on graphene were performed. (This is even much lower than in graphene.) The mean free path
of graphene phonons was found to be ~ 775nm [35].

2.2.6 Other 2D-Materials

Several other two-dimensional materials were reported since 2004. Already in 2005 Novoselov
et al. [27] produced monolayers of other materials, namely boron nitride (BN), molybdenum
disulfide (MoS;), niobiumdiselenide (NbSe,) and Bi,Sr,CaCu,0,, by mechanical exfolia-
tion. The two most famous of them will be briefly presented in this section: boron nitride and
molybdenum disulfide.

10
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2.2.6.1 Boron nitride (BN)

Boron nitride was the second isolated 2D material synthe-
sised. BN has a hexagonal structure and a wide band gap
of 5.9eV and is thus dielectric [36]. Novoselov et al. [27]
rubbed bulk hexagonal boron nitride (h-BN) against an-
other solid material in order to prepare monolayer BN.
The structure of h-BN is very similar to graphite. Fig-
ure 2.8 shows the lattice with its parameters [37]. Cole-
man et al. [38] used isopropanol (IPA) as solvent for liquid
exfoliation by sonication and centrifugation. Also CVD
based approaches for the BN synthesis on copper with am-
monia borane (NH3-BH3) as source were reported [36]
and [39]. Since it has a similar lattice constant compared

0.1446 nm

A
0,6661 nm

Figure 2.8: Hexagonal BN structure
with bonding relations

to graphene, with a lattice mismatch of less than 2% (2.445 A in graphene and 2.5A in BN),
it can be used to tune the band gap by stacking [40]. Figure 2.10 shows on the left side a
HRTEM picture of a BN monolayer. The dotted line marks an intensity profile path and the

corresponding profile is drawn beneath.

2.2.6.2 Molybdenum disulfide (MoS,)

Molybdenum disulfide can be produced by mechanical ex-
foliation with a scotch tape [16] or by rubbing against an-
other solid [27]. It can also be exfoliated in a liquid en-
vironment using N-methyl-pyrrolidone (NMP) [38]. Both,
Novoselov et al. and Coleman et al. also exfoliated sev-
eral other 2D materials with their methods. Ramakrishna
Matte et al. on the other hand used litium for intercalation
and water for exfoliation [41]. MoS, is a semiconductor
with a direct band-gap of 1.8eV. Transistors based on sin-
gle layers were already produced [42]. MoS; also exhibits
a rippled structure like graphene, with a ripple height be-

Figure 2.9: MoS, structure

tween 6A to 10A. This was demonstrated by Brivio et al. in [16] by HRTEM investigations.
Figure 2.9 illustrates the structure of MoS, (from [42]). The right picture in figure 2.10 on
the other hand shows an HRTEM picture of MoS, at atomic resolution in the top line with an
intensity profile of the path marked with a dotted line beneath.
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Figure 2.10: HRTEM images of BN (left) and MoS; monolayers (with an defocus of -10 tu -30 nm) each
with an intensity profile beneath. The path of the profile is drawn with a dotted line in the HRTEM picture
(adapted from the supporting information of [38])

For further reading on the large class of two-dimensional materials and their synthesis the
review article [43] is recommended. Furthermore single layers of different 2D materials can
be combined in order to synthesise a new class of artificial 3D structures with tailored prop-
erties [44]. Silicene, another mentionable 2D crystal has, in contrast to the already mentioned
materials, no natural origin. It will be described shortly in the following section.

2.2.6.3 Silicene

Silicene is the name given to a hexagonal, two-dimensional 0
modification of silicon. Si is located just below carbon in the %
periodic table of elements in group IV. Si atoms thus have a

similar electronic configuration as those of C. However, in Si QA o
the sp> hybridization is much more stable than the sp? hybridiza- : :
tion, in contrast to carbon where the two hybridizations are  0.075mm[” ™ -
closer in energy. Hence a Si structure analogue to graphite is E /“ “
not known in nature. As a consequence silicene can not be 023"

prepared by exfoliation methods from bulk silicon. It was pre-
dicted theoretically by Takeda and Shiraishi in 1994, [45], that
the electronic properties of silicene are very similar to those of
graphene, including the linear dispersion relation with a zero-gap. They also predicted the
existence of germacene, the germanium analogue to graphene. Vogt et al. successfully synthe-
sized silicene on a silver(111) substrate [46] in 2012. Also other groups claim to be the first
who provided evidence for silicene on Ag with similar approaches [47, 48].

The distance between the Si atoms in a hexagonal silicene structure is 0.232nm grown on
a Ag(111) surface (0.235nm is the value for bulk silicon) [46]. Since silicon atoms always
tend to form sp3-bonds, silicene exhibits a buckled hexagonal structure (also referred to as 3-
silicene). Figure 2.11, adapted from [46]), illustrates the buckled structure of the Si hexagons
with the bonding length and angles (with a ~110° and 8 ~112°-120°). The two colours

Figure 2.11: Buckled silicene
ring

12



2 STRUCTURE AND PROPERTIES

correspond to the two sublattices. Dirac fermions were observed [49] and the Fermi velocity
was determined to be 1.3 x 10 ®ms~! [46], comparable with graphene. Until now silicene has
only been grown on silver surfaces and no succeeded production of stand-alone silicene sheets
has been reported. Figure 2.12 illustrates the hexagonal structure (right), with two different
colours (red and yellow) for each sublattice lying on two different planes due to the buckled
structure (aj, a, are the lattice vectors, the atoms of a unit cell are labled with A and B). On the
left side of the figure, STM images of the substrate surface (a) and the silicene structure grown
on the surface (b) is shown. In (c) a simulated picture of the surface is depicted, illustrating
the origin of the structures in the latter STM image.

Si on top of
a Ag atom

Si between

Ag atoms

0]
Ag atom

Figure 2.12: left: (a) clean AG(111) surface in STM, (b) STM picture of a silicene sheet, (c) simulated
image of silicene on a Ag(111), the surface Si atoms are drawn as larger orange balls(adapted from [46]),
at the right corner the resulting silicene sheet without Ag is illustrated; right: silicene lattice with lattice
vectors a; and ap, A and B are the atoms of a unit cell, the colours red and yellow mark the two sublattices
(adapted from [50])

Silicene may be interesting for the semiconductor industry, since a lot of established methods
for the production of silicon based semiconductors could be used. For further reading on this
novel material, the mentioned publications are recommended (especially [48] and [46]). Kara
et al. published the first review article on silicene in 2012 [50].

2.2.7 Doping

The electronic properties of graphene can be tuned by doping with other materials. Since
it is a 2D material, all of its atoms are exposed to the environment. Thus, graphene in its
pristine form is very sensitive to surface adsorbed species. This makes it ideal for sensing
applications (detection of even individual NO, molecules was reported [51] for instance), but
in terms of its use as semiconducting material this behaviour is rather unwanted. The substrate,

13



2 STRUCTURE AND PROPERTIES

chemical residues and ambient air can be forms of this undesired doping. In order to control
properties like the Fermi level, the band gap or the dispersion relation, in principle two doping
mechanisms can be used, electrical and chemical doping. Electrical doping uses the electric
field effect in graphene by applying a gate voltage (as reported for instance by [1]). It can be
used to change the Fermi level, but the band gap cannot be influenced. Chemical doping on
the other hand makes use of foreign species, which are interacting with the carbon atoms. Of
course both methods can be combined [52]. Figure 2.13 illustrates how doping influences the
band structure of graphene in terms of the band gap and the Fermi level (E).

Figure 2.13: Illustration of the graphene band structure near the Dirac points dependent on type of doping;
a) pristine graphene; b) p-type doping c) n-type doping (from [53])

2.2.7.1 Chemical doping

Chemical doping can be classified by its action principle into surface transfer doping and
substitutional doping.

Substitutional doping Single carbon atoms in the lattice are replaced by atoms with dif-
ferent number of valence electrons. Nitrogen (n-type) and boron (p-type) are preferable be-
cause of their similar atomic sizes compared to carbon. Substitutional doping with N or B
does not change the linearity of the dispersion relation close to the Dirac points but it opens a
band gap and affects the Fermi level (see figure 2.13) [54].

Several publications are available concerning substitutional doping. For instance, N-doped
graphene has been produced and characterized by Zhao et al. [55]. They used CVD processes
with ammonia as nitrogen source for graphene synthesis and several characterisation tech-
niques including STM, X-ray photoemission and Raman spectroscopy. Meyer et al. investi-
gated similar samples by TEM [56]. Panchakarla et al. [54] also did investigations via Raman
spectroscopy, AFM and TEM (including EELS) on B- and N-doped graphene synthesised by
an arc-discharge based method.

Surface transfer doping This is archived by adsorbates on the graphene surface, which
are exchanging electrons with the carbon atoms of the graphene lattice without changing its
hexagonal structure. It is thus also often referred to as adsorbate-induced doping. The de-
localized m-electrons, which are crucial for the electronic properties of graphene, are mainly

14



molecular switches and transistors can be thus realised, while

the non-conducting parts can be implemented by selective hydrogenation (grey areas). For fur-
ther reading on graphene functionalisation the review by Yan et al. [58] is recommended.

2

nano-particles, metal oxides, conjugated compounds or polymer chains to obtain a multiplicity

of properties.
Hydrogenation Another important approach for the functionalisation of graphene via dop-

Graphene can be functionalised by various materials like atoms, molecules, transition-metal
ing is hydrogenation. Hydrogen [57] attached on the surface can be used for instance for the
purpose of opening a band gap. Fully hydrogenated graphene has a completely different struc-
ture based on sp> hybridised carbon atoms and is also referred to as At Graphane’. However,
on a substrate the graphene structure is preserved as the hydrogenation is only one-sided.

Using different dopants and other functionalisation techniques like edge tailoring in principle
even electronic circuits like illustrated in figure 2.14 are imaginable. Electronic components,

2 STRUCTURE AND PROPERTIES
affected by adsorbed atoms or molecules.
like resistors, diodes, capacitors

Figure 2.14: Schematic of a completely graphene-based integrated electronic circuit (from [58])
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3 Synthesis

3.1 Mechanical exfoliation

3.1.1 Scotch tape method

The original method used by Novoselov and Geim [1] was simplified and adapted to our re-
quirements. This method and similar approaches are also referred to as ‘micromechanical
cleavage’, ‘microcleaving’ or ‘drawing method’ in literature. In this section our modified
method will be described.

Mechanical exfoliation is still the best method for the small scale production within the scope
of graphene investigations in a laboratory. High quality monolayer flakes with sizes of several
10um and electron mobilities of up to 15000cm?/Vs can be produced relatively easy. Even
graphene flakes with a size of up to 1 mm in length were reported [10]. Two different graphite
sources where used for our experiments, HOPG (Highly Oriented Pyrolytic Graphite) and nat-
ural graphite flakes.

The latters were provided by a graphite mine in St.Stefan ob Leoben in Styria, kindly supplied
by Grafitbergbau-Kaisersberg GesmbH. Natural graphite in general exhibits a quite imperfect
structure due to a lot of defects and impurities.

Artificial pyrolytic graphite on the other hand is a graphite material with a high degree of crys-
tallographic orientation. It is obtained by heat treatment of pyrolytic carbon or by chemical
vapor deposition at high temperatures (above 2500 K). Annealing at approximately 3300 K
of the pyrolytic graphite under compressive stress results in HOPG, which is thus a form of
high-purity and highly-ordered pyrolytic graphite.

Surprisingly natural graphite provides better results with our preparation method. Though the
quantity of the produced flakes is higher with HOPG, they have a much more shattered struc-
ture with only small thin areas. HOPG was used in the original work [1] and seems to work
better with their method (see section ‘original scotch tape method’ at the end of this chapter).
However, many other authors in literature and even Novoselov and Geim later used simplified
methods similar to ours.
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3.1.1.1 Cleaning

At first a silicon wafer that is as clean as possible is needed. In order to achieve this we used
the following standard cleaning procedure:

The wafer is flushed with deionized (DI) water, followed by ethanol and isopropanol. A
cutton bud is then wetted with isopropanol and passed over the surface carefully, which is
subsequently again flushed with isopropanol. The piece of wafer is then directly transferred
into a isopropanol bath in an ultrasonic cleaner and sonicated for 15 minutes. Finally it is
flushed with Isopropanol p.a. and dried with clean pressurised air.

Plasma cleaning of the substrate in an oxygen plasma, like implied in [1], destroyed the optical
properties of the substrate in our experiments. Even a few seconds yielded a visibly cratered
structure over wide areas.

We also tried to clean the substrate with a so called ‘piranha - solution’, which is a mixture of
hydrochloric acid (HCI) (in some sources with sulfuric acid (HySO;,) instead of HCI), hydro-
gen peroxide (H,O;) and deionized water as used in [1] and mentioned in [59] and [60]. We
tried a mixing ratio of HCI : H,O, : HoO =1: 2: 8 and treated our substrate for 45 minutes at
room temperature. Unfortunately we did not archive a significant improvement of our results
due to the piranha etching, so we kept to the standard cleaning procedure.

3.1.1.2 Spin casting

In order to improve the flake sizes, (due to stronger adhesive forces between graphene and
polymer materials compared to SiO», as mentioned in [61]) it seems to be favourable to coat
the substrate with a very thin (around 10 nm) polymer coating. Furthermore, the easier dissol-
uble coating facilitates the transfer procedure to a TEM grid. PMMA seems to be the material
of choice for this purpose due to its optical properties that are similar to those of SiO;. But
any other commonly used spin castable polymer material with an appropriate refraction index
should be usable. We used polystyrene in our experiments, see section 5.3 on page 52 for
details.

3.1.1.3 Thinning

For the thinning of graphite we used adhesive tape of the type 3M Scotch Magic 810 (see
figure 3.1). Other commonly used tapes (eg. 3M Scotch Magic 811 or Tesa Standard Tape),
were also tried, but Scotch Magic 810 showed the best results, especially in terms of unwanted
adhesive residues on the substrate.

In order to thin the graphite flakes we put some of them on a piece of scotch tape (around
15cm in length). We folded it next to the flakes so as to surround them completely with the
sticky side of the tape. Afterwards we peeled the tape apart very slowly. We repeated this 5 to
10 times until we saw more and more transparent (=thin) graphite areas on the tape.

17



3 SYNTHESIS

Figure 3.1: The used adhesive tape type (left), raw natural graphite flakes (middle) and thinned graphite
sheets on the tape (right)

3.1.1.4 Transfer

After the thinning step we transferred the flakes from the adhesive tape to our cleaned Si/Si0;
- substrate. Therefore we stuck the tape with the flakes on the SiO, - surface. To insure that
as much flakes as possible stick on the wafer we have to pass plastic tweezers (or any other
soft material) carefully and repetitively over the sample. This step should last around 5 to 10
minutes. Finally we peel the tape off very slowly (for around 30 seconds). Due to van der
Waals forces between the flakes and the wafer surface the upper layers of the flakes stick to
it and are occasionally peeled off the rest of the flake sticking to the tape. Koenig et al. [62]
determined the adhesion energy of monolayer graphene on a SiO, - surface being 0,45 J/m?.
In comparison the interlayer binding energy of graphite is 0,19 J/m? [63]. Apparently the
graphite layers stick more likely on the substrate than to each other.

3.1.1.5 ldentification

Now there are a lot of graphite flakes on the wafer. In order to find the thinnest flakes we used
the optical identification method described in 4.1 in page 29.

3.1.1.6 Original scotch tape method

In contrast to our modified method, Novoselov and Geim used another approach for prepar-
ing graphene with a scotch tape. They explained their method in the supporting information
of [1]. As starting material they used HOPG. They put a piece in an oxygen plasma in order
to prepare mesas on top of the platelets. The mesas were around 5 um high and had lateral
dimensions between 20 um and 2 mm. The structured HOPG surface was then pressed on a
1 um layer of wet photoresist spun over glass. After drying, the mesas stuck on the photoresist
and they removed the rest of the HOPG. Then they started the thinning with an scotch tape.
The photoresist was then removed in aceton and the thin flakes float in the solvent. Finally
they dipped a Si wafer with a 300 nm SiO; into the solution and some flakes became captured
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3 SYNTHESIS

on the surface.

This method seemed to be a little bit complicated and precarious, so we did not give consider-
ation to it. It should be also mentioned that even Novoselov and Geim modified and simplified
this method in their later work [29].

3.1.1.7 Other micromechanical cleavage methods

Rubbing method: Another approach in the context of micromechanical cleavage is the
separation of monolayers from the bulk crystal by rubbing it against another solid material
similar to drawing with chalk on a blackboard. This method was used by Novoselov et al.
in [27]. Besides graphene they also prepared other two dimensional materials (BN, MoS,,
NbSe; and Bi;Sr,CaCu;0,) in this study. Nemes-Incze et al. also used this method in their
publication [64].

Pestling: In [65] Chuvilin et al. used an agate mortar in order to grind graphite under a
layer of ethanol. After ultrasonication and deposition on a holey carbon TEM grid they found
thin graphite flakes down to one layer in thickness.
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3 SYNTHESIS

3.2 Thermal decomposition

3.2.1 SiC

In this approach silicon carbide is annealed at high temperatures between 1000 and 1500 °C in
ultra-high vacuum. On the surface of the SiC substrate epitaxial graphene is produced due to
the sublimation of Si from the surface. The remaining carbon then forms graphitic structures
on the material. The thickness and the quality of the obtained graphene, depends amongst
other factors on the surface of the substrate (whether it is carbon- or silicon dominated). Al-
though most of the methods reported use the Si surface, also C face synthesis of graphene on
6H-SiC is possible [22]. SiC is a rather insulating material with a band gap of around 3eV (for
6H-SiC) and can thus be used as substrate material. Hence, no transfer may be necessary.

Berger et al. [66] used the Si face (SiC(0001)) of a 6H-SiC single crystal to produce graphitic
structures (1-3 layers) and archived mobilities of 1100cm?/Vs. Initially they improved the
surface quality by Hj etching, and after removing the oxide layer by annealing at 1000 °C they
heated the sample to 1250-1450°C. The obtained thickness of the structures depends mainly
on the temperature. Meanwhile it is possible to produce large area (wafer-scale) graphene
layers with mobilities of up to 2000cm?/Vs ([67]). Along with the CVD method, the SiC de-
composition technique is quite promising for graphene mass production, especially regarding
semiconductor fabrication (see two interesting reviews for further reading: [10] and [68]).

3.2.2 Solid carbon sources

Sun et al. [69] demonstrated that also solid carbon sources atop a metal catalyst can be used
for graphene production, similar to a CVD process. A PMMA thin film of around 100nm
thickness was spun on a copper film. Thus prepared samples were annealed for 10 minutes
at temperatures between 800 and 1000°C. Under low pressure conditions and in a reductive
atmosphere (Ar and Hj) a single uniform graphene layer has been produced. The process is
illustrated in figure 3.2.

=800 °C
H,/Ar, 10 min

PMMA/Cu/SIO,/Si
Graphene/Cu/SiO,/Si

Figure 3.2: Illustration of the graphene production via a solid carbon source (adapted from [69])
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3.3 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a chemical process widely used in industry for depositing
thin layers of solid materials with high purity on surfaces. This technique can also be used to
grow thin graphite coatings down to one layer in thickness. Hydrocarbons are blown over the
heated substrate surface. The result is strongly dependent on the surface material and the pro-
cess parameters. Already in the early nineties monolayer graphite coatings were reported with
mono crystalline TiC(111) [70] or Pt(111) [71] as substrate surface. Today CVD processes
on polycrystalline substrates seem to be the most promising approaches for the cost efficient
large scale production of graphene. Until now two substrate materials have come out to be
best suited, nickel and copper. As precursor mostly methane and sometimes ethylene is used.
Thus this section focuses on these materials.

3.3.1 Growth on Ni

Meanwhile a lot of different methods with nickel foils as substrate with slightly different
parameters and varying hydrocarbon precursor gases can be found in literature. Hence just
one example, the process used by Yu et al. [72], as a representative can be described in this
work. They used a methane, hydrogen, argon - mixture as precursor gas where methane acts
as carbon source. The Ni foils were annealed at 1000°C in a hydrogen atmosphere one hour
before argon and methane were added while the pressure was kept at 1 atm. After 20 minutes
they cooled the samples in Ar atmosphere. This step is critical for the thickness of the obtained
graphene. Cooling to fast yields thicker coatings while to slow cooling rates prevent the carbon
atoms segregating to the surface. See figure 3.3 for an illustration of this issue. Finally the
substrate can be etched away (in HNO3) so as to obtain free standing graphene or to transfer
it to other substrates. The thickness varies between 1 to 4 layers (typically 3-4) at optimal
conditions.

Addou et al. [73] demonstrated that at lower temperatures (550°C) growing of self limiting
monolayer graphene, similar to the growth on copper substrates, also on Ni is possible.
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Figure 3.3: Illustration of the process of carbon segregation dependent on the cooling rate (from [72])
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3.3.2 Growth on Cu

A technique similar to the one described above can be used to grow graphene on copper. Yu et
al. also have developed a process with polycrystalline copper as substrate in a later work [74].
Another research group, Li et al. [75] used thin (25 um) copper foils which were heated to
1000°C. Again at the beginning the surface was annealed with hydrogen. Then methane was
blown over the surface, but in contrary to the method described above, at a very low pressure
of 66 Pa and a flow rate of 35 sccm. The big advantage of this approach is the low solubility
of carbon in copper at this pressures. Hence the growth of graphene is surface mediated and
self limiting to one layer in thickness and thus independent of the growth time. The graphene
crystals grow in domains of different orientation with gaps and defects in between, like illus-
trated in figure 3.4 on the left picture. Thus the carrier mobility of 4050cm?/Vs [75] is smaller
than in mechanically exfoiled graphene. The size of the single domains can be controlled by
variation of the temperature, methane partial pressure and flow rate as subsequently shown by
Li et al. [76]. They also tried to fill the gaps by modifying the growth conditions. Actually
they were able to rise the charge carrier mobility up to 16000cm?/Vs. Huang et al. [77] did
STEM investigation of such grain boundaries as shown in figure 3.4 on the right picture.
Also the production of uniform bilayer graphene, with a similar method is possible as de-
scribed by Lee et al. [78]. Bilayer graphene may be essential for semiconductor applications
due to its band gap. Wassei et al. [79] also tried more complex hydrocarbons with more than
one carbon atom per molecule, like ethane and propane as source for the selective grow of
bilayer graphene on copper.

Graphene

Copper

s

growth front

Figure 3.4: left: growth of a graphene crystal on copper (from [80]); right: structure of grain boundaries
(ADF-STEM image adapted from [77], scale bar: 0.5 nm)

Bae et al. demonstrated the realizability of a large scale roll-to-roll graphene production pro-
cess in [18]. They were able to fabricate a four layer graphene coated PET foil with their
method with up to 30 inches in lateral size. The steps of their process are illustrated in fig-
ure 3.5 on the left. The right photograph in the figure shows the obtained graphene coated
foil.
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Figure 3.5: steps of a roll-on-roll process for the production of a graphene coated PET foil (from [18])

3.4 Liquid exfoliation

This section summarizes some important graphene production methods which take place in a
liquid environment.

3.4.1 Reduction of graphene oxide (GO)

Graphite oxide is an electrical insulating material with a sim-
ilarly layered structure like graphite, but with other chemical
groups, mainly epoxy bridges (>0), hydroxyl (-OH) and car-
boxyl (-COOH) groups, attached to some carbon atoms. Fig-
ure 3.6, adapted from [81], shows a schematic of the structure
of GO. Hence the well-known planar and hexagonal lattice ex-
hibits a lot of defects and irregularities and the interlayer dis-
tance is higher (0.71 nm), as shown in figure 3.7. In contrary Figure 3.6: GO structure

to graphite, graphite oxide is hydrophilic due to the polar oxy-

gen functional groups. This facilitates the exfoliation in a liquid ambience. Nair et al. [82]
revealed that GO membranes are completely impermeable to liquids and gases except water
(H,0 permeates 10'0 times faster through submicrometer-thick GO membranes than helium).
GO flakes have been first synthesized in 1859 by Benjamin C. Brodie [83]. The reduction of
graphene oxide was probably the first approach for the synthesis of SLG as it was already
reported in 1961 by Boehm et al. [84]. For more information about the history of graphene
research see [85].

3.4.1.1 Hummers method

Nearly all methods used for the synthesis of graphene oxide nowadays are derived from a
method developed by Hummers and Offenman in 1957 [86]. They used an anhydrous mixture
of sulfuric acid (H,SO4), potassium permanganate (KMnQOy4) and sodium nitrate (NaNO3) in
order to oxidize graphite. After adding water, the flakes are separated due to the hydrophilic
properties of GO. Figure 3.7 shows an illustration of the method.

23



3 SYNTHESIS

Functionalized

Graphite Graphltg Oxide Graphene

Reaction

| Diffusion

8
—
3
iy
~

&)
L0
=

0

96 Hours 400 T(C) 700

Figure 3.7: Hummers method for graphene oxide production (adapted from [87])

The process can be supported by heating and sonication (See [88] and [87] for more details).
The main drawbacks of the Hummers method are the use of strong oxidizers, the small flake
sizes (often referred to as graphene nanosheets) with uncontrollable thickness and the low
quality of the obtained graphene flakes. In the meantime a lot of improved variations of the
methods can be found in literature. Marcano et al. [89] for instance excluded NaNOjs to
improve the efficiency of the process.

3.4.1.2 Tang-Lau method

Another quite new approach for the production of GO is the Tang-Lau method developed by
Tang et al. in 2012 [90]. It is a bottom-up assembly method using glucose, sugar or fructose
dissolved in DI water as precursor. After heating at temperatures between 160 and 220°C in
an autoclave lined with teflon for 70 to 660 minutes, the flakes were rinsed with water and
annealed at 450 to 1300°C for 2 to 5 minutes.

Compared to the Hummers method this approach avoids some of the main drawbacks. It does
not need any strong oxidizers and is thus safer and more facile to handle. Further by changing
the process parameters the thickness and size (source concentration, reaction temperature,
growth time) and the structural properties (annealing temperature and time) of the flakes can
be controlled quite easily.

3.4.1.3 Reduction of GO

So as to obtain graphene from graphene oxide it has to be reduced. There are a lot of methods
in different variations described in literature. Chemical reduction can be done for instance
with reductants like hydrazine [91], dimethylhydrazine [92], ammonia [93], NaBH,4 [94] or
ascorbic acid [95]. An electrochemical approach is described in [96]. See [97] for more details
and a good overview over more chemical based reduction and exfoliation methods.

In order to reduce GO also heat or light can be used. A method using thermal annealing in an
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argon atmosphere is described in [98] for instance. A light reduction method using a xenon
flash lamp can be found in [99]. Eswaraiah et al. on the other hand used sun light [100]. Even
microbial reduction is possible as demonstrated with bacteria in [81] and [101].

Graphene produced with the reduction of GO is always polluted with remaining functional
groups and exhibits a lot of defects and imperfections. Thus generally the electron mobility is
low compared with graphene prepared with other methods.

3.4.2 Direct exfoliation in a solvent

Graphite is highly hydrophobic and not soluble in common solvents like ethanol or iso-
propanol. Nevertheless, solvents with a proper surface tension in the range of the surface
energy of graphite can be used for exfoliation in combination with low power ultrasonication
(30 minutes) and centrifugation (90 minutes at 500 rmp) [102]. Hernandez et al. also tried dif-
ferent solvents in their work and they obtained graphene dispersions with a concentration of up
to 0.0l mg/ml. Accordingly N-methylpyrrolidone (NMP), N,N-Dimethylacetamide (DMA),
Y-butyrolactone (GBL) and 1,3-dimethyl-2-imidazolidinone (DMEU) seem to be suitable as
solvents. High dispersion stabilities of up to 5 months were reported.

Nuvoli et al. [103] tried an ionic liquid, 1-hexyl-3-methyl-imidazolium hexafluorophosphate
(HMIH). Ionic liquids are organic salts, fluid at temperatures below 100°C. After ultrason-
ication over 24 hours and centrifugation (30 minutes at 4000 rpm) they obtained graphene
concentrations of up to 5.33 mg/ml, which is the highest value reported so far in any solvent.
Blake et al. [104] archived a high percentage of up to 50 % monolayer graphene with DMF as
solvent, 3 hours sonication and 10 min centrifugation at 13000 rpm.

The dispersions can then be used to superimpose graphene coatings on a substrate by spin
casting or inkjet printing or can be dropped on a TEM grid.

3.5 Other methods

Since the graphene boom started with the publication of Novoselov and Geim in 2004, a
large number of different methods for the graphene production have been published. Some
mentionable methods besides those mentioned above are described in this section.

3.5.1 Metal carbon melt

By Amini et al. [105] a technique was proposed to produce large area graphene via a saturated
solution of a molten transition metal (preferable copper or nickel) and carbon. To archive
this, carbon atoms from a graphitic raw material were dissolved in nickel at a temperature
of 1500°C in an argon atmosphere. While cooling down the molten metal the solvability
of carbon decreases and the atoms start to precipitate on the surface as FLG and SLG. The
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thickness of the resulting graphene sheets can be controlled with the cooling rate. Figure 3.8

shows a SEM picture of thus produced SLG.

Single Layer
Graphene

Figure 3.8: SEM picture of SLG on nickel produced with the metal carbon melting method ([105])

3.5.2 Plasma

It is possible to use a plasma in order to produce graphene. Dato et
al. [106] presented a substrate-free gas-phase synthesis method in which
a microwave argon plasma is used. In their patented process Argon con-
taining small ethanol droplets is blown in the plasma reactor. During the
residence time (about 0.1 s) of the droplets inside the plasma they disso-
ciated to small graphene flakes. After rapid cooling they are collected
on filters and sonicated in methanol, where they disperse easily and form
a stable black suspension (see figure 3.9 for a illustration of the plasma
graphene reactor). The obtained flakes are quite clean, because no chemi-
cal treatment is needed. However they are also quite small. The commer-
cially available graphene enhanced lacey carbon TEM grids, used in this
thesis as reference samples (see section 5.1 on page 43) were prepared
with graphene synthesised with the substrate-free gas-phase method.

Reaction products to
membrane filter

Microwave guide

AAN

Quartz tube ——p=
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Alumina tube ——p

3

Argon + ethanol

Figure 3.9: Plasma
reactor (from [106])

Another way to produce graphene in a plasma is by using an arc-discharge as demonstrated

by Subrahmanyam et al. [107] and Wu et al. [108] for instance.

3.5.3 Unzipping carbon nanotubes

Carbon nanotubes (CNT) can also be used as raw material for the production of small and slim
graphene sheets (graphene nanoribbons) by ‘unzipping’. That means that the tubular structures
are opened up longitudinally. This can be done by intercalation of lithium and ammonia, as
described by Cano-Mdrquez et al. [109], by plasma etching of CBN partly embedded in a
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3 SYNTHESIS

polymer film as reported by Jiao et al. [110] or substrate-free by unzipping multi-wall CNT in a
multi-step chemical treatment process, including exfoliation, oxidation and reduction [111].

3.5.4 Bottom-up fabrication

A completely different approach is the bottom-up synthe-
sis of graphene nanoribbons with molecular monomer pre-
cursors (PAHs - Polycyclic aromatic hydrocarbons) by sur-
face assisted coupling. Some of the hydrogen atoms at-
tached to the carbon atoms at the boarders of the PAHs can
be substituted selectively with halogen atoms, like bromine
or iodine. When they get in contact with a metal surface
the carbon-halogen bondings break and the open bondings
are linking to other open bondings. In this manner large
polymers are formed. Figure 3.10 was adapted from [112]
and shows an illustration of the process and STM pictures
of the resulting zig-zag structures. This technique was re- -
ported by Cai et al. [113] and in [114]. It allows the atomi-  Fjgure 3.10: Surface-assisted coupling
cally precise, defect free and tailored synthesis of complex of halogene doped PAHs with STM
graphene structures and therewith tuning of the electronic ~ pictures (from [112])

properties. Even the synthesis of electronic components is

imaginable.

3.6 TEM grid transfer methods

Many of the presented graphene fabrication methods are substrate supported. In most cases
the support material is not suitable for further applications, because it is conducting, changes
the electronic properties of the supported sheets or free-standing graphene is needed for TEM
investigations, for instance. Thus many different methods have been developed in order to
transfer graphene to arbitrary substrates. For example Regan et al. [115] presented a method
for transferring CVD graphene from a copper substrate to a TEM grid and Reina et al. [116]
on the other hand reported a method for the transfer of graphene flakes prepared on a SiO,
to potentially any type of substrate. Anyhow, this section will focus on processes used for
the transfer of graphene from SiO, substrates to a TEM-grid, since they are important for the
experimental work of this study. Three different methods, developed by Meyer and co-workers
[117, 118] will be described briefly in the following listing:

1. A holey carbon Au TEM grid with mesh size 200 and a hole size of 1 um is placed onto
a chosen graphene flake and pulled into contact by the surface tension of an evaporating
isopropanol drop. Then the sample is heated at 200°C for 5 minutes on a hot plate.
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3 SYNTHESIS

Subsequently a second drop of solvent is carefully placed next to the TEM grid and
squeezes in between the grid and the substrate, lifting the TEM grid gain. Only about
25 % of the graphene flakes stick on the TEM grid, but no acids, bases or polymers are
needed.

2. Again a holey carbon TEM grid is pulled into contact by means of a drop of isopropanol.
After heating at 200 °C for 5 minutes on a hot plate the SiO; substrate is dissolved in a
30 % solution of semiconductor grade potassium hydroxide. When the grid falls off it is
cleaned in a water bath without drying and afterwards in isopropanol.

3. In this approach graphene is prepared on a 300 nm SiO; substrate coated with a 10-30nm
layer of PMMA. A holey carbon TEM grid is placed on a chosen graphene flake and
pulled into contact via an evaporating solvent. After drying on a hot plate the PMMA
coating is etched with acetone or methylpyrrolidone. Although SLG flakes are reported
to break more frequently in this method, no acids or bases are needed.

Right before the samples were inserted in a TEM, they were heated on a hot plate for 10 to
15 minutes at 200°C in order to reduce the amount of adsorbates. Additionally it is possible
to stabilize thin regions prior to the heat treatment by electron beam activated deposition of
hydrocarbons on their edges by means of a TEM or SEM, since they tend to fold up during
the pre-TEM heating treatment, as recommended by [119]. This was omitted in this study, so
as to keep the process as simple as possible and prevent additional contamination of adjacent
regions. All of the three methods were tested and method 3 was then chosen as starting point
for our experiments (see 5.4.3).

Another approach to obtain free standing graphene without using a holey carbon TEM grid, is
to deposit a metal grid (3nm Cr and100nm Au) on top of a graphene flake via electron-beam
lithography as described in [14]. Afterwards the Si is etched with 15 % tetramethylammonium
hydroxide at 60 °C until a part of the grid becomes overhanging. The remaining SiO; is then
removed in 6 % buffered hydrofluoric acid. Finally the remaining grid with the attached free
standing graphene sheets is cleaned in water, isopropanol and acetone and critical point dried
with liquid carbon dioxide.
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4 Characterisation

4.1 Optical microscopy

Among these flakes there are only a few very thin flakes and only some of them may be few
layer- (FLG) or even bi- or single-layer graphene (SLG). Almost all methods which can be
used for graphene investigations on a substrate, like AFM, Raman or SEM, have a very low
throughput and are thus inapplicable for finding graphene on a large area. Therefore we have
to use optical identification methods. Considering the very low absorption of light for SLG of
around 2,3% [120] (see chapter 2.2) this seems to be very difficult. Anyhow, in order to find
the thin regions among the other pieces we can use an optical trick: The SiO; capping on the
wafer acts like an optical anti reflection coating. For a certain wavelength of the incident white
light the condition for destructive interference is fulfilled for a given coating thickness value.
This is actually the reason for Si wafers exhibiting different surface colors depending on their
Si0; coatings. Figure 4.1 shows the calculated color of reflected light over the Si0,-thickness
of such a wafer. Thus we have to choose the thickness of the SiO; - coating so that the increase
of the optical path due to a graphene flake lying on the SiO; yields to a change of the color of
the reflected light.

200 800 1000

400 G
Film Thickness, h (nm)

Figure 4.1: Calculated color of reflected light of a SiO, coated Si wafer over the coating thickness
(from [121])

Calculation of the contrast of SLG on SiO, substrate with equation 4.1 for different wave-
lengths of incident light yields to the diagram shown in figure 4.2. It shows the expected
contrast C over the SiO, thickness and wavelength. The red lines are indicating preferable
thickness values. Furthermore one can see in this picture, that any substrate thickness can be
used, except values below 30 nm and around 150 nm to obtain contrast for a certain wave-
length.
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Figure 4.2: Expected contrast C over the SiO, thickness and wavelength (adapted from [122])

Nevertheless, if one takes in account the characteristics of the human eye and the fact that
we use white light, wavelengths around 500 - 600 nm seem to be most appropriate (see equa-
tion 4.3). Accordingly this results in a color shift to blue for the reflected light. This is why
in our experiments SiO; coatings with a thickness of 100 nm and 500 nm were used. The
benchmark value in most publications, also used by Novoselov et. al. [1], is 300 nm. Blake et
al. [122] recommended 90 nm for best results.

I—I
c=2_73¢ (4.1)
Io

Ip... intensity of reflected light without graphene
IszG... intensity of reflected light with attached SLG

Equation 4.2 describes a typical anti reflection (AR) coating where
ngir < Ngjo, < ng; (with ng;, >~ 1). Because of this, there will be an
overall phase shift of A /2 for destructive interference, A /4 from the
air/Si0; interface and again A /4 from the reflection at the SiO,/Si

interface. See figure 4.3 for a schematic representation of the optical
path.

Figure 4.3: Optical path

2-nsip,-d-cos(0) =(m—=)-1 4.2)
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4 CHARACTERISATION

In this case we assume perpendicular irradiation, ® = 0. Then the thickness for the AR -
coating can be described with equation 4.3.

1 A
d=(m—=)-
( 2) 2-nS,~02

4.3)

Applying ngi0,=1,47 and A=550 nm (should be 500nm to 600nm, as mentioned above) to
equation 4.3 delivers ideal thickness values d for the SiO, coating of 93,5 nm (m=1), 260,6 nm
(m=2) and 467,7 nm (m=3). Thus, 100nm, 300nm and 500nm seem to be good values for a
suitable AR-coating for identifying graphene. The picture in figure 4.4 shows the typical color
shift of graphene on 285 nm SiO; with rising layer counts. In this picture the images labeled
with letters ‘a’ to ‘f” show more than 10 layers with increasing thickness.

llaver 2lavers 3 layers 4 lavers 7lavers 9 lavers

a b ¢ d € f

Figure 4.4: color shift of graphene and graphite on 285 nm SiO, (from [123])

In practice the contrast and the colour shift also strongly depend on the used light source, the
numerical aperture (® # 0 in equ. 4.3), the camera and other characteristics of the used optical
instruments. Hence the visibility of the flakes is also dependent on the used magnification due
to the properties of the objective.

It is even possible to do absolute thickness determination of graphene on SiO; by means of
optical contrast without the need for knowing the value for SLG as reference. Ni et al. [123]
showed this technique on 300nm substrate. For further reading on this issues [122], [124]
and [125] are recommended.

4.2 Raman spectroscopy

Raman spectroscopy is the most important characterization method for graphene related phonon
mode investigations. The in-plane modes, which are the Raman active ones, consist of two
acoustic modes (TA and LA) and two optical modes (TO and LO). Additionally there are
two out of plane modes (ZA and ZO), which have a dispersion relation with a cone structure
near the K-points, similar to the electronic structure. Figure 4.5 shows the calculated phonon
dispersion in the left diagram.
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Figure 4.5: Left: Calculated phonon dispersion relations with the four Raman active in-plane modes (TA,
LA, TO, LO) and the two out of plane modes (ZA, ZO) with the labels (D,G,...) corresponding to the Raman
peaks (edited from [126]); right: oscillations of the carbon atoms corresponding to the graphene modes, a)
D-mode, b) G-mode (from [127])

The most important characteristic Raman peaks of graphene are the G, 2D and the D peak.
The G mode at the Brillouin zone centre is double degenerated (TO and LO). A representation
of the oscillation mode can be seen in figure 4.5 on the right (picture b). The corresponding G
peak in the Raman spectrum is located at ~1580cm™!. Its intensity increases with the number
of layers of the graphene sheet (see figure 4.6). It can also be used for doping investigations,
since electron or hole doping is reflected in the sharpness of the peak [128]. The D mode
(at ~1350cm™! originates from the branches around the K-point (figure 4.5 picture a) and is
forbidden in a defect free lattice. It can thus be used as indicator for defect concentration.
Finally the 2D-peak (historically also referred to as G’), is sensitive to the stacking order of
FLG. Its size, form and position is also strongly dependent on the thickness of a graphene
sheet. For SLG it is a narrow (with a FWHM of ~30cm™"), single peak at ~2680cm™!, with
an intensity 2-3 times the intensity of the G-peak. For bilayer graphene it is a superposition of
four peaks [127], with a remarkably lower intensity and a slight shift to higher wave numbers.
The origin of the 2D-peak is a bit more complicated and can be explained with a double-
resonance process (see [129] or [127] for more information on Raman scattering mechanisms
in graphene). The diagram in figure 4.6 on the left shows typical Raman spectra dependent on
the thickness.

4.2.1 Raman thickness maps

In order to generate a thickness map of an area with graphene lying on a substrate, the re-
gion of interest is scanned pixel per pixel with a laser and for each pixel a Raman spectrum
is recorded. Subsequently one can use a feature in the spectra characteristic for SLG, so as to
identify monolayers in the map. Wang et al. [128] chose the intensity of the G peak, since it
increases with increasing layer count (figure 4.6 on the left). Although different thickness val-
ues can be distinguished, an absolute determination is not possible with this method. Spatially
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Figure 4.6: Left: Typical Raman spectra for different layer numbers N of graphene on SiO; (from [10]);
right: close up view of the 2D-peak of bilayer graphene, consisting of 4 Lorentzian peaks (named 2D;p ,
2D14, 2D24, 2Dyp), for two different excitation wave lengths (514.5 and 633 nm)(from [130])

resolved Raman spectroscopy was also done by Graf et al. [131, 132] by using for instance
the small shift of the G-peak or the FWHM of the 2D-peak. Yu et al. did investigations of
grain boundaries of CVD graphene [74] via Raman thickness maps generated with different
methods in comparison.

However, in the present work a different method was used. The 2D peak was fitted with 2 or
3 Lorentz peaks and the position, intensity and sharpness of the component corresponding to
single layer graphene was then used as signature. By this means it was possible to distinguish
SLG from FLG on a Raman thickness map quite reliably (see figure 5.16 on page 56 and
figure 5.20 on page 60 per example) even though it is difficult to distinguish between two and
more layers due to the complex 2D-peak composition.

A combination of both methods, by using the G-peak intensity of a single layer pre-identified
via the 2D peak as reference, may be a promising improvement, but has not been tried so
far.

4.3 Transmission electron microscopy (TEM)

TEM and its various modes, like STEM and analytical TEM, are the best suited methods for
investigations of free-standing graphene and other two-dimensional materials at high (even
atomic) resolution, in terms of structure, morphology and thickness for instance. In the scope
of the present study we put the focus on the thickness determination via TEM-based tech-
niques, so as to prove the succeeded preparation of SLG with our methods.

Furthermore graphene, deposited on a TEM grid is, due to its mono-atomic thickness, the ideal
supporting material for other specimens, for example nano-particles, atomic clusters or bio-
logical samples. Even a liquid can be encapsulated betwixt graphene layers, as demonstrated
by [133] (see chapter 6).
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4.3.1 High resolution transmission electron microscopy
(HRTEM)

Some of the most important graphene related HRTEM investigations were performed by
Meyer and his co-workers in their publications [14, 119] for instance. Some of the meth-
ods presented there, were also used in the present thesis, especially concerning the transfer of
samples to a TEM grid (see section 5.4.3).

For non-destructive studies an operating voltage below the knock- BERAsansnbn
e > " 2 TN

on damage threshold value is necessary (below 100kV, see sec-
tion 4.3.6). So as to obtain atomic resolution at low beam energies
an aberration-corrected instrument is needed. Since in a TEM image
at high resolution the contrast originates from the interference of the
electron wave with itself (phase contrast), it is highly dependent on
the thickness of the sample and the focus of the beam. In the case
of SLG of course, the phase-contrast variation due to the thickness
can be neglected. This is possible even for FLG, because every layer
can be assumed to be in the same focus, due to the small interlayer
distance. The obtained image can thus be interpreted directly. How-
ever also the tilt angle and accordingly the characteristic wrinkles  Figure 4.7: HRTEM pic-
of free standing graphene affect the contrast. In [119] a small posi- ture of SLG (top) and BLG
tive defocus (8nm) was used, which yielded a white atom contrast. ~(bottom) [119]

For instance figure 4.7 shows a bright field TEM image (TEAM 0.5 TEM, monochromated,
@80kV, high-pass filtered), which was taken from the latter article, depicting SLG on the
upper half and bilayer graphene on the bottom. White dots arise in the bilayer region where
two carbon atoms are lying upon each other in regular AB- (or Bernal-) stacking.

different defocus a single layer area may appear as bilayer and vice

versa. To back up the results, electron diffraction analysis was used » 1
in [119]. Figure 4.8 shows an example for two bright field phase .. an am
contrast images of SLG, acquired with an overfocused (left) respec-  overfocus  underfocus
tively underfocused (right) beam. The image was adapted from the  Figure 4.8: BF images
very recommended, freely available book ‘Physics and Applications of SLG with different fo-
of Graphene - Experiments’ which was written by various authors —cus [134]

and edited by Sergey Mikhailov [134].

However, during the interpretation it must be considered that at a '..'1
s

4.3.2 Scanning transmission electron microscopy (STEM)

In a STEM a very focussed (ideally less than 0.1 nm) electron probe is scanned over the sam-
ple. Since the depth of focus is quite small even atomic resolution can be archived in bright
field (BF) as well as in annular dark-field (ADF) and high-angle annular dark-field (HAADF)
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mode. STEM imaging at atomic resolution is the best way for investigations on free-standing
graphene in terms of structure, defects and chemistry, and was performed by several groups.
The ADF and HAADF modes are the preferred modes because thus gained images can be
interpreted quite straight forwardly compared to BF pictures based on phase contrast. It can
for instance be used to distinguish single atoms of different species with an atomic number of
7>6 (for HAADF, with ADF also single boron atoms with Z=5 were detected [135]) on or in
the graphene lattice due to the Z? dependent scattering probability of electrons on atoms. Gass
at al. [136] for instance demonstrated graphene lattice defect analysis via HAADF STEM at
atomic scale complemented with thickness determination via STEM EELS using the plasmon
peaks (see 4.3.4.1). Figure 4.9 shows a comparison of the same area acquired in BF-mode on
the left and in HAADF-mode on the right.

Figure 4.9: BF (left) and HAADF (right) picture of a graphene sheet containing different thicknesses in
comparison, the letters A and B indicate a single- respectively a double- layer region on the right image
(from [136])

4.3.2.1 Intensity profiles

The intensity relations between areas with different thickness on a (S)TEM image can also
be used to gain information about the number of layers in each area. The intensity exhibits a
linear dependency on the thickness for thin samples. In combination with other methods even
an absolute determination is possible. Figure 4.14 for instance shows the intensity relations
of areas containing one, two and five layers, which were used complementary to the thickness
determination via EELS spectra in this case. Gass et al. [136] determined factors between
1,86+£0.86 and 2,741,07 for a bilayer respectively 5+0.43 for five layers, each relative to the
background subtracted intensity measured for SLG in HAADF. Figure 4.10 shows a STEM
HAADF image with the intensity profile along the trace marked with the cyan box.
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Figure 4.10: STEM HAADF image of graphene with different number of layers with an overlaid intensity
profile along the cyan boxed trace (from [137])

4.3.3 Image processing
4.3.3.1 FFT filtering

In order to get rid of noise a low-pass filter with a rather smooth cut-off (~5-10% of the total
image width) can be used. On the other hand a high-pass filter reduces the effect of an uneven
illumination. Combining both filters results in a bandpass filter of which the exact parameters
(cut-of position and sharpness of the cut-off edge) depend on the concrete case. This can
be archived by a Fourier transformation (FFT) of the (S)TEM picture, applying a ring filter
mask and transforming it back again (IFFT). Figure 4.11 illustrates these steps, performed in
DigitalMicrograph via the ring masking tool.

Figure 4.11: Filtering steps: 1) original STEM HAADF image (1024 x 1024 pixels, FEI Titan*™@ 80kV)
of a graphene sheet with varying thickness, 2) FFT of the original picture with a ring filter mask (white
shadowed ring marked with orange boarders), 3) Spectrum after applying the mask with a cutting-edge size
of 50 pixels, 4) filtered image after IFFT adjusted in contrast

By applying adequate hexagonal filter masks in combination with bandpass filtering these
results can be further improved (see the experimental results of the present thesis 5.4.3.3 on
page 69).

This technique can even be used to distinguish the single layers of turbostratic graphene. This
means graphene with at least two layers where the hexagonal lattices of the single sheets are
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rotated at arbitrary angles with respect to each other. Such kind of graphene exhibits various
MoirAl' patterns in an HRTEM image, dependent on the number of layers and the rotation
angles. Thus the sets of 6 points in the FFT picture, which correspond to each layer are also
rotated by the same angles. By applying a hexagonal filter mask and performing an inverse
Fourier transformation for each layer, they can be distinguished from one another. Warner et
al. [138] demonstrated that up to 6 layers can be distinguished via a HRTEM picture. This has
also been performed on a bilayer in the present thesis in the experimental section (5.4.3.2 on
page 66).

4.3.3.2 Exit-wave reconstruction

Besides conventional FFT filtering, using band pass filters and filtering masks another ap-
proach, called electron exit-wave reconstruction, receives more and more attention. The elec-
tron beam can be treated as wavefuntion of an electron wave field. In order to examine the
exact atom positions of a crystal with the highest possible resolution, one has to reconstruct
the wavefunktion of the electrons leaving the specimen (called exit-wave plane). Therefore
both phase and amplitude of the electron wave must be determined in the image plane. Unfor-
tunately only the amplitude can be recorded directly. For this purpose TEM holography, which
is experimentally rather complex, or focal series can be used. For the latter a series of HRTEM
images, each with different focus, has to be acquired. Jinschek et al. [139] demonstrated this
technique by means of graphene. For the image depicted in figure 4.12 a series consisting of
19 images was captured under the same conditions, with defocus values starting from +11nm
with a step of -1.7nm and a acquisition time of 0.1s for each picture. A C; corrected TEAM
instrument at NCEM, operated at 80kV was used. For evaluation FEI's Trueimage software
package was used.
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Figure 4.12: Exit-wave reconstructed HRTEM image of single- and bilayer graphene with atomic resolution
(taken from [140] who cited [139])
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4.3.4 Electron energy loss spectroscopy (EELS)

In EELS an electron beam with a specific and narrow energy distribution is used to characterise
the elemental composition of a material in a TEM equipped with an EEL spectrometer. Some
electrons will be scattered inelastically while passing the atoms of the material, whereupon
they lose a characteristic amount of energy. The energy loss can be measured and interpreted
in terms of its origin. One possible reason besides ionizations, phonon excitations, band tran-
sitions and Cerenkov radiation is the excitation of plasmon modes. These plasmon excitations
are very useful for graphene investigations.

4.3.4.1 Plasmons

For the plasmon behaviour of graphene the local electronic bandstructure and electron density
are crucial. Thus EEL spectra of the low energy loss region can be used for doping investiga-
tions, especially in terms of hydrogen and other elements with Z<6 which are not accessible
via HAADF [141]. Plasmon excitations in graphene can also be used for thickness estima-
tion since they exhibit a characteristic peak structure in electron energy loss spectra since the
plasmon peaks shift to lower energies for thinner structures. In principle one can distinguish
between a bulk and a surface plasmon mode, each with contributions of in-plane and out-of-
plane excitations. However, the latter are rather weak due to the weak interlayer coupling. In
both of them either only 7w-bonded electrons (7-peak) or all valence electrons (G-7 - peak)
can be involved. In bulk HOPG the m-peak (corresponding to the 7m-7* - transition) can be
found at 6.5eV in an EEL spectrum, whereas the o-7 - peak can be found at 27eV [142]. The
diagram on the top left of figure 4.13) depicts the EEL spectrum of the plasmon region with
the characteristic peaks of graphite. The peaks at 12.5eV and 19.5eV shown in this spectrum
originate from a ¢ — o *-transition and the out-of-plane mode respectively and are less impor-
tant for our analysis.

In SLG the bulk plasmon mode vanishes and only the surface mode can exist. Accordingly
the m-peak occurs at 4.7eV and the o-7 - surface peak can be found at 14.8eV, whereas the
graphite bulk peak at 27eV is not present [137, 143]. The diagram in figure 4.14 illustrates
this behaviour dependent on the number of layers. The position and the triangular shape of the
o-7 - peak is the best indicator for SLG. Bi- and few layer graphene exhibits a shift to higher
energy losses and a remarkable broadening of the peak to a plateau form (compare 5.4.3.3
of the experimental section on page 69). For ten and more layers the plasmon peak structure
resembles that of graphite (compare figure 4.13).
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Figure 4.13: Top left: EEL spectrum of HOPG with the individual mode contributions, with experimen-
tal data points and fits (from [142]); top right: EEL spectra of graphene with different numbers of layers
(adapted from [137]); bottom left: o-7 - peak position dependent on the collection semi-angle of the elec-
tron beam; bottom right: the relative 7-peak intensity dependent on the sample tilt [144]

The E field of an moving charged particle, like an electron in an electron beam, is elongated
along its travelling direction. Thus, mainly out-of-plane modes (momentum #q || E) should
be excited when a electron passes a graphene sheet in perpendicular direction, which however
are forbidden in SLG. Certainly, in a (S)TEM q always has a small in-plane component due
to the collection angle of several mrad. Hence also modes parallel to the lattice vector a
will be excited. This has to be considered during the interpretation of the results since the
peak-positions and -intensities are dependent on the sample tilt and the collection angle as
demonstrated by [144] by means of HOPG. The diagrams on the bottom line of figure 4.13
show the dependency of the ¢-7 - peak position on the collection angle of the electron beam
(on the left) respectively the relative intensity of the m-peak as a function of the sample tilt
angle. This variations due to the experimental conditions may be the reason for the different
positions of the o-7 - peak in different studies (compare the spectrum for SLG in figure 4.13
on the top right diagram with a peak position above 15eV with the spectrum depicted in figure
4.14 and exhibiting a peak maximum below 15eV). Since typically surface contamination,
which disturbs the measurements, can be found all over a graphene sample, leaving only
small clean areas, this method needs to be performed localized. Hence the STEM mode is
best suited for acquiring highly spatially resolved EEL spectra.

39



4 CHARACTERISATION

Figure 4.14: (a)-(c) HAADF STEM images of three different graphene areas revealing one, two and five
layers; the white box in each picture shows a low pass filtered close up; the cyan rectangles mark the
intensity traces (shown in diagram (d)) recorded along their long dimensions, diagram (e) depicts the EEL

spectra for each area summed over 25 pixels (from [143])

4.3.5 Counting layers at the edge

Graphene sheets tend to fold up at their edges. At such a fold
the sheet is locally parallel to the electron beam and hence ex-
hibits a strong contrast, resulting in a single line for SLG (see
figure 4.15 on the left). Consequently, the thickness of FLG
can also be estimated in first approximation by counting the
dark lines at the boarder of a flake, separated by 0.34nm from
one another. Figure 4.15 shows two bright field HRTEM im-
ages (adapted from [14], scale bars: 2nm) of SLG on the left,
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Figure 4.15: Single- (left) and
bilayer graphene edge (HRTEM)

whereas the edge on the right picture may correspond to a bilayer sheet. The illustration in

figure 4.16 depicts other possible formations of a double line.

0] (i

(i)

Figure 4.16: Three ways how a double line at a graphene edge can be composed of: i) staggered edges of
bilayer graphene, ii) bilayer completely folded back, iii) SLG forming a nanotube on the edge (from [136])
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4.3.6 Beam damage

Details of the interaction effects of accelerated electrons with graphene are still relatively
unknown in detail and have received only little attention. The knock-on damage of single
wall carbon nano-tubes (SWCNT) in terms of irradiation with an electron beam is believed
to be at 86keV. A similar value was assumed for graphene, due to the similar structure [145,
146]. Zobelli et al. [146] on the other hand showed that graphene exhibits greater stability
than SWCNT, which was confirmed by [119]. In a 80keV beam each electron can transfer a
maximum energy of 15.73eV to a carbon atom [147], which is below the knock-on threshold
value of 23eV, what corresponds to a beam energy of 113keV [146]. These values are valid
in the case of saturated carbon atoms. For unsaturated atoms at the edges of a layer the knock-
on damage energy threshold is quite evidently lower, which was also clearly visible in our
experiments. Warner et al. [147] and Girit et al. [148] performed HRTEM investigations on
this edge-thinning effect. Suenaga et al. [149] on the other hand performed EELS at atomic
resolution on graphene edges.

Nevertheless beam damage also occurs at lower acceleration voltages, far below the knock-
on threshold. Due to radiolysis the crystalline graphene lattice turns to a nano-crystalline
sheet and after further irradiation to amorphous carbon (mainly sp? hybridised), forming an
amorphous membrane. Additionally the sample suffers a heating effect due to the excitation
of phonons and plasmons. Both effects of course also depend strongly on the irradiation
dose [145] and may thus become less evident at the typical low current densities in a TEM.
Kotakoski et al. [150] performed aberration-corrected HRTEM investigations (@80-100keV)
of such amorphized graphene sheets in an FEI Titan 80-300. For a more detailed view on this
topic also the publication of Egerton et al. [151] is recommended.

4.4 Scanning electron microscope (SEM)

SEM is frequently used to perform topographic investigation of graphene on arbitrary sub-
strates. To this end the instruments are preferably operated below SkeV, because of the low
thickness fo graphene. The topographic contrast is mainly composed of the thickness contrast,
the edge contrast and the surface roughness contrast. Figure 4.17 illustrates the contrast mech-
anisms in terms of corrugations and edges. Since the interaction process of the beam electrons
with the specimen is very complex it can only be sketched very roughly in the scope of this
section. The craggier the surface the more secondary electrons (SE) are produced and thus the
intensity is higher. This is why at the edges more SE are detected because they can escape in
a higher quantity. However in practice an even higher edge intensity is observed, which can
be explained with an additional electron beam induced current (EBIC) [152].

Hiura et al. [153] showed that even individual layers can be distinguished in a SEM by con-
trast. They found a linear relationship between the contrast on insulating substrates and the
number of layers. On the contrary, on conducting substrates a exponential decrease of the
intensity with the number of layers can be observed [152].

41



4 CHARACTERISATION

. Signal
. p— Signal e D
' Intensity ' Intensity

E-beam

E-beam

SE
4

Graphene

Si0y/8i

Figure 4.17: Contrast mechanisms of roughness (left) and edges (right) of graphene on SiO,, the markers
on the top of the pictures represent the intensity changings (adapted from [152])

4.5 Atomic force microscope (AFM)

AFM is also a common tool to do thickness investigations of graphene on a substrate. To
this end it is mostly operated in tapping mode (TAFM) or in non-contact mode. A large
variation of determined thickness values of graphene is reported in literature, ranging from
3.5At0 10A [64], relative to the substrate surface (Si0;). Ishigami et al. [154] for instance
reported values between 4.2A t0 9A (non-contact mode), depending whether the measure-
ments were performed in vacuum or in air. They reasoned this with the presence of ambient
species (especially water) on or beneath the graphene sheets. Novoselov et al. also did ex-
tensive AFM studies, presented in the supplement of [1]. They determined values between
5A to 10A. In general AFM height measurements of graphene sheets are dependent on the
measurement conditions (the tapping free amplitude has a strong influence [64]) and sample
preparation methods.

Two different approaches for the step height evaluation were used in this work, height profiles
(as used by [64]) and height histograms (used by [154]). Both were gained from the AFM
topography image as described in chapter 5.

Furthermore the mechanical properties on graphene can be investigated via AFM nanoinden-
tation [31, 155].
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5 Experiments

5.1 Commercial available reference samples

5.1.1 Ni-CVD

The Ni-CVD samples were purchased from "Graphene Supermarket" [156]. They are pro-
duced by chemical vapour deposition on nickel, as described in 3.3, followed by dissolution
of the Ni substrate with a subsequent transfer of the graphene film to a common copper TEM
grid with, or alternatively without, a lacey carbon scaffold. This grids will be called GSM-
grids in the following. A bright field TEM picture of a GSM grid without a lacey carbon
scaffold can be seen on the left image of figure 5.1. The different shades of grey in this picture
mark areas with varying thickness. The right image in figure 5.1 shows a picture of a lacey
carbon GSM-grid taken with an optical microscope, where even here a lot of unknown blueish
contamination is visible.

Figure 5.1: TEM - picture (FEI Tecnai™F20 at 200kV, zero loss filtered) of Ni-CVD graphene on a TEM
grid with grid size 2000 without lacey carbon scaffold (left) and a lacey carbon GSM-grid in an optical
microscope (right, scale bar: 20 um)
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5.1.2 Argon-Plasma Graphene

The Argon-Plasma graphene grids are lacey carbon Ni TEM grids with a mesh size of 200,
prepared with graphene gained by the substrateless plasma method according to [106] and
as described in 3.5. These grids, which were used for this work, are called GF1202 and
were purchased from www.fishersci.com. Thus gained graphene can also be bought as a
graphene-ethanol solution, called GF1200, with a concentration of 0.1 mg graphene per 1 ml
ethanol. With this solution one can prepare graphene enhanced TEM grids. By way of trial we
prepared lacey carbon grids with this solution, which was ultrasonicated for 30 seconds prior
to deposition. TEM investigations showed the same agglomerated and wrinkled structures as
the GF1202 grids and exhibited more contamination. Therefore they are not discussed in the
present study. In figure 5.2 TEM bright field pictures of typical graphene structures on the
GF1202 grids can be seen. Thin regions down to one layer can be found in the border area of
huge agglomerations of graphene sheets (marked by an arrow in the right image).

Figure 5.2: TEM BF images of a GF1202 lacey carbon grid, enhanced with argon-plasma graphene (left
picture: FEI Tecnai™12 at 120kV); right: FEI Tecnai™F20 at 200kV (arrow marks the position of a
possible monolayer region)

5.2 Analysis of the reference samples

In this section the results of the investigations of the purchased reference samples are pre-
sented. Different methods available on the FELMI-ZFE were used to characterize graphene
especially with respect to its thickness in order to distinguish single layer graphene (SLG)
from few layer graphene (FLG). A description of the different methods can be found in chap-
ter 4 on page 29.
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5.2.1 Ni-CVD-graphene grids
5.2.1.1 Optical microscopy

The right picture in figure 5.1 shows an image of a Ni-CVD grid, taken in an optical micro-
scope. Already in this image a lot of blueish, presumably not graphene-related material can be
seen. Figure 5.3 shows on the left side an overwiew over a large area of the grid demonstrating
the spread of the contamination. The right side shows a picture of an area on the grid were no
contamination can be seen. The question if there is any graphene in the region without visible
contamination can not be answered with this picture, considering the low contrast of graphene
in a light microscope. The blurred regions are caused by the uneven structure of the grid.

Figure 5.3: Two regions of a Ni-CVD enhanced Cu lacey carbon TEM grid in an optical microscope (scale
bars: left: 100 um; right: 50 um)

5.2.1.2 Raman spectroscopy

Raman spectroscopy of the Ni-CVD grids turned out to be quite difficult due to the signal
from the contamination dominating the spectra. Figure 5.4 shows the region we chose for the
Raman spectrum image on the top left corner, and the top right picture shows four spectra
from 4 different points within the area. The line colours correspond to the colours of the 3
spectrum images for 3 different signatures of the 2D peak shown at the bottom of the figure.
The only deduction that can be drawn by means of the obtained spectra is that there is a huge
amount indeterminable contamination and only small region of FLG could be found. There
were no SLG regions findable.
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Figure 5.4: Raman spectrum images for different signatures of the 2D - peak, picture on the left top: area
on the Ni-CVD grid of the Raman spectrum image (blue rectangle)

Only in the green regions graphene like spectra could be recorded. Two of them are also drawn
in diagram in figure 5.4 (light green and olive) and correspond to FLG. The other 2 spectra
(red and blue) are dominated by contamination with very small subjacent graphene peaks.

5.2.1.3 SEM

The two pictures in figure 5.5 were captured with a FEI ESEM Quanta 600 FEG operated at
5 kV by using the Everhart-Thornley detector. The left one shows an overview of a graphene
enhanced copper 2000 mesh TEM grid without lacey carbon, whereas on the right a closer
view of a particular hole in the mesh can be seen.

Thin regions expanded over large areas can be seen with different thickness values, represented
by various shades of grey.

46



5 EXPERIMENTS

o' y iz . ‘13 ’
HV | WD Det HFW | Mag File HV | WD |Det| HFW | Mag File
5.0 kV/9.4 mm ETD 54.29 pm 2800x Gr SM L 9_2 tif* 5.0 kV/9.4 mm ETD 12.67 pm 12000x Gr SM L 11_2 tif*

Figure 5.5: SEM pictures of a Cu 2000 mesh Ni-CVD graphene TEM grid

5.2.1.4 STEM and EELS

EELS line scans were done on this sample in order to find thin regions with less contamination,
in accordance with the method described in section 4.3.4.1 on page 38. One chosen path of
these scans is shown in figure 5.6 on the left, with the points chosen for evaluation marked
with colours and numbers. They correspond to the line colours and numbers in the EELS
diagram on the right of the figure. The measurements were done with the Philips CM 20 at
200kV.
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Figure 5.6: STEM-EELS line scan paths (left) and spectra of four chosen points marked on the left side
pictures (right), the colours of the spectra correspond to the colours of the marks

Regions with obviously different thickness, corresponding to lower intensity values, do not
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show the typical shift of the plasmon peaks in the EELS spectrum. Energy shift and peak
height do not correlate as expected. Additionally the sample shows strong contamination
effects like adsorption of amorphous carbon in the electron beam, even after very short illu-
mination times of around 0,1 seconds per pixel. Supposably the spectra are dominated by the
contamination signal, similar to the Raman measurements.

It was tried to get rid of the contamination by thermal annealing at 200°C and keeping the
sample in the TEM vacuum over night before the measurements. However, this procedure did
not lead to better results.

5.2.1.5 Conclusion

The Ni-CVD enhanced TEM grids purchased from Graphene Supermarket, as they were anal-
ysed in this section, seem to be unfeasible in terms of support for analytical TEM investi-
gations. Even though the graphene covered areas are large, they showed a high amount of
unknown contamination and with hardly any or no SLG areas. In fact, none could be identi-
fied in our experiments.

5.2.2 Substrate-free gas-phase graphene grids
5.2.2.1 Optical microscopy

A picture of a substrate-free gas-phase graphene grid, captured with an optical microscope,
can be seen in figure 5.7. The familiar extend vast graphene agglomerations can be seen as
dark clusters on the lacey carbon scaffold everywhere on the grid. Some of them were marked
by red arrows in figure 5.7. Thin regions can not be seen, due to their very small lateral size.

Figure 5.7: Picture of a GF1202 graphene enhanced lacey carbon copper TEM grid (IFM picture, scale bar:
50 um)
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5.2.2.2 Raman spectroscopy

Due to the very small lateral dimensions of the graphene areas below the resolution limit of
the Raman spectroscope, performing Raman spectroscopy was pointless. Hence there is no
Raman data available for the substrate-free gas-phase graphene grids.

5.2.2.3 SEM

Figure 5.8 shows two pictures taken with the Everhart-Thornley detector. The SEM was oper-
ated at 10 kV. The left picture shows an overview of a region on the graphene enhanced lacey
carbon grid, while the left picture depicts a closer view of these agglomerations. Again the
typical agglomeration structures can be seen (some of them marked with arrows on the left
picture) with small thin regions at the borders (marked with an arrow on the right).

WD HV | Det |Spot| HFW |— ) 111 —

9.5 mm|10.0 kV|ETD| 3.0 [25.33 ym 96mm1100kv ETD| 3.0 [5.07

Figure 5.8: SEM pictures of a GF1202 TEM grid; left: overview picture, red arrows mark some examples
for graphene agglomerations; right: close up view with a thin region marked with an arrow

5.2.2.4 TEM

In contrast to the Ni-CVD graphene enhanced TEM grids the also commercially available
GF1202 grids exhibit much less contamination in an electron beam. Thus continuative analyt-
ical TEM investigations were possible with these grids. The two pictures in figure 5.9 show
characteristic agglomerations (left) with only small thin areas (right) in TEM bright field. All
pictures shown here were shot with a FEI Tecnai F20 operated at 200 kV.

Figure 5.10 shows a high resolution bright field picture of a small region of the agglomeration
in 5.9. On the boarders the structure of a folded up multilayer can be seen. The intensity
profile on the right side of figure 5.10 shows the interlayer distances of the folded up region.
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Figure 5.9: Overview of a graphene agglomeration on a GF1202 TEM grid (left) and a thin region in the
upper right of the same agglomeration (right)

A distance of 357pm was measured here, which fits very well to the theoretical interlayer
distance in graphite of around 0,34 nm. In principle, the thickness of SLG and FLG up to
several layers can be examined in a TEM by means of such folded structures [136].

0 = | 0.357 nm

Figure 5.10: Close up view of a folded up region (left); intensity profile of the edge marked in the left
picture (right)

5.2.2.5 STEM and EELS

Several STEM EELS investigations were done with GF1202 graphene enhanced lacey carbon
TEM grids. Although the thin regions are very tiny on these grids, a lot of them can be found.
Furthermore contamination is not such a big problem compared to the Ni-CVD graphene
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enhanced TEM grids. Thereby the GF1202 grids were quite appropriate to prove and improve
the thickness determination method via EELS investigations via the plasmon peaks position.
In figure 5.11 an example for these measurements, done with a Philips CM 20 with a GATAN
electron energy loss spectrometer, can be seen. An EELS line scan with 63 survey points over
a region of interest, where we expected thin areas, was performed. The measurement time
was 0,2 s for each point so as to prevent corruption of the results due to contamination. The
left side picture of figure 5.11 shows the path of the scan. From this linescan six points were
chosen for a closer investigation. The crosses in the survey image mark these points whereby
their colours correspond to the colours of the spectra shown on the right side of the figure.
The numbers beside the points in the survey image correspond to the position of these points
in the line scan.
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Figure 5.11: STEM EELS plasmon peak investigations of graphene on GF1202 TEM grids; Survey Image
(right) and corresponding EELS spectra (right)

In the diagram on the right of figure 5.11 the typical shift of the o-7 - peak with rising thick-
ness can be seen. Figure 5.12 shows a closer view of the spectra corresponding to thinner
regions shown in figure 5.11. The line at around 15 eV in the this graph marks the expected po-
sition of this peak for SLG. After comparison with data in literature (see [137], [143] and [157]
for instance) it stands to reason that at point 47 monolayer graphene can be seen, while point
16 may be a bilayer. Furthermore the points 17 and 46 could be around 4 to 6 layers thick.
However it has to be confined that for reliable verification of SLG the energy resolution of the

used spectrometer is not sufficient.
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Figure 5.12: A closer view on the low intensity EELS plasmon peaks shown in figure 5.11

5.2.2.6 Conclusion

Our investigations of the lacey carbon TEM grids, enhanced with graphene produced by the
substrate-free gas-phase method revealed the wrinkled and agglomerated graphene structures
on the scaffold. SLG areas can presumably be found quite frequently on the boarders of such
agglomerations, but their lateral dimensions are very small. However, they exhibit relatively
low contamination compared to the Ni-CVD grids. Thus, for TEM investigations where only
small thin areas are needed they may be an option. In this work this type of graphene enhanced
grids was mainly used to evaluate the (S)TEM characterisation methods.

5.3 Self made graphene

The standard procedure for preparing a sample was a modified version of the scotch tape
method [1] as described in 3.1. As a substrate a silicon wafer with a 100 nm or 500 nm layer
of silicon dioxide was used. Both thickness values comply with the requirements for the search
of thin layers in an optical microscope (described in 4.1) according to [158], [122] and [124].
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In order to enhance the adhesive forces between the graphene flakes and the underlying sub-
strate a thin layer of polystyrene (approx. 10 nm) was spun onto some of the wafers (see
Sample 2, section 5.4.2 and Sample 3, section 5.4.4). The layer should be as thin as possi-
ble so as to preserve the optical properties of the substrate, especially because of the higher
refraction index (1,62 at 435,8 nm) of polystyrene [159] compared with SiO, (1,47 at 400
nm) [122]. Poly(methyl methacrylate) (PMMA) with a refraction index of 1,5 (at 435,8 nm)
([159])) is better suited for this purpose (as used in [118]) but PS was easier available. This
procedure enhances the achievable flake sizes significantly and moreover the transfer of the
flake to a TEM grid is easier. Due to these advantages the decrease of optical contrast is ac-
ceptable. The thickness of the polystyrene film was determined via AFM measurements.

5.3.1 AFM analysis of the polystyrene film
For the preparation of the polystyrene film by means of a spin coater following parameters
were used:

* Solution: 1 mg/ml polystyrene in chloroform

* Substrate: Silicon wafer with 100 nm and 500 nm SiO; coating

* Spin parameters: first stage: 1500 RPM for 12 s; second stage 3000 RPM for 10 s

In order to determine the thickness of the polystyrene film it was scratched with tweezers
and the depth of the scratches was measured via AFM (Atomic Force Microscopy) in several
places. In figure 5.13 two examples for the thickness determination via AFM can be seen. The
inserts show the particular profile paths on the topography maps. The peak in the middle of
both pictures marks the edge of the scratch.
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Figure 5.13: 2 examples for the height measurements of the polystyrene film in the AFM
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The measured depth values vary over a range between 20 to 40 nm which should be suffi-
ciently thin so that the optical contrast is high enough, even for few layer graphene flakes on
500 nm coated wafers. However, on a 100 nm wafer, we are already close to the low-contrast-
region of around 150 nm overall, which leads to a significantly lower contrast for SLG (see
chapter 3.1.1, section ‘Identification’). We realized this factor after we did the preparation of
Sample 3 (see 5.4.4) and observed a remarkable lowering of the colour shift caused by thin
flakes.

5.4 Analysis of the self made samples

In the following 3 representative samples, each prepared with slightly different methods will
be presented. Optical microscopy, Raman spectroscopy and atomic force microscopy were the
methods used to make pre-TEM investigations of graphene on the substrate. In TEM mainly
analytical methods like EELS and EFTEM, but also intensity profiling, STEM and FFT image
data processing were used.

5.4.1 Sample 1

The first sample, that is described in this thesis, was prepared in accordance with the procedure
described in 3.1 on page 16 on a wafer with a SiO; thickness of 100 nm without polystyrene
coating. Natural graphite was the precursor material for the preparation.

5.4.1.1 Optical microscopy

Figure 5.14 shows an optical microscope picture of an interesting region of Sample 1 with
some thin flakes (dark blue, marked with a red arrow) and a possible monolayer (light blue,
black arrow).

5.4.1.2 Raman spectroscopy

Two regions with different shades of blue, which indicate two different thicknesses of the
flakes were chosen for closer investigation. These regions are marked in figure 5.14 with ar-
rows. The colours of the markers correspond to the colours of the Raman spectra in figure 5.15
on the left.

Comparison of the measured spectra with those from literature in figure 5.15 (right side) leads
to the reasoning that the flake marked with a black arrow is a monolayer. The narrow shape
and the position of the 2D-peak as well as the height proportions, the 2D-peak is 2 to 3 times
higher than the G-peak, are characteristic for SLG. Further the red spectrum originates from
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Figure 5.14: Optical IFM image of an area with some graphene flakes (possible SLG: black arrow; FLG:
red marker) on Sample 1, scale bar corresponds to 10 um (contrast-enhanced)

T 1 T T " T " T T T " T " 1T
1200 1400 1600 1800 2000 2200 2400 2600 2800

Raman shift [cm™]

1400

1600

23] G 2D
— Ll 2655 cm | T ; /e ; ,
| IR
| Il - 2D
| \ [ 1000 counts
|| I L
11 /)
_,é‘ P 'JI.\—H\-—"I'-“_/I W I\-.\_,__.....\,__\_.‘,,,AMMM,AM._/ RS L G
w
g 2636 cm ﬂ ‘g N=1 A
||l| g [ N2 JL
- |
\ / o g T
o M ] Nt ) A
Glraphlte oy . JJ‘L
2400 2600 2800 3000

Raman shift [cm ]

Figure 5.15: Left: Raman spectra of two points in two regions of the sample (marked in figure 5.14); right:
typical Raman spectra of 1 to 4 layer graphene on SiO, and bulk graphite (adapted from [10])

FLG with probably two or three layers because of the broader peak shape and the height rela-
tions. For FLG the 2D peak is equal or even smaller than the G peak.

In order to generate a Raman thickness map the 2D peak was fitted with the aid of the Raman
spectroscope software. The position and the shape of this peak was used to distinguish the
monolayer Raman signal from the signals caused by multilayer flakes. This can be done pixel
per pixel as the laser scans over the sample.

The picture on the right in figure 5.16 shows such a Raman thickness map with two compo-
nents for the region marked on the left of the same figure. The red pixels correspond to the
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monolayer signature of the 2D peak, whereas the green ones come from flakes with two or
more layers.

Figure 5.16: Raman scanning region marked with a blue rectangle (left) and Raman thickness map; red:
monolayer signature, green: few layer signature (right)

5.4.1.3 AFM

For the AFM investigation the same region as marked in figure 5.16 was chosen. The AFM
was operated in tapping mode in the repulsive regime with a relatively soft tip (cantilever
length: 240um). The overview picture in figure 5.17 at the left shows the same region as in
figure 5.16 rotated by 90° counter clockwise. Due to the very small hight differences and the
amount of contamination on the flakes it is not possible to see single layer differences in this
picture. That is probably the reason why the monolayer flake at the top, as it was identified in
Raman, seems to be higher than other flakes in this picture. The right picture shows the area
marked blue at the left. In this picture the contamination, confirmed by phase image, due to
the solvent used for cleaning can clearly be seen, as it looks like small bubbles.

The area marked red in the left picture in figure 5.17 was chosen for a height profile as it
contained SLG and FLG according to the Raman investigations and was less contaminated.
The profiles were used so as to acquire a height-over-distance diagram, similar to the method
used to determine the thickness of the polystyrene coating in section 5.3.1 on page 53. The
profiles were placed on a selected region of the height map. It was oriented in a way that the
graphene step edge preferably lays perpendicular to the path to get a sharp step curve. Further
the path width was chosen as wide as possible to obtain an average value over many height
values of the same distance on the path.

Afterwards all values representing the same step were fitted linearly with slope zero by dint
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Figure 5.17: AFM picture of a region with graphene flakes on SiO;; left: overview picture; right: close up
view of the region marked blue showing remarkable contamination

of Origin 8.5. The difference between two line fits then represents the absolute height of the
step. Figure 5.18 shows the result with the profile path on that area at the left bottom.
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Figure 5.18: AFM height profile representing a single step; the profile path can be seen in the insert in the
bottom left corner; linear fits are shown in red with the fit parameters in the two boxes on the top right

After the AFM investigation the transfer to a TEM grid was attempted. In this early try a
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Ni lacey carbon grid was used. The grid was positioned over the flake with the help of the
IFM. A drop of isopropanol was used to stick the grid on the substrate like described in 5.4.3
on page 64 of this work. As no plastic coating was used, the SiO; substrate was directly
dissolved in 30% KOH. Unfortunately the graphene flakes got lost during the transfer process.
It is believed that they did not stick properly on the lacey carbon grid due to its more irregular
and coarse structure. It seems that the use of Quantifoil holey carbon grids, since they are
much more homogeneous, is necessary, even more with the use of solvents like chloroform or
toluene in the transfer process because they dissolve the lacey carbon scaffold.

5.4.1.4 Conclusion

With this sample the eligibility of the preparation and characterization methods was proven.
A lot of lessons could be drawn from this try. After the detection of contaminations via AFM,
cleaning of the substrate after preparation was omitted in later tries. Furthermore the failure
of the transfer process showed that further improvements of the methodology is needed. All
this considerations finally leaded to the succeeded preparation of Sample 2.
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5.4.2 Sample 2

Sample 2 was prepared on a 500 nm Si/SIO, wafer with polystyrene coating. The precursor
was natural graphite. The polymer coating of the substrate significantly increases the resulting
flake sizes, as can be seen in figure 5.19. The preparation was done with the method described
in 3.1 (on page 16) and 5.4.3 (on page 64), but the latter without steps 4 and 6. (That means
that the graphene flake was not encapsulated during the KOH etching (step 5)). As a result an
appreciable amount of contamination can be found on the flake.

5.4.2.1 Optical microscopy

The picture in figure 5.19 shows a FLG flake with more transparent SLG regions at its boarders
(see arrows in image). The red box marks the region where the AFM measurements were
performed, whereas the yellow box marks the Raman investigated area.

Figure 5.19: Optical image of FLG and SLG border regions on Sample 2
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5.4.2.2 Raman spectroscopy

As described above for Sample 2 and in section 4.2 the Raman 2D peak was used to generate
a Raman signature map to distinguish SLG regions from FLG. The result can be seen in

figure 5.20.
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Figure 5.20: Raman signature overlaid on the corresponding region in an optical image for FLG (top) and

SLG (bottom)
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5.4.2.3 AFM

For the AFM investigations a small area at the top of the flake, where thin areas were expected,
was chosen. The region is marked with a red rectangle in figure 5.21 in the picture at the
bottom right. The other pictures show two images of the same region (overview at the top left
and closer view of the border region of the flake in the picture at the top right). The picture at
the bottom left shows a 3D view of the latter.

5.0 nm

A0nm

24 pr

Figure 5.21: Top left: AFM height map of the region marked in the picture at the bottom right; top right:
closer view to the area indicated in the first image; bottom left: 3D visualisation of the map at the top right

Instantly, the characteristic stepped structure of graphene becomes apparent. In order to deter-
mine the height of these steps two different evaluation methods were applied.

The first method uses height profiles, in accordance with the approach used for the step height
determination for Sample 1 via AFM (section 5.4.1) and is described at the same place.
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Six different measurements can be seen in figure 5.22. Averaging over all step height values

yields a value of 415 pm.
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Figure 5.22: Six examples for height profiles to determine the step height (each with the corresponding path

and the parameters of the linear fits shown as insert)

Another approach to determine height differences via an AFM topography image is to use a
height histogram in which the frequency of a certain height value in a defined area over the
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absolute height is plotted (as used for instance by [154]). The maxima in this plot represent a
mean value for a certain height. As a result the difference between two maxima is the desired
height difference value.

Again four regions in our AFM height map were chosen for the histogram measurements. The
results are shown in figure 5.23. Gauss fits (green curves) were used to find the exact position
of the peaks in the histogram. The peaks are marked with red lines and the labels display the
positions of the peaks. The evaluation was done in Origin 8.5 by means of the included peak
search tool.
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Figure 5.23: Four examples for height histograms to determine the step height, each with the corresponding
region shown as insert; green curves: gauss fits, red curves: resulting curve

Averaging over the determined values gives 450 pm for the interlayer distance, which is con-
sistent to the value measured with the first method. Considering all values of both methods
yields an overall interlayer distance of 427 pm. This value agrees well with the expected value
of 335 pm [106] considering the limitations of the height measurement of graphene via AFM
(see [64], [124] and section 4.5 on page 42 of this work).

The step height values of the boarders of the flake are unreliable and depend strongly on
the evaluation method, probably due to the very different material properties between the
polystyrene substrate (insulator and soft) and graphene (conductor and very hard). Further-
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more, damage of the soft substrate due to the AFM tip was observed. There were also no
reference values findable for this material combination in literature.

5.4.3 TEM grid transfer

In order to make TEM investigations of the graphene samples it is QUANTIFOIL® R 2/1

necessary to transfer the flakes from the substrate to a TEM grid. reeeeeeeee
We used Quantifoil 200 mesh gold grids enhanced with a holey car- e ese oo ot
bon scaffold (Quantifoil R 2/1) from Quantifoil Micro Tools GmbH, |00 e eee e e e
Jena, Germany. The size of the holes is 2 um as shown in a SEM :::::::::::
picture in figure 5.24 which has been taken from the product infor- )eeeee8g e e¢* "™
mation sheet [160]. Hole diameter ~2 ym

Bar ~1pum
Period 3 pm

Figure 5.24: SEM image
of the grid with dimensions

The following listing describes the transfer process, which is also illustrated in figure 5.25.
The numbers in this illustration correspond to the step numbers in the listing.

1. locate the flake of interest in an optical microscope (IFM)
2. place the Quantifoil holey carbon grid on the flake and align it

3. apply a droplet of isopropanol (IPA) on the grid and dry it on a hot plate for 5 minutes at
200°C, the surface tension of the vaporizing IPA pulls the grid to the substrate surface

4. place a droplet of a polystyrene/chloroform solution (concentration: 10 mg/ml) on the
grid, it forms an encapsulation layer after drying which protects the grid and the flake
during the following step

5. etch the SiO,-substrate in a 30% KOH-water solution

6. dissolve the remaining PS in chloroform to finally obtain free standing graphene on a
TEM grid

This approach is a modified version of the transfer methods used by Jannik Meyer and his
co-workers in their work, described in the supplementary information of [118] and in [117]
(see chapter 3.6 in this work for more information)

It is recommended to replace polystyrene with PMMA and chloroform with toluene to obtain
better results. The modified spin cast parameters for a 10nm coating are then 60s at 3000 rpm
using a 0.3 wt% PMMA-toluene solution. This parameters are based on the data determined
by Walsh et al. in [161]. It is also possible to omit polymer coatings during the preparation to
simplify the process. In this case the steps 3, 4 and 6 are obsolete, but one has to be aware of
contaminations due to the KOH etching step. Anyway the sample was heated right before the
insertion into the TEM at ~150°C for a few hours (or rather over night).
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Polystyrene

Polystyrene

nTEM

Polystyrene

Polystyrene

Grapheneflake of interest

Graphene flake of interest

Figure 5.25: Illustration of the TEM grid transfer process; numbers correspond to the sequence on page 64
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5.4.3.1 SEM

Figure 5.26 shows a comparison of the transferred graphene flake before (left) and after (right)
the transfer. The right picture shows an SEM image of the flake on the Quantifoil holey carbon
grid while on the left side one can see the same flake in an optical microscope on the SiO,
substrate. (This is the same picture as shown in figure 5.38, mirrored to match the SEM
image). Obviously the flake was damaged during the transfer process. Unfortunately it is
broken and folded up at the thin boarders.

1000%/5.9 mm|0.15 mm|5.0 kV[ETD|HS 18.tif*

Figure 5.26: Transferred graphene flake before (left) and after transfer to the TEM grid (right); the flake
was coloured orange for better visibility

5.4.3.2 TEM

After transferring the flake to a TEM grid as described before (in 5.4.3) it was investigated
in an FEI Tecnai™F20 which was operated at 200 kV. Figure 5.27 shows a picture acquired
during this investigations. The right image in this figure is a closer view on the area marked in
red at the left. A hexagonal structure is clearly visible even without filtering, although it can
be said at first glance that it is no monolayer, because of the quite irregular shapes. Obviously
a Moiré pattern of two or more sheets is visible in this figure. The amorphous regions on
the pictures are carbon contaminations which can be seen all over the whole sample (see red
arrows).

In order to gain more information from this picture it was Fourier transformed with the Gatan
Digital Micrograph software similar to the method described in [76]. Figure 5.28 illustrates
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Figure 5.27: HRTEM image of graphene, marked section enlarged on the right (FEI Tecnai™F20 @
200 kV)

the procedure and shows the centre of the resulting image spectrum on the right. Even though
the resolution is quite low, a structure consisting of two overlaid hexagons can be identified.
It seems that there are two layers visible in this picture, rotated with an angle of around 25° to
each other.

o=25°

Figure 5.28: Illustration of the Fourier transformation process of the original picture (left) and the resulting
FFT picture (right), with the two overlaying hexagons rotated to each other

The next step was a separation of the two layers by applying hexagonal masking filters on the
image spectrum (demonstrated in [138]). This was again done in Digital Micrograph, although
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other evaluation programs were tried to verify and improve the results. For example ‘Image
Analyser’ offers a more flexible solution for image processing, can also read from DM files
and can be downloaded for free. Nevertheless Digital Micrograph is more comfortable for this
purpose, beacaus it offers pre-built masking patterns.

The two resulting pictures after applying the filter mask are shown in figure 5.29 on the left
side. Inverse Fourier transformation then yields two images, one for each individual layer.

Figure 5.29: FFT images after applying the hexagonal filter mask for each layer (left) and the resulting
separated two layer (right)

the carbon atoms are placed in a distance of @ = 0.14nm to each other. With
the relation d = a - /3 the inner diameter d in an regular hexagon can be cal-
culated (see figure 5.30). Substituting the bond length in the equation gives
d = 242 pm. This is the expected distance between the hexagons in our filtered  Figure 5.30
and separated HRTEM picture.

A intensity profile was measured in order to prove crystal geometry. In graphene a
E>
v

On the left of figure 5.31 the path of the intensity profile is drawn. Evaluation of the profile
shown on the right of the figure gives a distance between the hexagons of 247 pm, which
agrees very well with the expected value.
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Figure 5.31: Intensity profile path (left) and the corresponding profile (right); with the determined distance

To ensure that the structures we see after filtering and separating are real and not just arte-
facts, the two filtered pictures were combined again by pixel per pixel addition like illustrated
in 5.32. The resulting picture was then compared with the band pass filtered original image
on the far right of the illustration. Both pictures show the same structures, thus it can be
concluded that the two layers look like the pictures calculated with the FFT filter mask in
figure 5.29.

Figure 5.32: Illustration of the prove of the legitimacy of the applied filtering operations; picture 1 & 2: the
two separated layers, 3: result of the pixel addition of 1 and 2, 4: bandpass filtered original picture

5.4.3.3 STEM and EELS

For further investigations the FEI Titan3™60-300 in STEM mode, operated at 80 kV was
used. Intensity profiles were made so as to characterize SLG and FLG. Figure 5.33 shows
such a profile, where the background intensity was subtracted, as an example. The profile path
is drawn in the insert of the graph, showing a bandpass filtered HRSTEM picture captured
with the Gatan HAADF detector. The evaluation was done similar to the AFM height profiles
(eg. in section 5.18) with linear fits with slope zero.

It can be seen that the second thinnest area exhibits about twice the intensity (factor 2.3) of the
thinnest one. This intensity factor between mono- and bilayer graphene agrees with literature
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Figure 5.33: Intensity profile of the HRSTEM image shown in the insert at the top right

where Gass et al. determined a value of 2.7 [136]. Of course this method can not determine
whether these are one and two or two and four layers. Nevertheless, information about the
intensity ratio is very helpful for further characterization. Here it is assumed that the thinnest
area is SLG, as it will be proved in the following section.

The same method was then used to characterize the image shown on the left in figure 5.34.
For each area the intensity value was averaged over a region chosen as large as possible. The
determined intensity values (each with subtracted background of 224399 counts) are 9238
(corresponds to 1 layer), 21194 (2 layers), 47155 (5 layers) and 69969 counts (more than 7
layers). In the right picture, where the section marked red is shown enlarged, the hexagonal
structure of monolayer graphene can readily be seen.

To find and prove monolayer regions on the sample the plasmon peak method described
in 4.3.4.1 on page 38 was used. Figure 5.35 shows the two areas chosen for the investiga-
tions. For the marked regions an EELS spectrum image was recorded with focus on the low
energy regions were plasmon peaks occur.

Subsequently all spectra of the spectrum image (each with a size of 16 x 8 pixels) were
summed up to obtain a single spectrum for each of the two regions. The m-peak at 5-7eV
has to be ignored in this case. Due to technical limitations the zero loss peak could not be
recorded because of its high intensity compared to the plasmon signals. This limitation hin-
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5 layer

(red)

Figure 5.35: HR HAADF STEM pictures (Titan®™@ 80 kV) of the same sample region with marked areas
for the respective spectrum images

dered the exact subtraction of the zero loss signal. Since the -peak is located very close to the
zero loss peak it was not possible to reconstruct this peak properly. In this case the background
subtraction was done with Origin 8.5 because it offers a more flexible fitting tool with a lot
of available functions. Here the allometric power function fit was used. The numbers in the
graph shown in 5.36 correspond to the numbers given in figure 5.35.

Comparison with the data from literature (see chapter 4.3.4.1) directly leads to the conclusion
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that region 1 is a monolayer, due to the shape (the bulk peak is completely absent) and the
position (the maximum is at 15 eV) of the o-7-peak. The black spectrum representing region
two already exhibits an bulk plasmon peak. Thus this is more than one layer. Again compared
with data from the literature one can argue that there are less than 4 layers, otherwise the peak
would be already shifted to a higher energy. As a result of the last section (intensity analysis,
figure 5.33) we know that the thicker region has around double the intensity of the thinner one.
Finally we can assume that the area containing region 2 is bilayer graphene.

——region 1
region 2

Bulk plasmon peak

2 layers

1 layer

Intensity [a. u.]

Energy loss [eV]
Figure 5.36: Summed up EELS spectra of the two regions

Picture (a) in figure 5.37 shows a STEM bright field image of the edge of a FLG sheet ex-
hibiting four dark lines, each corresponding to a single layer fold. Via counting these folds the
thickness of a graphene sheet can be roughly estimated at the edge of a sheet, as described in
section 4.3.5 on page 40. In the present case there are four dark lines visible which leads to an
estimated thickness of four to eight layers. The interlayer distance, estimated via an intensity
profile (diagram (b)) amounts to 0.35nm which agrees well with the interlayer distance of
graphite of 0.335nm. The STEM bright field image in (c) depicts an area near the edge in
picture (a) showing the typical Moiré patterns of FLG.
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Figure 5.37: (a) STEM bright field image (Titan>™@ 80 kV) of the fourfold edge of a graphene sheet, the
section marked with an white box is bandpass filtered as against the outside area is showing the raw data;
(b) intensity trace of the path marked with the cyan box in (a), showing an interlayer distance of ~0.35nm;
(c) STEM BF image of a region farther back of the same edge exhibiting the typical Moiré patterns of FLG.

5.4.3.4 Conclusion

The methods used for preparation and characterisation were developed and improved sample
by sample within the scope of our experiments. Sample 2 is reflecting one of the latest versions
of our preparation methodology. Finally it is the most investigated sample. A lot of different
characterisation methods were tried by means of most of the instruments available. Interest-
ingly, Sample 2 exhibited almost no contamination in the electron beam, which facilitated our
analytical TEM investigations a lot.

5.4.4 Sample 3

In contrast to the other samples HOPG was used as feedstock for the preparation of Sample
3, with polystyrene on 100 nm SiO, as substrate. The preparation was done with the method
described in 3.1 on page 16. The transfer to the TEM grid was done with a older variant
of the method described in 5.4.3 on page 64 without applying a protection layer, similar to
Sample 2.

73




5 EXPERIMENTS

5.4.4.1 Optical microscopy

Optical characterisation showed a lot of graphite flakes sticking on the substrate with a rather
shattered structure and a lot of quite small thin regions compared to the samples made from
natural graphite. Figure 5.38 shows an optical image of a interesting area on Sample 1. As
mentioned in section 4.1 on page 29 the colour shift of thin sheets in this case is significantly
lower due to the polymer film on the 100 nm substrate, as the overall thickness is already close
to the low contrast range of around 150nm (see figure 4.2 on page 30).

Figure 5.38: Region on Sample 3 with a lot of graphene sheets of different thicknesses (scale bar: 20 um)

As the graphene structures on the substrate are quite shattered no particular flake, but the whole
region was chosen for the transfer. No prior Raman- nor AFM-investigations were done. Thus
thin regions were searched via TEM, among the flakes of the whole region.

5.4.4.2 (S)TEM and EELS

In order to specify the thickness of a chosen graphene flake, shown in figure 5.39, again EELS
line scans were recorded. In this case a TEM image of the flake was aquired and is shown here
instead of the STEM picture needed for the line scans, because of its better quality. Two of
these scanning paths can also be seen in this figure as white lines. The white numbers are the
numbers of these paths and correspond to the spectra names in figure 5.40. From each path
four points were chosen, each point with number and colour correspond to a single spectrum
line. All pictures and data were acquired by means of the Philips CM 20. The measuring time
(0,1 s per pixel for scan 18 and 0,2 s per pixel for scan 19) was chosen as small as possible to
avoid contamination on the surface.
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Figure 5.39: TEM image with the paths of the two STEM-EELS line scans and the evaluated points

In all spectra a remarkable bulk peak can be seen. Accordingly, there were no SLG regions
on this flake. Nevertheless, in this example a lot about the interesting relations between the
plasmon peaks position and the thickness could be learned. For instance, the first line scan
(number 19) contains a folded up region. Hence the spectrum of point number 4 corresponds
to a region double in thickness compared to the region of point 3. After comparison with data
from the literature, especially concerning the position of the o-7-peak ([157]) it can be argued
that point 4 corresponds to a graphene sheet with less than 5 but more than 2 layers. If we
take the peak position of point 3 in account, with which around 6 layers can be assumed, point
4 may correspond to trilayer graphene. The other 2 points in this line scan represent areas
of thin graphite with more than 10 layers. After comparing the four spectra of line scan 18
with the data from [157] we can hazard a guess that the points 10 and 12 correspond to bi- or
trilayer graphene, whereas the points 16 and 20 again correspond to graphite with more than
10 layers.
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Figure 5.40: Spectra of the chosen points marked in figure 5.39, the colours and numbers correspond to the
lines; top: spectra of line scan 18, bottom: spectra of line scan 19

5.4.4.3 Conclusion

With Sample 3 it could be demonstrated how the thickness of free standing graphene can be
determinated by dint of the plasmon peaks in an EELS spectrum. Even though an absolute
determination is not possible with this method, an approximative identification of thin regions
is possible. Even with quite out-dated equipment, considering the low energy resolution of
the used EELS spectra recorded with the Philips CM 20. Thus, for exact determination com-
plementary investigations with other methods are necessary, as demonstrated with Sample 2.
Nevertheless, from the measurements on this sample a lot about the methodology and the eval-
uation could be learned. Furthermore it can be seen that HOPG yields very shattered structures
with our preparation method. Even though also a lot of thin regions can be found among the
graphitic formations, they are in most cases rather small. To this end it is recommended to use
natural graphite as feedstock.
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6.1 Future prospects

In terms of its usability in the scope of the further research at the FELMI-ZFE especially TEM
grids enhanced with graphene may be interesting. Since it has the lowest possible thickness
it is the ideal substrate for TEM investigations of nanoparticles, atomic clusters, biological
material and other samples exhibiting only low contrast in a TEM. Graphene enhanced TEM
grids are already commercially available and two of them were analysed in the scope of this
thesis (see section 5.1), both showing major drawbacks. Hence, in many cases it seems to
be advantageous to produce graphene in-house via mechanical exfoliation, if only a few, very
clean SLG areas are needed, as performed in this thesis, or via one of the other presented
methods (Cu-CVD may be worth to be considered for large area monolayers synthesis). Thus
for this purpose these methods should be improved in possible future theses. Another rather
new approach using graphene as TEM substrate allows studies of specimen in a liquid envi-
ronment. To this end the solution is encapsulated between two graphene sheets (see figure
6.1, forming a graphene liquid cell. Yuk et al. introduced this method for investigations of
colloidal nanocrystals in their article [133].

Encapsulated solution

Figure 6.1: Left: illustration of a graphene liquid cell encapsulating a colloidal solution (from [133]; right:
ADF STEM picture of the atomic structure of a single BN layer with impurities, overlayed coloured spheres
correspond to the single atoms identified via histogram analysis (red: boron, green: nitrogen, yellow: car-
bon, blue oxygen; (adapted from [135])) background: cover of the nature issue containing the study

The techniques developed and applied in this thesis may also be useful for investigations of
(doped) graphene or other two-dimensional materials (eg. boron nitride). Considering the
comprehensive and powerful analytical facilities at FELMI-ZFE this seems to be worth to be
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considered. Even though atomically resolved elemental studies of boron nitride monolayer
have been performed by Krivanek et al. [135] by ADF STEM contrast or [162] by HRTEM
phase contrast, an approach via analytical STEM seems to be promising. Atom-by-atom EELS
spectroscopy on the other hand was performed by Suenaga et al. [149] at graphene edges,
discriminating single-, double- and triple coordinated carbon atoms via analysis of the car-
bon edge fine structure. Furthermore for TEM at atomic resolution, exit-wave reconstruction
4.3.3.2 may also be interesting for future studies.

6.2 Summary

A lot of different instruments and various methods were used within the scope of this study in
order to characterise graphene samples, purchased and self-made ones, especially in terms of
their thickness. Optical microscopy, Raman spectroscopy, atomic force microscopy and scan-
ning electron microscopy were used for pre-characterisations, in order to identify single layer
graphene areas for further investigations via (scanning) transmission electron microscopy.
Two different kind of commercially available graphene enhanced TEM grids were analysed in
order to evaluate them and to test different characterisation methods (see 5.1). The Ni-CVD
graphene enhanced grids, purchased from https://graphene-supermarket.com/ exhib-
ited large thin areas, but were highly contaminated with a indeterminable substance. This has
been affirmed via optical microscopy, (S)TEM EELS and Raman. Using them for analytical
TEM was thus impossible. By contrast on the TEM grids enhanced with graphene, produced
via the substrate-less argon-plasma method (purchased from www.fishersci.com), a lot of
wrinkled and agglomerated graphene sheets with only a few, very small SLG patches could be
found. However the contamination was found to be quite low. It was thus used as benchmark
material for TEM analysis methods.

Furthermore self made graphene samples were successfully prepared and transferred to TEM
grids, so as to produce free-standing graphene. For this purpose various methods based on me-
chanical exfoliation were tried and adapted (see section 3.1). The finally obtained sheets ex-
hibited very clean single layer patches. Their thickness was determined by means of (S)TEM
by evaluation of the intensity relations in (S)TEM images (section 4.3.2.1), the Fourier trans-
formed (section 4.3.3.1) HRTEM pictures, electron energy loss spectra of plasmon excitations
4.3.4.1, HR(S)TEM of graphene edges (4.3.5) and STEM images at atomic resolution (4.3.2).
All the mentioned characterisation methods were performed on Sample 2 and the experimental
results can be found in section 5.4.2 it detail.
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