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1. INTRODUCTION

The outstanding properties of graphene lead to exceptional interest in its imple-
mentation in a wide range of applications. For industrial use, however, a consistent
method for large-scale synthesis of high-quality graphene is demanded. Chemical
vapor deposition (CVD) on transition metal surfaces is a valuable method for the
synthesis of large-area high-quality graphene. In terms of mass production,
copper and nickel catalysts are of most interest because of their low cost, avail-
ability and relative ease of etching, which allows transferring graphene after syn-
thesis to the arbitrary substrate. Copper is usually a catalyst of choice for single-
layer graphene (SLG) synthesis, whereas, on nickel due to higher carbon
solubility, few-layer graphene (FLG) or multilayer graphene (MLG) is usually
obtained. Alongside the SLG, the FLG and MLG have also shown potential as
transparent conductive electrodes [1-6], thermal interface material [7], friction-
and wear-reducing coating [7,8] as well as in sensing applications [9-16],
spintronics [17—19], etc. In addition, in contrast to SLG, graphene structures with
more layers allow for the creation of hybrid intercalation materials with new
appealing properties [20].

The FLG and MLG have received even larger interest after it has been shown
that the electronic properties of bilayer graphene (BLG) where the layers are
twisted with respect to each other to large angles were indistinguishable of the
electronic properties of SLG [21]. It was also predicted, that this SLG-behavior
will not be constrained to only misoriented bilayer graphene systems, but will be
preserved for graphene samples with a larger number of layers in case of their
turbostratic arrangement [22]. Indeed, the SLG-traits have been experimentally
observed in epitaxial MLG on silicon carbide [23], showing a potential of
implementation of thicker graphene samples in graphene-based electronics. In
contrast to SLG, FLG and MLG could be less sensitive to external factors, such
as adsorbates and substrate. However, in contrast to SLG, there are significantly
fewer works discussing the synthesis of the FLG and MLG. In particular, the
stacking order of graphene layers in the obtained samples has received little
attention until very recently. It is not completely clear, when and to which extent
the rotational disorder can be present in the samples and which factors contribute
to its appearance. It is also essential to investigate the homogeneity of the
obtained graphene sheets.

After graphene synthesis, the further modification of its surface is often
necessary to broaden up the utility of graphene or to enhance the performance of
graphene-based devices. Graphene, incl. FLG and MLG, functionalized with nano-
particles or organic functional groups, is a promising material for electrochemical
applications in advanced energetics [24—26]. One of the strategies to attach
organic groups to the surface of graphitic materials is the electrochemical reduction
of the aryldiazonium salts. Despite certain progress in this area [27], more studies
are required for better understanding and control over the functionalization process
of graphene. It is important to conduct the modification procedure directly on
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nickel, to exclude the impact of the transfer procedure on the functionalization
outcome. Before functionalization, it was required to evaluate the electrochemical
properties of as-synthesized MLG on nickel electrodes. In principle, graphene
might show electrochemical behavior similar to HOPG. However, there are reports
[28][29] showing that graphene electrodes present faster electron transfer kinetics
compared to the basal plane of HOPG. However, the improved electrochemical
performance can be due to the presence of carbonation debris [30] or the graphene
suspension stabilizing surfactants [31] as well as iron contamination [32]. Further-
more, graphene prepared by different methods has highly varied densities of edge
plane defects [33]. Considering that at least in case of graphite, the edge sites are
the primary source of the electrochemical activity [34], it is apparent that the
graphene preparation method influences its electrochemical behavior. Therefore,
it is important to measure the electrochemical properties of the synthesized MLG
sheets.

The exceptionally high charge carrier mobility of graphene makes the develop-
ment of graphene-based electronics especially attractive. The graphene field-
effect transistors require a top gate, which should be uniform, ultrathin and have
high dielectric constant. Atomic layer deposition (ALD) is a method that allows
controlling the thickness of the deposition of the film with atomic precision [35].
For the initiation of the oxide growth by ALD, the functionalization of the graphene
surface is often employed [36—38]. However, functionalization can have an adverse
effect on the transport properties of graphene. Therefore, it would be preferred to
obtain a thin high-k dielectric film directly on pristine graphene. Since the
deposition of the high-k oxides, such as hafnium dioxide and zirconium dioxide,
has been well established in the Laboratory of Thin Film Technology of the Uni-
versity of Tartu, the feasibility of ALD for producing thin continuous high-k
oxide films on pristine graphene has been explored.

On the other hand, due to atomic thickness, graphene’s investigation is rather
challenging, and the combination of different characterization methods is often
needed to get a more profound understanding of the graphene growth process as
well as the impact of further modification procedures on graphene properties.

In this Thesis, pristine and functionalized few- and multilayer graphene-based
structures were prepared and characterized using various spectroscopy (EDX,
EBSD, XPS, pRaman) and high-resolution microscopy (HR-SEM and FIB,
HR-TEM, STM) methods. First, the FLG and MLG have been synthesized by
CVD on Ni catalyst, and the properties of the prepared graphene sheets have been
compared to the SLG obtained by CVD or micromechanical exfoliation of natural
graphite [I-II, V-VI]. In addition, the electrochemical properties of the syn-
thesized MLG sheets on nickel have been studied, and the possibility of their
subsequent functionalization using electroreduction of various diazonium salts
has been examined [III-1V]. Finally, the feasibility of the chloride-water ALD of
gate dielectric on top of non-functionalized graphene has been explored [V-VI].
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2. LITERATURE OVERVIEW

2.1. Structure and properties of graphene

Graphene is a monolayer of carbon atoms forming a two-dimensional (2D)
hexagonal lattice. Graphene can be viewed as an individual atomic plane isolated
from graphite [39]. It also can be described as a large number of interconnected
benzene molecules, with the hydrogen removed and one electron per atom
delocalized over the whole crystal [40]. Graphene is the basis of all graphitic
materials (Figure 1). The fullerenes belong to point-like (0D) structures and might
be viewed as a graphene sheet distorted to fit onto a spherical surface [40]. The
carbon nanotubes belong to one-dimensional (1D) structures and are essentially
rolled-up graphene, where the bending axis determines the chirality of the
nanotube. Graphite is a three-dimensional (3D) material and is a stack of graphene
layers in the z-axis with van der Waals bonds. Besides fullerenes, nanotubes, and
graphene other recently discovered forms of other sp*-bonded carbon, like carbon
onions, can also be regarded as a modification of graphene with the introduction
of curvature, structural defects and dangling bonds [41].
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Figure 1. Graphene is a basic unit for all graphitic materials [42].
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Each carbon atom in graphene is ~1.42 A away from its three neighbors. A carbon
atom has the following electron configuration: 1s?2s*2p?. In the excited state one
of 2s electrons is promoted into a partly empty 2p-orbital, so the electron con-
figuration becomes 1s?2s'2p’. Consequently, four electrons will be available for
bonding in the excited state. Each carbon atom in graphene bonds to the three
neighboring carbon atoms via in-plane o-bonds formed from 2s, 2py, 2py
hybridized orbitals (sp? orbitals). The c-bonds give graphene its structural rigidity;
they are localized and do not contribute to the electrical conduction [43]. The
remaining p,-orbital is perpendicular to the graphene plane and overlaps with the
neighboring p.-orbitals forming a n-bond. The n-bonds contribute to electrical
conduction of graphene.

'?‘S?) - | |

NN R Y

L L L]

| | K ! I R o | |

I | | |
Y. Y N g

Figure 2. The lattice structure of graphene consisting of two interpenetrating triangular
lattices A and B [44].

The two-dimensional hexagonal lattice of graphene is shown in Figure 2. The
structure consists of two interpenetrating triangular sublattices in such a way that
the atoms belonging to one sublattice are at the centers of triangles defined by the
other. Thus, each graphene unit cell contains two carbon atoms A and B [44].
Two m-orbitals of graphene unit cell disperse to form bonding orbital (valence
band) and anti-bonding orbital (conduction band) [45]. The conduction band and
valence band form conical valleys that touch at the corners of the graphene
Brillouin zone. This makes graphene a gapless semiconductor. Among the six
corners, there are two kinds of corners (designated as K and K’ points). These
two kinds of corners are inequivalent with each other. In contrast to conventional
semiconductors in graphene near K and K’ there is a linear relation between the
band’s energy and momentum (Figure 3)[44]. This is a consequence of the
quantum-mechanical hopping between the two graphene sublattices [46]. The
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linear dispersion relation in graphene can be described by the Dirac equation for
relativistic massless fermions rather than by the Schrodinger equation [44].
Therefore, K and K’ points are also named Dirac points. Because of the linear
spectrum, graphene charge carriers act like relativistic particles with zero rest
mass leading to ultrahigh carrier mobility. If all extrinsic scatterings are
eliminated, graphene intrinsic mobility of 2x10° cm* V™' s™! can be achieved at
room temperature [47]. Moreover, even for high charge carrier concentration,
mobility in graphene remains still high [42]. Another remarkable feature is that
in contrast to conventional semiconductors in graphene charge carriers can be
modulated continuously between electrons and holes [42].

Energy

Figure 3. First Brillouin zone (depicted in the horizontal plane) and band structure of
graphene. K and K’ points are the two nonequivalent corners of the zone, and M is the
midpoint between them. I is the zone center [45].

However, while charge carriers’ density vanishes near Dirac point, graphene con-
ductivity never drops to zero [39]. The origin of the nonzero minimal conductivity
of graphene is debated. The Dirac nature of graphene charge carriers is supported
by the observation of the anomalous quantum Hall effect in graphene [48].
Noteworthy, the observation of the quantum Hall effect in graphene is possible
even at room temperature. Among other remarkable quantum electrodynamic
properties of graphene are Klein tunneling paradox and breakdown of the Born-
Oppenheimer approximation [49].

Graphene also has remarkable optical properties. The one layer of graphene
absorbs 2.3% and transmits 97.7% of incident light independently of the light
wavelength [50]. Unusually high absorption of the atomically thin material is
defined solely by the fine structure constant that describes the coupling between
light and relativistic electrons [50]. The absorbance of few-layer graphene (FLG)
sheets is roughly proportional to the number of layers. Such a linear dependence
of the absorbance is related to the two-dimensional gapless electronic structure

15



of graphene [49]. On the contrary, the reflectance of graphene is very low: <0.1%
[50].

The mechanical properties of graphene are also exceptional. The defect-free
graphene sheet is the strongest material ever tested [51]. On the scale of tens of
nanometers, graphene is also exceptionally rigid. Micrometer-sized graphene,
however, readily conforms to the underlying substrate [40]. Without a substrate,
large-scale graphene bends easily because of its atomic thickness. Due to the
n-bonds graphene tends to be planar, but the resistance to bending is not so strong
to prevent it. Thus, graphene has very high tensile strength due to covalent
bonding, but when the dimensions of graphene sheet increase its thickness more
than 10* times, it becomes weak against flexing motion [40].

Graphene is stable in spite of the predicted limitations of two-dimensional
crystals [52]. Mermin—Wagner theorem proves that the amplitude of long-
wavelength fluctuations grows logarithmically with the scale of the 2D structure
and the long-range order will be destroyed in the 2D crystal of infinite size [52].
TEM studies, however, have been demonstrated that graphene does not only
show a long-range order but also exists without a substrate [53]. The key to the
stability of graphene can be the short-range distortions of the graphene lattice
where carbon atoms are shifted regularly in opposite directions relative to the
plane [54]. In addition, TEM inspection revealed that suspended graphene sheets
are corrugated within the submicrometer area [53]. The authors believe that micro-
scopic bending of graphene in the third dimension provides another explanation
of the stability of the 2D membrane. There is still no conclusion on whether the
observed corrugations are intrinsic [55] or a response to the strain from boundary
conditions [40].

2.2. Graphene preparation methods
2.2.1. Exfoliation methods
2.2.1.1. Micromechanical exfoliation

The micromechanical exfoliation of graphite is a technique that allowed isolation
of graphene for the first time. Micromechanical exfoliation, also called as “Scotch
tape” method, involves repeated “peeling” of highly-oriented pyrolytic graphite
using adhesive tape with subsequent transferring of the thinned down graphite to
oxidized silicon wafer [56]. Graphene being placed on a silicon substrate with a
300 nm thick layer of SiO, can be discerned from the substrate despite its atomic
thickness [57]. Graphene’s visibility is a result of interference with SiO,, which
acts as a spacer [58]. In the first experiments, the thin flakes were transferred by
dissolving the scotch tape's glue in acetone [56,59], further by rubbing against
the oxidized silicon wafer surface [39]. When placed on the silicon wafer with a
300 nm-thick oxide layer, even SLG gives enough contrast for the flake to be
visible under the optical microscope [60].
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The ease of graphene production by micromechanical exfoliation and the high
quality of the obtained samples made this method widely used in scientific experi-
ments. Although the fine-tuning of the method allows now to produce graphene
flakes up to 1 mm is size [61], the micromechanical exfoliation is not suitable for
large-scale graphene production. This method is of low-yield and produces
randomly placed graphene flakes accompanied by thicker flakes.

To achieve large-scale production of graphene, other exfoliation methods
were developed. These methods use the root idea of the cleavage of graphene layers
from the bulk graphite.

2.2.1.2. Ultrasonication

In the ultrasonication method, graphite is sonicated in a suitable liquid medium
[62]. The exfoliation mechanism stems from shear forces and cavitation induced
tensile stresses acting on graphene layers during sonication [62]. After removal
of thick graphitic flakes by centrifugation, a graphene dispersion is obtained [63].
Hernandez et al. have concluded by testing various solvents that the solvents with
the surface energy close to the surface energy of graphene (e.g., N-methyl-
pyrrolidone) favor the exfoliation process the most [63]. For industrial-scale
production, these solvents, however, might not be the best choice due to
environmental hazard issues, relatively high cost and high boiling point, which
makes deposition of graphene from dispersion to the desired substrate and
removal of the solvent residues more difficult. Due to the aspects mentioned above,
water has been widely employed as a sonication medium [64,65]. Different
additives (dispersants) such as surfactants [66,67], ionic liquids [68,69], polymers
[70,71] and biomolecules [72,73] are commonly added to water to improve
initially poor exfoliation efficiency and impede restacking of graphene layers
after sonication. The additives, however, may negatively affect graphene intrinsic
properties [74] and their removal after graphene deposition onto substrates can
be troublesome [75]. Conversely, graphene-additive combinations may show
synergic properties desirable for novel hybrid materials [76,77]. Furthermore,
additives can contribute to charge development on the graphene surface, which
can be used for controlled graphene deposition on the surfaces with different
morphologies by electrophoretic deposition [78,79]. An alternative approach to
increase graphene exfoliation efficiency is to adjust graphene solubility by
mixing water with another cheap solvent with low boiling point like acetone [80],
ethanol [81,82] or isopropanol [82]. Sometimes the combination of different
approaches can be used to increase exfoliation yield [83,84]. The sonication-
assisted exfoliation is considered a mild technique, but prolonged sonication
times are associated with a size reduction of the exfoliated flakes [85]. Another
drawback of the method is that in addition to SLG and FLG, thin graphitic sheets
can also be present in obtained dispersions [85].
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2.2.1.3. Ball-milling

The ball-milling is another exfoliation method used for graphene production. The
shear forces the ball-mill exerts on graphite lead to exfoliation of graphite into
FLG and SLG flakes. Grinding can be performed in a dry or wet environment.
This method is simple, low cost and provides high exfoliation yield, but the
dimensions of the obtained flakes are still small, and it is difficult to control the
precise number of graphene layers [86,87]. Moreover, the collisions during
milling can lead to fragmentation and defects.

2.2.1.4. Hydrodynamical exfoliation

Graphene exfoliation method using fluid dynamics events was recently proposed
[88]. Rapid fluid movements generated in the rotating tube or high-shear mixer
can split stacked carbon layers [62,88,89]. This exfoliation method consumes less
energy than sonication and avoids harsh cavitation process [89,90]. By using
high-shear mixing, it is possible to prepare graphene in large quantities, but the
mean size of the produced graphene flakes is under one pm [89]. Furthermore,
like other liquid exfoliation methods, it suffers from organic solvent or surfactant
contamination [91].

2.2.1.5. Mechano-chemical exfoliation

Oxidation of graphite with the formation of oxygen-containing groups can also
be used to weaken the interlayer interaction [92]. The oxidized graphite, called
graphite oxide is hydrophilic and by using moderate sonication it can be
exfoliated in water producing graphene oxide sheets. The graphite oxide is mostly
produced by the Hummers' method [93] — treating graphite with a mixture of
sodium nitrate, concentrated sulfuric acid and potassium permanganate, or its
modifications [94]. Produced graphene oxide is further reduced using various
reduction methods, like chemical one, e.g., by hydrazine hydrate, heating in the
vacuum or electrochemical reduction [95]. While this method allows obtaining
graphene at low cost and in large quantities, it is still hard to remove all oxygen-
containing functional groups bonded to graphene and even after reduction of
these groups the conjugated graphene network may not be recovered [96]. Since
the properties of graphene produced by this method are significantly inferior to
pristine graphene, it is usually referred to as reduced graphene oxide instead of
graphene [96].
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2.2.2. Growth methods

While the methods mentioned above are based on splitting graphite into atomic
layers, the alternative way is to synthesize graphene from another carbon source.
One of these methods is the thermal decomposition of silicon carbide (SiC) [97].
The SiC is thermally treated at high temperature (>1100 °C) typically in ultra-
high vacuum conditions which results in the sublimation of silicon atoms due to
the difference in the vapor pressures of silicon and carbon, and the carbon-
enriched surface undergoes reorganization and graphitization [98]. The growth of
graphene in argon atmosphere has been demonstrated both Si-terminated and
C-terminated faces of the {0001} surface of SiC single crystal. On the Si-termi-
nated face, the number of obtained graphene layers is governed by the growth
temperature [99]. The disadvantage of graphene grown on the Si-face is the
formation of the buffer layer between graphene and silicon carbide. This buffer
layer has a graphene-like honeycomb structure with about 30% of its atoms
covalently bonded to the silicon atoms of the SiC(0001) surface. Due to the
covalent bonds with the substrate, the buffer layer is strained, corrugated, and
lacks the electronic properties of pristine graphene [100]. Moreover, the buffer
layer has a negative effect on the electrical properties of the graphene layer above
[101,102]. The buffer layer is absent when graphene is grown on C-face of SiC,
but due to different nucleation mechanism, the multilayer graphene is obtained
on this face [103]. On the Si-face, the steps on the substrate can also be covered
with more than one graphene layer [104]. Better control of the surface morpho-
logy can be achieved by growing graphene in argon atmosphere close to atmo-
spheric pressure in comparison to the vacuum graphitization. The higher argon
pressure leads to a reduced silicon evaporation rate, so much higher (1650 °C)
growth temperature can be used. At higher temperature, the reconstruction of the
surface is completed before graphene is formed, which results in larger lateral
dimensions of SLG coverage [104]. Although high-quality graphene has been
obtained, the graphitization of SiC has several drawbacks. The SiC wafers are
expensive, and the requirement of very high temperatures leads to elevated
process cost. Moreover, the size of the synthesized graphene is limited by the SiC
wafer size.

Another bottom-up synthesis method to produce high-quality graphene is
chemical vapor deposition. The method uses the catalytic decomposition of carbon-
containing gas or less frequently liquid or solid precursor’s molecules on transition
metal surfaces. Compared to the decomposition of SiC, CVD process is conducted
at a lower temperature < 1000 °C and allows synthesis of significantly larger
graphene sheets, e.g., the successful synthesis of 100-m long graphene on a
copper foil with subsequent transfer to polymer film has been demonstrated
[105]. Graphene growth has been demonstrated on Ru [106], Ir [107], Co [108],
Ni[109],Cu[110],Pt[111], Au[112],Pd[113],Fe[114],Re[115]and Rh[116],
where depending on carbon solubility in metal and growth conditions SLG, FLG
or MLG graphene is produced. From an industrial point of view, copper and
nickel catalysts are of particular interest because of their availability and low cost.
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Metal catalysts in the form of single crystals, metal films deposited by electron
beam evaporation or sputter coating and polycrystalline foils can be used for
graphene growth. The foils are inexpensive and available in large sizes and thus
are beneficial from the economic point of view and feasible for industrial appli-
cations. The methane is the most widely used carbon precursor for the graphene
synthesis. However, as it has been demonstrated by Ruan et al. [117], in principle,
any carbon-containing feedstock is suitable for graphene synthesis. In the typical
CVD process, a metal catalyst is first annealed in argon/hydrogen flow, and then
a hydrocarbon gas is introduced into the system. The hydrocarbon gas then catalyti-
cally decomposes on the metal surface to carbon adatoms, which then form SLG
and/or FLG. The quality of the synthesized graphene varies depending on synthesis
conditions and the character of the substrate. The large-area graphene films
synthesized are typically polycrystalline.

2.2.3. Other methods

In addition to the methods reviewed above, some other less widespread methods
have also been developed for graphene production. In 2008, Choucair et al.
synthesized graphene by pyrolysis of sodium ethoxide, obtained via solvothermal
route [118]. Later the direct solvothermal process in the autoclave, without post-
pyrolysis step was proposed for graphene [119] and n-doped graphene [120]. This
wet chemical approach for graphene synthesis is rather attractive due to its
simplicity and commercial viability, though only small-area graphene sheets can
be obtained. The reaction product can also be contaminated with amorphous
carbon [119].

Another method is graphite exfoliation in a supercritical fluid [121-124]. A
supercritical fluid has both gaseous and liquid properties. As a gas, it has high
diffusivity, low viscosity, and zero surface tension, but similarly to liquid is
capable to dissolve materials [121]. These features make supercritical fluid a
solvent of choice for intercalation of the layered structures [124]. In this method,
graphite is immersed in the supercritical fluid in the sealed vessel for some time,
followed by rapid depressurization. A supercritical carbon dioxide [121,124],
ethanol [122], N-methyl-pyrrolidone [122], dimethylformamide [122,123] have
been used for graphene exfoliation. The advantage of the supercritical carbon
dioxide is that it evaporates during depressurization leaving no solvent residues
[121].

The exfoliation of the graphite can also be achieved by laser beam irradiation
[125-127]. Laser influence induces a vibrational excitation of the graphene planes,
which causes the collision of the upper planes during which the surface plane
receives sufficient momentum to leave the HOPG crystal [128]. In order to avoid
the damage of the graphene sheet, the photon energy of the laser should not
exceed the C—C bond energy (3.7 eV).

The unzipping of carbon nanotubes (CNT) is also one of the methods for
graphene production. In this process, CNTs are fractured along their longitudinal
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axis with the formation of graphene nanoribbons. Various techniques have been
reported for this purpose. CNTs can be unzipped by a chemical treatment with
H>SO4 and KMnO4 mixture, plasma etching, intercalation with alkali metal atoms,
passing a high current through the tube or calcination followed by sonication
[129].

2.3. Chemical Vapor Deposition
2.3.1. Principles of Chemical Vapor Deposition

Chemical vapor deposition is a synthesis method, which involves chemical reaction
(including dissociation reaction) of gaseous precursors in the vapor phase near
the substrate surface or on its surface with a formation of a solid deposit [130,131].
For the deposition of the films, the process conditions are tailored to favor the
heterogeneous reaction [131]. The reaction is generally also accompanied by the
formation of gaseous by-products that are transported out of the chamber along
with unreacted precursor gases [132]. The energy required for the CVD reaction
can be provided by thermal, photon or plasma activation [132]. There are two
basic reactor types used for conducting a CVD process: “closed reactor” and
“open reactor”. Nowadays most CVD processes are performed in the “open
reactor”, where the continuously delivered precursors flow through the reactor
[131]. The deposition process and processing parameters affect the nucleation
and growth of the synthesized material.

2.3.2. Factors affecting graphene synthesis by the CVD method

The CVD of graphene is based on the catalytic decomposition of carbon precursors
on transition metals. The catalytic power of transition metals stems from their
incomplete d-orbitals. The outcome of the synthesis is largely dependent on the
transition metal utilized as a catalyst. Metals with high carbon solubility like
rhenium, ruthenium, rhodium, nickel, and cobalt at a high temperature can store
much more carbon than it is needed for a single-layer formation on the surface of
their bulk crystals or films. As a result, the carbon segregation during their cool-
down will lead to the MLG formation on their surface. The amount of dissolved
carbon, however, can be adjusted by reducing the thickness of the catalyst sub-
strate and controlling the hydrocarbon exposure [109,133]. The graphene synthesis
on transition metals with very low carbon solubility like iridium, copper, gold
and platinum results in predominantly SLG. As in the absence of precipitation,
there will be no carbon supply when the whole catalytic surface is covered with
graphene.

The growth of graphene is also affected by the interaction of growing graphene
sheet with the underlying metal. The interaction varies from pure physisorption
to relatively strong chemisorption [134]. Graphene interacts weakly with copper,
silver, iridium, platinum, and gold, but on the contrary, the strong interaction has
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been observed on nickel and cobalt. On ruthenium, rhenium, rhodium, and
palladium the interaction between carbon and metal atoms varies across the unit
cell depending on the adsorption site of the carbon atoms giving rise to the
corrugation of the graphene sheet [135]. The weak interaction of graphene with
the metal results in the formation of various rotational domains, which leads to
the formation of grain boundaries as these domains stitch together. The grain
boundaries, in turn, have a negative effect on graphene properties. On the other
hand, the weak interaction allows the continuous growth over edges and steps on
the substrate surface [136]. Whereas, for example, the strong interaction with
ruthenium step edges has been showed to prevent the graphene growth in a step-
up direction [135].

The metals also differ in their effectiveness as the catalysts for dissociative
chemisorption of hydrocarbons and graphitization. For example, the dissociative
chemisorption of methane on Cu(100) is five orders of magnitude lower compared
to Ni(100) surface [137]. The catalytic activity of a metal is related to its electronic
structure. Metals with few unpaired electrons in the outer d-orbital show higher
catalytic activity compared to the metals with full outer d-orbitals.

Prior to a graphene synthesis, the pretreatment of catalyst substrate is generally
required. The goal of the pretreatment step is to improve the surface of the metal
catalyst to obtain the graphene with better quality. One common pretreatment
strategy is to make the metal surface more uniform by removing surface contam-
ination/oxide layer and various imperfections. For that purpose, various surface
pretreatments such as soaking in dilute acid [138], mechanical [139] and/or
electrochemical polishing [140,141], sonication in acetone [136,142] as well as
prolonged annealing in reducing atmosphere [ 141-143] have been reported. From
the mentioned above, the annealing in Ar/H» mixture is the most used treatment,
as in addition to removal of native oxide and smoothing the surface, it allows
improving the microstructure and texture of the catalyst [144]. Another emerging
pretreatment strategy is to preserve the oxide layer on the metal surface up to
initiation of the graphene growth by heating the substrate to the growth
temperature in air or pure argon. The oxide layer on the catalyst leads to the
drastic suppression of graphene nucleation density and significant increment in
the size of graphene domains [141,145].

CVD of graphene can be conducted at atmospheric pressure (AP), low pres-
sure (LP) (0.1-1 mbar) or in ultrahigh vacuum (UHV) conditions [146]. Con-
ducting CVD in UHV allows better control of the growth process; making it
possible to obtain SLG on most of the graphene catalyzing metals (including
nickel) if clean single-crystalline substrates are employed [135]. However, UHV
conditions are not viable for graphene production on an industrial scale due to
high expenses on maintaining ultrahigh vacuum systems [147], and thus, these
are mostly used for studying the mechanism of graphene growth in accordance
with the requirements of surface sensitive characterization methods. From an
economic point of view, the atmospheric pressure CVD is the most advantageous.
However, it was reported that the increase in the chamber pressure could have an
adverse effect on graphene quality. For catalysts with high carbon solubility, it is
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more difficult to control carbon precipitation at APCVD conditions [148]. Further-
more, Bhaviripudi has studied the role of pressure of the reaction chamber in
CVD synthesis of graphene on low carbon solubility catalyst [146] and has found
that in contrast to LPCVD, in APCVD the growth of graphene on copper is not
self-limiting, and multilayer domains can be obtained if the hydrocarbon pressure
is not optimized. Besides, graphene synthesized at APCVD had a higher density
of defects and inferior uniformity compared to LPCVD synthesis. It is generally
believed that at high temperatures at atmospheric conditions the rate-limiting step
is the diffusion through the boundary layer, the thickness of which is affected by
the geometry of CVD chamber and the effects of gas flow. A variation in the
thickness of the boundary layer results in thickness inhomogeneity of the syn-
thesized graphene. At low total pressure, the diffusion through the boundary level
is enhanced and is no longer the rate-limiting step. At LPCVD, the growth becomes
surface-reaction limited and higher graphene uniformity can be achieved over
large areas [146]. The higher defect density at APCVD conditions can be explained
by significantly higher graphene nucleation density compared to LPCVD due to
a lower activation energy of graphene nucleation [ 148]. Higher nucleation density
results in higher grain boundary densities, and thus a higher number of defects. It
should be noted, however, that a low pressure at the high growth temperatures
promotes a sublimation of the catalyst.

Another critical parameter of CVD graphene synthesis is a growth temperature.
In conventional CVD, the temperature range of 800—1000 °C is usually employed
for most of the catalysts [148]. Although the temperature at which graphene can
be synthesized largely depends on the utilized metal catalyst and hydrocarbon
precursor, the improvement of the quality of graphene with an increase of the
growth temperature is the overall trend. The decreased number of defects with
increasing the temperature has been reported on copper [149], nickel [150], and
iron [151] with no detectable defect-related band observed in Raman spectra of
graphene synthesized at 1000 °C. Besides the number of defects, the growth
temperature was reported to affect the orientation of graphene domains relative
to the catalyst surface. For iridium, multiple domains are observed at low growth
temperatures, but a single-domain structure can be obtained at high temperature
[135]. A similar observation was made on Cu(111) [149], but the rotational
boundaries were still observed even at the high temperature due to misalignment
of graphene domains after overgrowing the step edges on the copper surface. In
turn, the density of the grain boundaries is also influenced by temperature. Higher
temperature favors the formation of larger graphene domains [141,152], which is
related to the lower nucleation density of graphene due to significantly increased
desorption rate of carbon-adatom species [153]. It should be noted, however, that
higher temperature increases the possibility of saturating the catalyst with carbon,
which can result in a larger number of graphene layers [154].

The exposure time to hydrocarbon precursor should be sufficient to ensure the
merging of individual graphene domains into a continuous graphene sheet. At the
same time, more prolonged exposure to the carbonaceous source in common with
high hydrocarbon concentration leads to the formation of a higher number of
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graphene layers [150,155,156]. It has been shown that even on copper, where the
growth is considered to be “self-limiting”, additional graphene layers can nucleate
at the metal-graphene interface despite the full coverage of the catalyst surface
[154].

The partial pressure of the hydrocarbon precursor is an important parameter,
which affects graphene nucleation density. For a low seeding density, it is
favorable to use a low concentration of the precursor [157]. Too low concentration,
however, leads to the formation of separate graphene domains instead of the
complete coverage of the catalyst [136,158]. Besides, on metals with high carbon
solubility, by changing hydrocarbon concentration, it is possible to affect the
thickness of few- or multi-layer graphene sheet [150,155,159].

During synthesis, the hydrocarbon precursor is mixed with argon and hydrogen.
The partial pressure of hydrogen used during the synthesis varies immensely
among publications. Initially, the hydrogen gas was regarded solely as a reducing
agent maintaining the metal surface free of oxide during the graphene growth.
Later it was proposed by Vlassiouk [160] that hydrogen may also serve as a
cocatalyst promoting the chemisorption of methane with the formation of more
active surface-bound methyl radical. The above assumption was made based on
the observed dependence of the graphene growth rate on the hydrogen partial
pressure: the graphene growth at APCVD had initiated only when the hydrogen
partial pressure was sufficiently high, and the maximum growth rate was achieved
when the hydrogen partial pressure was 200400 times that of methane. The
evolution of the graphene domains at high hydrogen partial pressure from
irregularly shaped with small bilayer region to perfect single-layer hexagons
further corroborated the distinct role of hydrogen in graphene growth. The
observed shape change of graphene domains, as well as the saturation of the
growth speed at high hydrogen partial pressures, was explained by the reaction
of hydrogen radicals with the carbon-carbon bonds of lower stability catalyzed
by transition metal surface. The etching of graphene at high hydrogen partial
pressure has been later reported by several other groups both at atmospheric and
low-pressure conditions [144,150,161] More recently, however, Choubak et al.
demonstrated that no graphene etching takes place when purified hydrogen is
employed, while graphene sheets exposed to unpurified hydrogen were notably
etched apparently by the residual oxygen or other oxidizing impurities [162]. The
concomitant etching by oxidizing contaminants explains well the inhibition of
graphene growth in the absence of H, and questions the necessity for “activation
of the surface-bound carbon by hydrogen” reported earlier [160]. Indeed, it has
been demonstrated that if the presence of oxidizing impurities is below 1 ppb,
hydrogen is not required for graphene growth from methane [163]. In practice,
however, it is challenging to limit the presence of oxidizing impurities to such a
degree, and the flow of pure hydrogen is helpful to prevent graphene from etching
and amorphization [164]. Whether all observed effects of the hydrogen partial
pressure on graphene growth can be explained by its counteractive action on
oxidative species, is not clear yet. Among other possible factors is the reduction
of surface sites available for dissociation of methane due to chemisorptions of
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hydrogen on the catalytic metal surface [137]. The adsorbed hydrogen has also
been shown to alter the migration and polymerization speed of carbon on metal
surfaces [165]. In addition, according to ab-initio calculations at low hydrogen
pressure the edges of graphene are bound to the catalytic metal surface, whereas
at high hydrogen pressure the edges of graphene are terminated by hydrogen and,
therefore, detached from the metal surface, which facilitates migration of active
carbon species underneath the first layer of graphene and formation of the adlayer
[166].

2.4. Graphene transfer methods

After CVD synthesis, graphene can be separated from the catalyst metal and
moved to the desired substrate. Nickel and copper can be readily removed by
etching. The most widely used etchants are iron chloride, iron nitrate and
ammonium persulfate [167]. Nitric acid is also an effective etchant, but the
release of the gas during the reaction can break a graphene sheet. The etching is
performed by immersing the catalyst substrate covered with graphene into the
etching bath. When the metal foil is used for graphene synthesis, graphene is
formed on both sides of the foil. In this case, it is preferable to remove graphene
from one side of the foil, e.g., by argon plasma prior to etching.

Before metal etching and a subsequent transfer, the graphene film is covered
with a support polymer. Support polymer facilitates handling of graphene film
after etching of the metal and prevents it from folding and tearing during the
transfer process. The most popular supports for graphene transfer are polymethyl-
methacrylate (PMMA) [168], polydimethylsiloxane (PDMS) [169] and thermal
release tape [170].

The general transfer using PMMA is the following. First, the graphene-
covered metal sample is spin-coated with a PMMA solution. When a solvent is
evaporated, and PMMA is solidified, the sample is placed into an etching solution
until the transparent PMMA/graphene membrane floating on the etching solution
can be seen. The floating PMMA/graphene membrane is then cleaned in deionized
water and is captured by the target substrate. When water is evaporated, and good
contact between PMMA/graphene and the substrate is obtained, the PMMA is
dissolved in acetone or dichloromethane [168]. Often the annealing of transferred
graphene is performed at 200-300 °C to get rid of PMMA residues. This method
generally yields high-quality transferred graphene films with the reported mobility
as high as 16 000 cm”*V~'s™' [152]. Nevertheless, water residues that could be
trapped between graphene and the substrate have been shown to introduce a
disorder affecting graphene electrical properties [171].

In the PDMS-mediated transfer, metal/graphene sample is directly attached to
the PDMS stamp [169]. Alternatively, the liquid PDMS is poured onto the
graphene [172]. When a solution-phase PDMS is used, a better contact between
graphene and polymer can be achieved [172]. In contrast to PMMA-mediated
transfer, no PDMS dissolution is generally required. The PDMS has low surface
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energy and does not adhere strongly to graphene. Once PDMS supported graphene
with the removed metal catalyst is brought into contact with target substrate, PDMS
stamp can be peeled back, leaving graphene on the substrate [167]. In the case of
multilayer graphene, the top graphene layers can be transferred without etching
of the metal substrate [172] as PDMS adhesion to graphene can excel the adhesion
between adjacent graphene layers. This allows avoiding the contamination of the
graphene with metal impurities originating from etching solution and incomplete
catalyst etching [173]. In addition, the catalyst substrate can be reused. The
nearest to catalyst graphene layer, however, has greater adhesion to the substrate
compared to PDMS and therefore cannot be transferred without etching of the
metal.

For large-scale transfer of graphene in the industrial process, it is convenient
to use thermal-release tape (Nitto Denko Revalpha). The thermal-release tape
adheres to graphene at room temperature but can be easily peeled off by heating.
As in the previous transfer methods after attaching graphene to the tape, the
etching of the metal substrate is performed. The hot pressing or roll-to-roll
processes can be used to transfer graphene from the tape to the desired flexible or
rigid substrates, accordingly [167]. The roll-to-roll process allows the continuous
transfer of graphene at meters’ scale on flexible substrates. The hot pressing
process, however, results in less mechanical defects in graphene films transferred
to rigid substrates [174].

2.5. Scanning electron microscopy
2.5.1. Basics of the image formation

The working principle of the scanning electron microscope (SEM) is based on
scanning of the sample surface with an electron beam (e-beam). Primary electrons
generated by electron gun are focused into a small-diameter electron probe that is
scanned, usually digitally, across the specimen. E-beam scanning is realized by
using scanning coils/plates, which deflect the e-beam using a magnetic/electric
field. The e-beam is principally deflected in two perpendicular directions, sequen-
tially covering the rectangular area on the sample (a raster). The signal intensity
derived from the interaction of the e-beam with the specimen at every point is
converted to gray level values on the display screen, producing an image. If the
raster scanned by the e-beam on the specimen is smaller compared to the raster
displayed on the screen, a magnified image is produced [175,176].

Two signals, generally used to form SEM images, are secondary electrons
(SE) and backscattered electrons (BSE). By definition, SE are all electrons
emitted from the sample with energy less than 50 eV. Since SE generally receive
only a small amount of energy from the primary electron upon their generation,
they can lose all of their kinetic energy before reaching the surface of a sample.
Furthermore, at least part of the remaining energy is required to overcome a
surface potential barrier. As a result, despite being produced along the entirety of
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the trajectories of primary electrons within the sample, only those generated in
the vicinity of the surface will contribute to an SEM signal. [177]. The maximum
depth of emission for SE is for metals about 5 nm and 50 nm for insulators. The
shallow escape depth makes the SE signal very sensitive to surface features. The
sensitivity to surface features can be further improved by using low electron
accelerating voltages (< 5 kV).

Backscattered electrons are the e-beam electrons the trajectories of which have
intercepted sample surface, but not necessarily their exact entrance surface, and
therefore escaped from the sample. As a rule, these electrons have undergone
multiple elastic scattering events to accumulate sufficient deviation from the
initial trajectory to return to the surface. A small fraction of the probe electrons,
however, backscatter elastically with a sufficiently large angle immediately upon
entering the specimen [177]. The BSE energy range is broad, by convention it is
from probe electrons energy to 50 eV [178], but the majority of BSE retain at
least 50% of the primary beam energy. As a consequence, BSE can escape from
significantly larger depths in comparison to SE. The BSE signal can, therefore,
be sensitive to subsurface features of the sample structure [177].

The SE and BSE yield is a minimum when the surface of a sample is perpen-
dicular to the electron beam [175]. On the tilted surface, more SE are generated
within their escape depth, and therefore, a higher number will be able to escape.
Edges and the protruding parts of surfaces hence produce more SE [176]. The
backscatter coefficient also increases as a monotonic function of the surface tilt.
Thus, the number of emitted SE and BSE from every point irradiated by e-beam
provides information on the inclination of the local specimen surface. However,
the number of the BSE measured also depends on the orientation of the surface
to the detector because in tilted regions, the majority of BSE move in a forward-
scattering direction [177]. The standard detector for SEM observation — the
Everhart-Thornley detector is located on the right side of the microscope chamber
below the electron column. Thus BSE will be efficiently collected from the sample
areas facing the detector making these areas appear bright in the image. In
contrast, few BSE will reach the detector from areas inclined to the other side from
the detector, and these areas will appear dark. The number of the detected SE also
depends on the position of the detector relative to the surface under observation.
However, due to their low energy, the trajectories of SE can be altered by the
positive bias of the collector grid in front of the Everhart-Thornley detector, which
significantly increases the SE collection efficiency even from the areas not facing
the detector. This results in the reduction of the directional contrast, still the SE
collection efficiency will be highest in the areas facing the detector. If the
Through-the-Lens detector is used instead of the Everhart-Thornley detector, SE
electrons are most efficiently collected from the surface perpendicular to the
electron beam. Hence, the topographic contrast in the obtained image is a function
of the number of detected BSE and SE, which in turn depends on local surface
geometry, the type of the detector and its position with respect to the sample
[177].
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SEM images can give the information not only about surface topography but
also about the composition. The pure SE yield is relatively insensitive to atomic
number, except for carbon and gold with anomalously low and anomalously high
yield, respectively [177]. On the contrary, as the yield of BSE increases with
increasing atomic number, the regions of the sample with a higher mean atomic
number will appear brighter. In addition, BSE from targets with higher atomic
number tends to be more energetic. In turn, the efficiency of the most BSE detectors
generally increases with the energy of the BSE [177]. Therefore, the contrast
between areas with a different atomic number can be even more pronounced.

2.5.2. Crystallographic information from the SEM

When the electron beam strikes a surface of a polycrystalline material, the density
of atoms it encounters depends on the crystal orientation. At directions of lower
atomic density, the electrons can penetrate deeper into the sample before they are
scattered. The futher the scattering starts from the sample surface, the lower the
probability for the backscattered electron to reach the surface. If the crystal
orientation has a dense atom packing, the scattering of electrons starts at the sur-
face instantly, and the BSE yield of this surface will be higher than that of the
amorphous surface [177]. Thus, the BSE coefficient is dependent on the orientation
of the crystal with respect to the incident beam. As a consequence, grains with
different crystallographic orientation exhbit different grey levels in the image.
Though the magnitude of variation in the BSE yield rather is small, this crystallo-
graphic (electron channeling) contrast can be utilized to obtain information about
the microstructure of crystalline materials [175,177].

However, in certain cases, it is necessary to determine the actual orientation
of the crystal. Different gray levels in SEM image showing crystallographic
contrast do not give quantitative information about the crystallographic orientation
of grains. However, the electron channeling can be used to form diffraction
patterns [175]. The local crystallographic orientation of a surface can be determined
quantitatively by electron backscatter diffraction (EBSD) technique.

EBSD operates by arranging a flat sample at a shallow angle, usually 20°, to
the incident electron beam (Figure 4). When electron beam points the crystal
lattice, the diffracted electrons form flat cones of intensity above the sample. As
the electrons can diffract from both sides of the atomic planes, two cones of
diffracted electrons are produced on each atomic plane. If to place a phosphor
screen adjacent to the tilted specimen, in the way of diffracted electrons, these
pairs of cones will be displayed as two almost straight lines, which are called
Kikuchi lines. The EBSD pattern consists of many Kikuchi lines, which
intersections correspond to the zone axes, while the distances between them to
the angles within the crystal. [177,179].
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Figure 4. Schematic diagram of the EBSD technique [180].

The EBSD pattern produced on the phosphor screen is recorded using a CCD
camera. Before the EBSD pattern can be analyzed, the averaging of several
recorded image frames is usually required to improve the signal to noise ratio.
The diffraction pattern is analyzed by the software, which measures the position
of the lines and angle between them, comparing them to the predicted for given
crystal structure [175]. The nominal angular resolution limit is = 0.5°, and the
spatial resolution correlates with the resolution of the SEM in backscattered
electron imaging [179]. Extensive data can be received by scanning the e-beam
over the sample and measuring the orientation at every step. The obtained data
can be used to visualize the variation in crystallographic orientation over the
sample. By using these orientation maps, the information about grain sizes and
shapes, orientation, texture, misorientation and phase distribution can be obtained
[175].

2.5.3. SEM studies of graphene

Despite its atomic thickness, graphene can be imaged by SEM. The contrast
mechanism under graphene imaging has been debated. Obviously, graphene is
too thin to produce thickness contrast. Nevertheless, graphene-covered areas and
bare substrate have different brightness levels on SEM micrographs. The areas
with a different number of graphene layers can also be distinguished by discrete
shifts in contrast. The contrast between individual graphene layers is especially
prominent at low accelerating voltages [181,182]. Currently, the most feasible
explanation of the observed contrast is the attenuation of secondary electrons
emitted from the substrate under graphene [182]. This explanation is consistent
with signal intensity dependence at graphene region on a number of graphene
layers [181,182]. The observations of graphene growth in situ by SEM, though,
pointed out that graphene-covered surface and the bare substrate were not
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distinguishable prior to the sample air exposure [183,184]. These observations
question the ability of graphene to affect secondary electron emission from the
underlying substrate considerably. Among other contrast mechanisms reported
for graphene imaging is the voltage contrast [181]. The voltage contrast is a result
of electric fields developed in response to the charge introduced by the primary
e-beam. The voltage contrast can develop when graphene is located on an
insulating surface like commonly used SiO,-covered Si substrate. This contrast
mechanism can explain graphene contrast reversal (graphene appears brighter
than the substrate) [181,182] at low (< 1-2 keV) accelerating voltages.

Although the exact mechanism behind the SEM imaging of graphene is not
fully understood, the use of SEM for graphene studies becomes more and more
widespread. SEM allows to estimate a homogeneity of a synthesized graphene
film, detect the presence of discontinuities and areas of a few or multilayer growth
[185]. It can be utilized to monitor graphene growth characteristics like the size,
shape, and distribution of graphene domains [186—188].

Graphene studies by SEM are similar to graphene studies by optical micro-
scopy, only in this case, not the color but the brightness values of the graphene-
covered surface are compared to the brightness values of the substrate. The reso-
lution of SEM being around 1 nm significantly surpasses the possibilities of optical
microscopy. Also, the graphene characterization by SEM can be performed
directly on the catalyst surface without the need to transfer graphene to silicon
substrate covered with silicon dioxide of the required thickness. In the case of
transferred graphene films, SEM can be successfully used to evaluate the quality
of the transfer procedure, namely whether the transfer procedure has introduced
defects or impurities that can have adverse effects on graphene properties. Usually,
SEM instruments are equipped with EDX spectrometers, which allow easily to
determine the nature of the contaminants.

Graphene measurement by SEM successfully complements Raman spectros-
copy [189]. Raman spectroscopy has become a standard method to determine the
number of graphene layers, but it is not that easy with Raman spectroscopy to get
the information about the homogeneity of large-area graphene coating. Raman
mapping, for sure, can provide information about the homogeneity of the sample,
but it is inferior to SEM in a spatial resolution and speed. Due to the lower
resolution small discontinuities, cracks and patches of multilayer growth can
remain overlooked. SEM, in contrast, can be applied to characterize nanometer-
sized defects in graphene. The rapidity of SEM measurement allows to inspect
the influence of various synthesis parameters and find optimum conditions for
synthesis [190].

Generally, SEM is not employed for the determination of the number of
graphene layers, however, such a possibility has been demonstrated for the first
time by Hiura et al. [182]. They found a relationship between the SEM contrast
and a number of graphene layers on insulating substrates. Further, Kochat et al.
presented a quantitative approach for the determination of thickness of graphene
films on SiOs-covered Si substrate based on attenuation of SE by graphene [181].
For correct layer number determination, graphene sample should be measured at
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the same imaging conditions as used by Kochat. The method showed its feasibility
on the samples with a thickness of up to several graphene layers. In case of
graphene on a polycrystalline substrate, the orientation of the crystallites relative
to electron beam will affect the secondary electron yield and consequently the
signal intensity, which makes the determination of graphene thickness based on
the intensity values in an SEM image unreliable.

2.6. Atomic force microscopy

The working principle of atomic force microscopy (AFM) is based on the
measurement of the interaction force between a tip and a specimen surface using
specially-designed probes consisting of a flexible cantilever and a ultrasharp tip
on its free end. At tip-sample separations on the order of several to tens of nano-
meters the interaction is governed by long-range attractive interactions largely as
a result of the van der Waals forces, although at shorter distances, the short-range
repulsive interactions start to dominate, which stem from the overlapping of the
electron shells of the tip and specimen atoms [191]. Under the force exerted by
the surface the cantilever starts to bend. The cantilever deflections are measured
as the tip is scanned over the surface of the sample, or conversely, the sample
surface is scanned beneath the tip. The deflections of the cantilever are, as a rule,
measured with a beam-bounce optical method. In this method, a diode-laser is
directed on the rear side of the cantilever right above the tip, and the position of
the reflected beam is monitored with a position-sensitive photodetector. The
measured deflections of the cantilever allow the software to construct a map of
surface topography. Besides interatomic forces, different long-range forces such
as magnetic or electrostatic forces can also be detected and mapped. AFM offers
high-resolution three-dimensional images of the surfaces of both conducting and
insulating samples.

The AFM instrument can be operated in one of three modes: (i) contact,
(i1) non-contact (iii) or tapping mode.

In contact AFM mode, the tip of the cantilever is in physical contact with the
surface of the sample. As the tip is scanned across the surface (or a surface is
scanned under the tip), a repulsive force is detected as an upward deflection of
the cantilever [191]. Then either the deflection of the cantilever is used to
generate topographic info while the height of the piezoelectric scanner is fixed,
or a constant repulsive force is set as a fixed cantilever deflection, and the changes
in the height of piezoelectric scanner controlled by z-axes voltage required to
keep this constant force are monitored. The constant-height mode is usually a
method of choice for obtaining the atomic resolution on atomically flat surfaces,
for non-atomically flat surfaces, the constant force mode is appropriate. In contact
mode, the tip always exerts a mechanical load on the sample surface, which can
lead to damage of the sample or displacement of the molecules weakly bonded to
the substrate. In addition, tip wear is often a problem in a contact mode [191,192].
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In non-contact AFM (NC-AFM) mode, the spacing between the tip and the
sample surface is in the order of several to tens of nanometers. A stiff cantilever
is excited to vibration near its resonance frequency by an additional piezo element.
The frequency alternation of the oscillating cantilever is utilized to detect changes
in the force gradient, which reveal changes in the distance between the tip and the
sample, and thus, sample topography. The feedback system keeps the resonance
frequency constant by changing the height of the scanner. As in the contact mode,
the voltage applied to the scanner is used to generate the image of surface topo-
graphy. Because the tip does not touch the sample during the measurement, lateral
forces and surface/tip damage are minimized [193].

In the tapping or intermittent contact mode, the oscillating tip during scanning
alternately touches the surface and lifts off with an amplitude of 10-100 nm.
Energy losses due to intermittent contact of the tip with the surface cause a change
in the oscillation amplitude. The feedback system keeps the oscillation amplitude
constant by changing the voltage regulating the height of the scanner, and the
latter gives topographic information of the sample surface [192].

2.6.1. AFM imaging of graphene

Atomic force microscopy was the first technique used to identify SLG [56]. After
the micromechanical exfoliation technique was employed, there was a need to
select SLG from thin graphitic flakes and FLG for further experiments. The
thinnest flakes were first identified by optical or scanning electron microscopy
and further measured by AFM. The relevant thickness, as well as the absence of
atomic steps within the flake, affirmed their two-dimensional nature. At this time,
AFM was the only method to reliably identify single-layer crystals prior to the
measurements of their properties [194].

The AFM approach for estimation of the number of graphene layers seems
very straightforward. However, several factors can affect the accuracy of the
measurement. Graphene, especially the one produced by exfoliation methods,
may not lay flat on the substrate. Furthermore, even when the spacing between
the layers in graphite is well known, then the distance between graphene and the
substrate can be obscure. The comparison of the AFM measurements of the same
area in ambient air and UHV showed more than twofold difference in graphene
thickness [195]. The discrepancy between the ambient/vacuum measurements
was attributed to the presence of ambient species between the substrate and
graphene [195]. Obraztsova et al. have measured the thicknesses of graphene
flakes in contact mode and observed that the measured values depended on the
force applied by the AFM probe [196]. Apparently, the flakes that were not
attached firmly to the substrate were pushed closer by the AFM probe. So, for the
correct thickness measurement, the right amount of force between the probe and
the substrate needed to be found. The tapping mode is also widely employed for
the imaging of graphene. It has been shown, however, that for graphene thickness
measurements, the imaging parameters should be chosen with care [197]. The
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difference as much as 1 nm can be observed in the measured height depending
on the free amplitude of the tapping cantilever and the amplitude setpoint. The
difference in height comes from the fact that the tip enters the repulsive region
on graphene and oxide surface at different free amplitude. Therefore, for correct
thickness measurement, either the free amplitude or setpoint should be chosen in
such a way that the measurements are performed in the repulsive region on both
oxide and graphene surfaces [197]. If the thickness is measured on the step height
relative to another graphene/graphite surface, the measured value is reliable
despite the free amplitude or setpoint parameters [197].

The thickness evaluation of graphene is generally performed on a Si/SiO;
substrate. The thickness measurement of CVD synthesized graphene directly on
the catalyst is difficult due to its unevenness and because the oxide layer might
start to develop on the uncovered areas of the metal. If the graphene coverage is
continuous over the substrate, it will not be possible to estimate the number of
the graphene layers with AFM.

Besides thickness determination, AFM is used to study the nanoscale morpho-
logy and atomic structure of graphene. Atomic resolution on graphene is more
commonly obtained by scanning tunneling microscopy. The tunneling current,
however, aside from the surface topography is also dependent on the local density
of states near the Fermi energy and the local tunneling barrier height. The combi-
nation of STM with AFM high-resolution imaging allows separating electronic
and topographic effects [198,199].

In addition, the ultimate sensitivity to surface topography makes AFM the
primary method to assess the purity of the graphene surface. The residues intro-
duced during graphene exfoliation, transfer or/and the lithographic patterning
may have an adverse effect on graphene properties [200,201]. The electrical and
mechanical properties of graphene are also considerably affected by the presence
of grain boundaries [202]. The grain boundaries cannot be imaged directly by
AFM due to tip convolution effects [203]. Nevertheless, AFM can reveal the
grain structure of graphene if selective etching of the defects is performed prior
to the AFM imaging [203]. The trenches formed on the grain boundaries’ sites
can be discerned on AFM images.

AFM has a low throughput, which makes it difficult to measure large-area
graphene samples. On the other hand, it is highly suitable for imaging of graphene-
based nanoelectronic devices, giving a possibility to observe local imperfections
and identify areas of malfunction [204]. In the development of graphene-based
devices, the formation of a suitable gate insulator is of particular interest. AFM
is widely employed for characterization of nucleation, growth, and homogeneity
of the ultrathin dielectric films [205-207].

33



2.7. Transmission electron microscopy

In a transmission electron microscope (TEM), an electron-transparent sample is
irradiated with an e-beam of uniform current density [208]. Electrons are generated
in an electron gun via thermionic, Schottky, or field emissions. All the emission
types use a negatively biased source (cathode), which, except the cold field
emission, is heated to high temperatures. The emitted electrons are converged by
the gun electrode(s) and form the first image of the source, the crossover. Then
they are accelerated down the column to their final kinetic energy by the electric
field parallel to the optical axis of the column produced by the grounded anode.
The acceleration voltage of conventional instruments is commonly within the
range of 60-300 kV. The system of condenser lenses and the upper objective lens
then form a parallel electron beam in the plane of a sample. A condenser lens
system determines the beam current and controls the beam diameter. The
electron-intensity distribution behind the sample is visualized on a fluorescent
screen using a lens system composed of lower objective, intermediate and pro-
jection lenses. The lower objective lens produces a magnified real image of the
sample. The objective lens is followed by the intermediate lens, which is used to
magnify the image formed in the image plane of the objective lens or the dif-
fraction pattern formed in the former’s back focal plane. The switching between
image and diffraction mode is performed by changing the excitation of the
intermediate lens. The projector lens/lenses project the image or diffraction pattern
further on the TEM screen. The fluorescent screen is used for real-time imaging
and electron optical system adjustments. The image can also be viewed and
recorded digitally via a charge-coupled device (CCD) camera coupled with a
fiber-optic plate to a fluorescent screen [176,208].

The sample for the characterization using TEM should be sufficiently thin to
be transparent to the beam electrons. As electrons interact strongly with matter, the
sample thickness must be on the order of 20-100 nm depending on the density
and average atomic number of the object and the required resolution. If the
sample is thin enough, then almost all of the incoming electrons are transmitted
through the specimen. During propagation through the sample, the electron wave
can change both its amplitude and its phase. The change in amplitude and a phase
generate amplitude (scattering) and phase contrasts, respectively. Generally, both
types of contrasts are present in the image; however, the imaging conditions are
selected so that one type of contrast is predominant [176,209].

There are two major types of amplitude (scattering) contrast: mass-thickness
and diffraction contrasts. Mass-thickness one stems from the incoherent elastic
scattering of electrons. As the elastic scattering cross-section depends on the
atomic number, the regions of a sample with different atomic numbers scatter a
different number of electrons. Similarly, the thickness variation produces contrast
because the thicker is the region, the higher is the scattering and multi-scattering
probability for materials of the same average atomic number. To obtain inter-
pretable amplitude contrast in the image, either direct or scattered e-beam is
selected by the objective aperture. Although nearly all materials show some mass-
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thickness contrast, it is the most useful contrast mechanism in the case of non-
crystalline materials. If the sample is crystalline, a diffraction contrast can be
observed. Diffraction contrast is a special form of amplitude contrast where the
scattering occurs at Bragg angles [209]. In order to form a diffraction contrast
image, the direct beam (Bright-field image) or a Bragg-scattered beam (Dark-
field image) can be selected. The diffraction contrast on the TEM images looks
like a variation of intensity between different grains in the polycrystalline material.
The individual grains in the polycrystalline material will, therefore, have a
different level of intensity in a TEM image depending on their orientation relative
to the incident beam. Crystal defects also can be a source of diffraction contrast,
which appears as an intensity variation within an individual grain [176,209].

The contrast in TEM images can also arise due to the change in the phase of
the electron waves propagating through a thin sample. The difference in phase
leads to interference between the unscattered beam and the diffracted beam. Dif-
ferent beams are brought together by slightly defocusing the objective lens. Unlike
amplitude contrast imaging where the single beam is selected with an objective
aperture, no objective or a large diameter objective aperture is inserted to enable
several beams to take part in the formation of the image. Due to its sensitivity, the
phase contrast can be used to obtain the atomic resolution, or more precisely atomic
column resolution because in the high-resolution image atomic columns through
the specimen thickness are visualized [176,209].

The electrons can come through the sample without losing energy or may suffer
inelastic interactions. If to measure the amount of energy loss of inelastically
scattered electrons, the information about the structure and composition of the
sample with a lateral resolution on the atomic level, in the favorable cases, can
be obtained. The energy of the electrons that have come through the sample can
be measured in a TEM by electron energy loss spectrometer (EELS) [176,209].

A further capability of modern TEM instruments is the formation of a fine
highly focused electron probe, which is scanned over the sample in a raster pattern
similarly as in an SEM. In scanning transmission electron microscopy (STEM)
mode for bright field (BF) image formation, the BF detector is inserted into the
axis of the microscope to pick up the unscattered probe electrons. For the dark
field (DF) imaging, the annular dark field detector (ADF) is employed. The ADF
detector surrounds the unscattered probe electrons and collects only scattered
electrons. Another annular detector that sits around the ADF can be used to detect
electrons scattered to high angles exclusively for high-angle annular dark field
(HAADF) imaging, which allows observing atomic number contrast with high-
resolution [209]. The primary advantage of STEM over TEM is a possibility to
perform electron probe microanalysis and electron energy loss spectroscopy with
significantly higher spatial resolution. The atomic resolution has been reported
for X-ray and EELS microanalyses in an analytical STEM [210].
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2.7.1. (S)TEM studies of graphene

TEM is a valuable technique for graphene study. The capability of atomic resolu-
tion by TEM is used for the determination of the number of graphene layers. In
contrast to other methods employed to estimate the number of graphene layers,
TEM provides the number of layers by direct visualization and therefore can be
considered as the most reliable one. The number of layers can be determined from
the image of a cross-section or by observing edges or folds in case of free-standing
graphene sheets [211-213]. A folded SLG sheet, which is locally parallel to the
electron beam, appears on a bright-field TEM image as one dark line. The folded
bilayer graphene appears as two parallel dark lines, similar to the double-walled
carbon nanotube. Accordingly, the graphene sheet consisting of three graphene
layers, will show three dark lines, etc. In addition, the hexagons are observed on
atomic-resolution TEM images of SLG flakes even after a tilt to 20 degrees
around the axis in their zigzag and armchair directions, while it is not the case for
thicker flakes [214].

EELS can also help to identify the SLG. The low-loss EELS spectrum of
graphitic structures is characterized by plasmon excitations consisting of m-and
o-plasmons at 6.2 and 26 eV, respectively, both showing distinct bulk and surface
modes. In the EELS spectrum of SLG, the ©- plasmon occurs at 4.7 eV and the
n+o plasmon at 14.5 eV. Moreover, in single-layer, the m+c plasmon consists
only of the surface mode. However, it should be noted, that this is valid only for
clean graphene surface, the contamination layer and dopants on the surface add
the out-of-plane component to the n+c plasmon, which leads to apparent peak
shift, and a general increase in intensity above 14.5 eV [215].

EELS can also be used to measure the total concentration of dopants in
graphene, especially of very light elements like boron [216], which is difficult to
analyze by other methods. EELS allows not only identification of impurities but
also reveals their bonding characteristics, €.g., the oxidation state of ions [217].
It is possible to gain even more information on interstitial atoms and impurities
in graphene by combining EELS with an aberration-corrected annular dark-field
scanning transmission electron microscopy (ADF-STEM) imaging [218]. In
ADF-STEM angstrom-scale electron beam is scanned over the sample while the
medium-to-high angle scattered electrons are collected. The ADF-STEM
combined with EELS allows doing site-specific single-atom spectroscopy
[217,219]. HAADF mode has also been used for detecting foreign atoms within
the graphene sheet [220]. In this mode, the annular dark field image is formed
only by very high-angle incoherently scattered electrons. The scattering
probability has a strong dependence on the atomic number, and therefore it is
possible to see atomic contrast on HAADF images, which makes them ideally
suitable for visualization of adsorbates [221] or substitutional atoms [220] in a
graphene sheet.

The analysis of electron diffraction patterns can also be used for graphene
characterization. Normal incidence electron diffraction pattern of a graphene sheet
exhibits the typical sixfold symmetry expected for graphite/graphene. If there are
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many families of six-fold symmetric spots in the selected area electron diffraction
(SAED) pattern, it indicates that there are several grains of different orientation
in that particular area. Twelve-fold periodicity would indicate that there are two
main families of grains rotated from one another by 30°. The only weak and
diffuse rings in the SAED pattern indicate the loss of long-range order in the
graphene sheets [53,222].

The SLG can be directly distinguished from thicker samples by analyzing
nanobeam electron diffraction patterns (the smallest condenser aperture is used
to obtain small illumination area) as a function of incidence angle. The SLG has
only the zero-order Laue zone, and therefore the intensities in a diffraction pattern
vary only weakly and monotonically with an angle between graphene and the
incident beam. The bilayer and thicker graphene flakes show a strong variation
of the peak intensities with the tilt angle so that the sixfold symmetry remains
undisturbed only for normal incidence [53]. Also, it has been shown, that the SLG
can be distinguished from the AB-stacked thicker layers already by intensity ratios
of the diffraction peaks. In single-layer, the {1100} spots appear to be more intense
relative to {2100}, and the opposite is true for thicker flakes [222] (Figure 5).
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Figure 5. (a) Electron diffraction pattern of graphene with the peaks labeled by Miller—
Bravais indices and (b) electron diffraction patterns obtained from SLG (upper) and BLG
(lower) with a corresponding diffracted intensity taken along the 1210 to Z110 axis (c)
[63].

Graphene grown by the CVD method is usually polycrystalline. The grain
boundaries of graphene can be studied by both TEM and STEM. The images of
detailed atomic structure at the grain boundary have been obtained [218,223]
revealing how graphene domains coalesce together. To get atomic resolution
images of the grain boundaries the aberration-corrected TEM [223] and ADF-
STEM [218] have been employed. However, the atomic resolution imaging even
of the micrometer-sized graphene membrane is very time-consuming. In order to
spot grain boundaries in sufficiently large-area graphene samples, the sample
stage can be moved while observing the diffraction pattern [223]. After crossing
the tilt grain boundary, the diffraction pattern shows a transition of the diffraction
angle. The atomic resolution imaging can then be performed in this particular
area. The nano-area parallel electron diffraction in STEM mode [224] can also be
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used for grain identification [223]. In this method a quasi-parallel beam (conver-
gent semi-angle < 0.5 mrad) with a diameter of less than 100 nm is scanned over
the graphene membrane in the diffraction mode of STEM to detect the transition
of a diffraction angle taking place at a tilt grain boundary. For high-throughput
grain analysis, dark-field TEM diffraction-sensitive imaging technique can be
used [218]. This technique allows determining the size and shapes of the grains
as well as their relative angular orientation. For the grain imaging by dark-field
TEM, an aperture is placed in the diffraction plane to filter electrons diffracted
through only a small range of angles. The resulting image thus shows the grains
corresponding to only this selected in-plane orientation. Using several different
aperture-locations and color-coding one can create a false-color DF-image
overlay revealing shape and orientation of the grains in the region of interest.

Besides grain boundaries, other imperfections of the sp*>-bonded carbon net-
work can be revealed through atomic-level TEM imaging. In contrast to Raman
spectroscopy, which can provide information about the crystallinity of the sample
and the number of defects, TEM and STEM allow also studying single defects
and clarify their exact nature. Stone-Wales defects, single and multiple vacancies,
substitutional impurities, foreign adatoms, as well as defects at the edge of
graphene sheet have been experimentally observed in graphene samples using
TEM and STEM [225]. The electron irradiation itself, however, can introduce
various types of structural defects in graphene. So, the sample might not be stable
under the beam during the time needed to acquire an image. Two main trans-
formation mechanisms observed in graphene lattice as a result of electron
irradiation are atom ejection and bond rotation [226]. To avoid the displacement
of carbon atoms the electron beam energy higher than 80 keV should not be used
for graphene imaging, as the knock-on damage begins at a few keV above 80 keV
[227]. The bond rotation requires less energy than a knock-on displacement. As
a consequence, the formation of single and multiple Stone-Wales defects can be
observed already at 80 keV [228]. In addition to Stone-Wales defects, the formation
of extended holes has been observed in graphene at low beam energies [227]. The
formation of holes at electron beam energy below the threshold for displacing
atoms is associated with beam-induced etching due to residual oxygen or water
in the microscope chamber and is prominent for contaminated samples/areas [227].
Thus, in addition to the requirement for low beam energies, the purity of a graphene
sample is highly necessary for successful graphene TEM/STEM studies.

2.8. Raman spectroscopy

Raman spectroscopy is an optical technique based on the registration of inelastic
scattering of primary photons illuminating the sample due to their interaction with
the phonons existing/generated in the sample [229]. The latter is a molecule,
crystal or other condensed matter that is further named as a system. During the
interaction process, the primary photon is absorbed, and an electron of the system
is excited into a higher energetic level (Figure 6). If the energy of the primary
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photon is not enough to excite the electron into a higher stable electron level, as
it is usually in case of the conventional (non-resonant) Raman spectroscopy, the
electron is excited to a ‘virtual state’, the level of which is beneath this higher
stable electronic level. As the virtual state is not stable, having an extremely small
lifetime, the electron quickly leaves the level, generating a scattered photon, and
the system returns to the stationary state. With high probability in the photon
scattering process, the electron is excited from an electronic ground level and
after the process returns to the same level — this is the Rayleigh scattering process.
There is also tiny but a finite probability that during the interaction process, the
absorbed primary photon excites an electron from a phonon level, and after the
virtual state relaxation falls to ground state, or in the other case, the electron is
excited from the ground state and after the virtual state relaxation it falls into a
phonon level. In the first case, the scattered photon has lower energy than the
primary photon, giving in the Raman spectrum the Stokes band, and in the second
case, it has higher energy giving the anti-Stokes band. If the system has several
phonon levels, several Stokes and anti-Stokes bands appear in the spectrum
located symmetrically to both sides from the Rayleigh band. The phonon levels’
energy and their population depend not only on the system structure but also on
the temperature. From the other hand, the photon scattering process is dependent
on the primary photon energy — thus, the Raman spectrum of a system is dependent
on both of these parameters [230].

Energy AT A

Y
Y Y

Rayleigh scattering Raman scattering Raman scattering (anti-Stokes)

SD

Figure 6. Diagram showing basic processes involved in Rayleigh and Raman scattering.
SO represents the ground electronic state with vibrational energy levels, and S1, S2, S3
represent excited electronic states with vibrational energy levels [231].

In an experiment, a sample is irradiated with a laser beam with a wavelength in
the ultraviolet (UV), visible (Vis) or near-infrared (NIR) region. The light scattered
from the sample is collected with a lens, e.g., with an objective lens of an optical
microscope, and passes through an optical filter, which transmits Raman scattering
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signal and blocks Rayleigh scatter — a notch filter. The filtered signal is then
focused into the entrance slit of a monochromator, which separates Raman
scattered photons with different energies. The light is then directed to a sensitive
sensor, a cooled charge coupled device [232].

2.8.1. Raman spectroscopy of graphene

Raman spectroscopy is a widely used method for characterization of carbon-
aceous materials. It allows one to distinguish between amorphous carbon, graphite,
diamond, fullerene, SWCNT, and graphene [233,234]. Combining surface
sensitivity and non-destructiveness with high speed of analysis Raman spectro-
scopy has become one of the essential techniques in graphene studies. Raman
spectrum of graphene provides information on the number of graphene layers
[211], structural disorder [235], strain [236], doping [237], interlayer coupling
[238,239] and the stacking order [240,241] of the layers in FLG.

Similar to graphite, the Raman spectrum of graphene shows two major features
(Figure 7a): the G band at ~ 1580 cm ' and the 2D band (historically called G') at
~2700 cm™' [211]. The G band corresponds to a doubly degenerate phonon mode
(E2e symmetry) at the center of Brillouin zone [242] and is related to carbon-
carbon stretching motion in the sixfold ring of graphene. The 2D band is an
overtone of D band at ~1350 cm ™', related to breathing mode of aromatic rings
(A1 symmetry). The origin of both D and the 2D modes is a double resonance
Raman process. For the D band, the process involves one elastic scattering event
by the lattice defects and one inelastic scattering event with emission or
absorption of a phonon. Thus the D band appears in the graphene spectrum only
in the presence of defects. In case of the 2D band, both scattering events are
inelastic, and two phonons with opposite wave vectors are involved. Therefore
the 2D band is always present regardless of the presence of defects [229,242].

The shape and intensity of the 2D band relative to the G band allow dis-
tinguishing graphene from graphite and FLG [211]. In SLG the 2D band is sharp
and can be fitted with one Lorentzian peak (FWHM of ~ 24 cm™), it is roughly
2—4 times higher intensity than the G band. In BLG, the 2D band is different from
both graphene and graphite. It consists of 4 components: the 2Dy, the 2D 4, the
2Dsa, the 2D2p, where the 2D 4 and the 2D»4 components have a higher intensity
than the 2Dy, and the 2D, components [243]. With the increasing number of
layers, the relative intensity (weight) of the components changes affecting the
shape of the 2D band (Figure 7b). The splitting between two most intense com-
ponents increases with the number of layers from ~ 19 cm™' (BLG) up to ~ 44 cm™
(HOPG) and can be used to estimate the number of layers in several-layer thick
graphene samples with AB-stacking [244]. With an increasing number of layers,
the shape of the 2D band becomes asymmetric exhibiting typical graphite shoulder
at the high-frequency side of the 2D band. When the number of graphene layers
is about 10, the Raman spectrum becomes almost identical to that of graphite
(Figure 7b).
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Figure 7. Raman spectra of graphite and graphene: (a) comparison of Raman spectra at
514 nm excitation for bulk graphite and graphene; the spectra are normalized by the
intensity of the 2D bands at ~2700 cm™' [211]; (b) change in the shape of the 2D band
depending on the number of graphene layers, shown on right side. On the left side are
given the values for the separation of the Lorentzian sub-peaks (in case of a BLG, two
sub-peaks with the highest intensity) used for fitting the experimental data [244].

The shape of the 2D band is considered the most applicable criterion of Raman
spectrum to identify SLG [245]. The intensity ratio of the 2D band to the G band
as well as the position of these bands are not reliable signatures for layer number
counting, as both are also affected by doping. The first of them depends on the
electron concentration [245]. In highly doped graphene the ratio can even drop
below 1. The origin of doping in graphene is often metallic contact in a device or
substrate used, the contamination during graphene transfer, and adsorbates [237].
Along with the ratio, [((2D)/I(G) decrease in doped graphene, the sharpening and
significant shift to higher wavenumbers of G band are observed [237]. The
position of the 2D band can significantly change at high doping levels, but in
contrast to G band, it shifts to lower wavenumbers with increasing electron
concentration in graphene. Thus, the position of the 2D band can help to dis-
tinguish between acceptor- and donor-doped graphene samples [245].

The shift of G and the 2D bands can also be a result of strain. Usually both
bands redshift under tensile stress [236,246] and blueshift under compression
[247,248]. In case of uniaxial strain, broadening or even splitting of G band
[236,249] and the 2D band [250] has been observed because of the strain-induced
breaking of the crystal symmetry and the change of phonon wave vector due to
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relative movement of the Dirac cones [229]. For biaxial strain, no splitting is
observed.

In addition, Raman spectroscopy is very sensitive to the structural disorder in
graphene samples. The estimated extent of disorder in graphene allows drawing
conclusions about the graphene quality and its further performance in graphene-
based devices as the structural damage affects graphene properties. The first sign
of the structural disorder is a presence of the D band in the Raman spectrum of
graphene. The D band is absent in the graphene samples with high crystalline
quality [251]. In the near vicinity of defects, the D band scattering process is
activated, and it appears in the spectrum [229]. As the D band is defect-activated,
its intensity increases with the number of defects. On the contrary, the intensity
of G and the 2D band decreases. The intensities of all Raman peaks, however,
also depend on measurement conditions. Therefore, to estimate structural disorder,
it is convenient to use the height (or area) ratio of the D band to the G band [252].
The increase of I(D)/I(G) designates the transition from graphene to the nano-
crystalline graphene. However, when the defect density becomes so high that the
disorganization of the hexagonal network starts to take place, the ratio I(D)/I(G)
decreases again as the number of 6-fold rings becomes smaller. Fortunately, there
are other Raman signatures of graphene structural damage. As disorder increases,
the bands become broader compared to the bands in pristine graphene. The
broadening becomes especially prominent when the distance between defects
becomes smaller than ~ 4 nm. At this stage, the G band and another lower in-
tensity defect-activated band (D”) merge forming broadband at about 1600 cm™.
The further amorphization to predominantly sp*-hybridized carbon is charac-
terized by the redshift of the G band and vanishing of the well-defined 2D band
[229,253].

In the FLG and MLG in addition to in-plane vibrations, modes originating
from the relative motion of the planes itself appear. Depending on whether the
planes are moving perpendicular or parallel to their normal, the shear (C) and the
layer breathing modes (LBMs or ZO’) are distinguished [229]. The position of C
band varies depending on the number of graphene layers from ~ 31 cm™' in BLG
up to ~43 cm ™' in graphite [254]. The C band has a low intensity, and its fre-
quency is below the notch and edge filter cut-off of most Raman spectrometers.
The latter limits utilization of the C band for the counting of graphene layers. The
direct observation of the LBMs in graphene is also challenging for the same
reasons. However, the two-phonon overtones [239] and the combinations of
LBMs with in-plane longitudinal optical mode phonon (LOZO’) [255] have been
observed in the range of 80-300 cm ™' and around 1720 cm ™, respectively. The
LOZO’ mode Raman band has been found to exhibit a different line shape
depending on the number of layers in FLG, and whether the layers are ABA or
ABC stacked [255].

In addition to ABA and ABC stacking, the graphene layers in FLG and MLG
can have unconventional stacking order, where the layers are rotated relative to
each other by an arbitrary angle [256]. Raman spectrum of this misoriented (or
twisted) graphene contains besides beforementioned spectral bands also
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additional non-dispersive Raman modes, appearing on the high-energy side of
the intense G band (R’) and below G band (R). These bands emerge due to the
scattering of phonons with finite wavevectors, activated by involving angle-
dependent wavevectors of a formed superlattice [257]. The exact position of the
R band is distinctly dependent on the twisting angle between the graphene layers
[258,259]. The R’ band appears in the spectrum at low twisting angles of the
layers, and its frequency also has weak angle dependence [260].

2.9. Graphene-based structures and their applications
2.9.1. Atomic layer deposition on graphene

Atomic layer deposition (ALD) is a well-developed method for deposition of
high-k dielectric films. The advantages of ALD are excellent conformity even on
surfaces with a complex topology (like channels, pores, cracks, fibers, particles,
etc.), the possibility to control the thickness and composition with high accuracy,
as well as a large variety of different materials that can be deposited and the
ability to obtain relatively high quality films at low growth temperatures [261].
The inherent to ALD thickness and composition control down to the atomic level
makes it an ideal deposition technique to grow atomically thin films. Besides, in
the ALD process, the surface is not bombarded with energetic particles, which
allows avoiding the damage of the substrate surface.

During the deposition of a thin film using the ALD method, reactive precursor
chemicals, each containing different elements of the deposited material, are
conducted to the reaction zone, i.e., the surface of the substrate, separately. This
allows preventing unwanted gas-phase reactions, and the atomic level control of
the deposited thin film becomes possible [262]. One full ALD cycle is illustrated
in Figure 8. In this example, HfO, is synthesized from HfCls and H>O. Initially,
a pulse of HfCly is introduced into the flowing inert carrier gas, and Hf-containing
monolayer is formed on the substrate surface through a self-saturating reaction.
Excess HfCl, is removed during a short purge period when only the inert carrier
gas is flowing. Then, the H,O pulse is introduced, and it reacts with the Hf-
containing layer on the substrate producing a monolayer of HfO, or a part of it.
The ALD cycle is completed with a second purge period to remove the unreacted
H>O and the reaction by-products. Usually, several ALD cycles are needed to
deposit a monolayer onto the substrate. The ALD cycle is repeated until the
desired film thickness is achieved [262].
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Figure 8. Schematic illustration of one ALD cycle.

The main concern of ALD on graphene is the absence of proper reaction centers
for ALD precursors due to the inertness of the graphene surface. Xuan et al. have
shown that conventional atomic layer deposition of metal oxides on HOPG
substrate results in oxide nanoribbons at HOPGs step edges, not a continuous film
[205]. In contrast to defect-free terraces, the step edges with dangling carbon
bonds provide initial reaction sites for the ALD process. In order to obtain uniform
oxide film, the functionalization of graphene surface can be performed [263].
Graphene functionalization aims to create evenly distributed functional groups
on the graphene surface, which will serve as nucleation sites for the ALD process.
As graphene can be viewed as an unrolled carbon nanotube, the methods developed
for the functionalization of carbon nanotubes can also be implemented for graphene
functionalization. The functionalization of CNT, as well as graphene, can be
divided into covalent and noncovalent functionalization. The covalent function-
alization requires highly reactive chemicals. A very high degree of functionaliza-
tion can be generated upon the reduction of the aryldiazonium salt [264]. Farmer
et al. achieved conformal ALD on SWCNT functionalized using the reaction with
in-situ synthesized diazonium compounds from aniline precursor [265]. The
formation of a covalent bond with functionalized groups results in the change of
hybridization state of carbon atoms from sp” to sp’. The latter affects the
electronic properties of the system significantly [265,266].

The noncovalent functionalization allows avoiding the degradation of the sp?
hybridized structure. The noncovalent functionalization method of CNT has been
demonstrated by Lu and coworkers, who used the adsorption of poly-T-DNA
molecules to supply functional groups of sufficient density and stability for
uniform HfO; growth by ALD. Apparently, free hydroxyl groups and phosphate
groups of the DNA molecule react with ALD precursors initiating the ALD
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process. Remarkably, no degradation in the CNT conductance was observed after
its functionalization with DNA molecules and subsequent ALD [267]. However,
the functionalization mentioned above was employed for the ALD process
conducted at 90 °C and may not be suitable for deposition temperatures utilized
in most of ALD processes.

The noncovalent functionalization of CNT before the ALD process has also
been performed using pretreatment with sodium dodecyl sulfate (SDS) in D,O
[268]. The hydrophobic surface of the CNT attracts the hydrophobic long-chain
hydrocarbon tail of the SDS molecule, whereas hydrophilic sulfate head groups
serve as nucleation sites for ALD precursors leading to conformal Al,Os coating.

Another noncovalent functionalization method of SWCNT was realized in
[269] using alternating exposures of nitrogen dioxide (NO) and trimethylalu-
minum (TMA) vapor. During the NO, pulse, the NO, molecules adsorb on the
surface of nanotubes serving further as adsorption centers for TMA molecules.
The adsorbed TMA molecules after subsequent TMA pulse, in turn, prevent
desorption of NO, molecules as well as the further attachment of both NO, and
TMA molecules. The NO,-TMA monolayer on the surface of the nanotubes
facilitated the nucleation of Al,Os3 oxide layer deposited using ALD from TMA
and water precursors. The same functionalization recipe has also been applied for
the functionalization of graphene [270]. With the help of the functionalization
layer, the authors succeeded in the fabrication of graphene top-gated device. The
estimated charge carrier mobility of graphene in the prepared device was reason-
able, about 7000 cm?*/V-s.

The treatment of graphene in perylenetetracarboxylic acid solution before the
ALD has also been shown to significantly improve the quality of the deposited
oxide layer [263]. The perylenetetracarboxylic acid presumably attaches to
graphene via n—n stacking, and therefore hydrophobic forces did not introduce
defects into graphene lattice. Lee et al. [271] have combined the functionalization
of the HOPG surface with an ALD process by using ozone instead of water as an
oxygen precursor for depositing AlOs. As a result, a smooth and uniform oxide
layer was achieved. The ozone treatment is known to produce oxygen-containing
functional groups on the graphitic surface [272], which serve as nucleation
centers for Al,O3; growth. However, the ozone treatment has been shown to cause
considerable damage to the conjugated n-bonding of the carbon nanotubes [273].

The treatment of the graphitic material with concentrated hydrochloric acid is
a simple, low-cost and readily available method to improve the nucleation and
growth of the oxide film [274]. But, the hydrochloric acid induces bond cleavage
in the carbon network [275], which adversely affects conductivity and charge
carrier mobility in graphene.

The alternative approach to creating the nucleation centers on the graphene
surface has been proposed by Kim et al. [276]. In this approach, a 1 — 2 nm thick
Al buffer layer was deposited by electron beam evaporation to graphene before
the Al,Os deposition by ALD. Once exposed to the air, the surface of the aluminum
layer is oxidized and can serve as a nucleation layer to promote the conformal
growth of the top-gate dielectric. The authors believe that the suggested method
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allows minimizing the carrier mobility degradation associated with the deposition
of the dielectric layer on graphene.

2.9.2. Graphene-based electrodes for electrochemical applications

Carbon materials are today widely studied for the use in electrochemical applica-
tions, especially in energetics. For instance, it has been proposed that graphene
should be a competitive electrode material for energy storage applications, like
electrochemical double-layer capacitors (EDLCs) [277,278] or metal-ion (Li",
Na®, AI*") batteries [279-281]. Since the energy in EDLCs is stored through the
adsorption of ions on the surface of the electrodes, the exceptionally high specific
surface area of graphene made it very attractive for utilization in EDLCs [282].
It was reported that if the whole graphene surface area is utilized, the electric
double-layer capacitance of 550 Fg™! can be achieved [283]. The latter is a higher
value than can be obtained by employing other highly researched materials for
application in supercapacitors, such as activated carbon or CNTs. Also, the higher
electrical conductivity of graphene, compared to activated carbon, is beneficial
for the fabrication of high power density supercapacitors [34]. In practice, however,
it is challenging to fabricate graphene electrode with the very high surface area
due to re-stacking and agglomeration of graphene sheets [26]. In order to achieve
better distribution of the graphene sheets for getting better ion accessibility, various
strategies have been reported from the deposition of the graphene on porous sub-
strates [284] to the chemical modification [285] or intercalation with other nano-
materials, like CNTs [286,287] and nanoparticles [288,289]. Making hybrids of
the graphene with pseudo-capacitor materials, such as transition metal oxides and
polymers, is another promising approach to increase supercapacitors performance
[290].

Lithium-ion based rechargeable batteries are another class of energy storage
devices where the graphene implementation has shown a potential [26]. Like
graphite, graphene can be used as an anode for hosting lithium ions [282].
Currently, the reported graphene-based lithium-ion batteries (LIBs) mostly utilize
rGO, graphene nanosheets or graphene paper [26]. Larger spacing between
randomly arranged graphene layers compared to graphite allows accommodating
a larger number of lithium ions leading to an increase in electrode capacity [279].
A large amount of edges and defects in these materials is also associated with an
increased capacity [291]. Also, it is believed that nanopores within graphene-
based anode positively influence the diffusion of Li ions [292]. Furthermore,
graphene’s mechanical properties are highly desirable for the development of
flexible LIBs [282]. Still, the oxygen-containing groups present on graphene
obtained by wet-chemical methods, which on the one hand prevent the restacking
of graphene sheets, but on the other hand can react with Li ions leading to the
dramatic decrease of the initially high electrode capacity [293]. The Li-storage
on defects and edges has also been shown to hurt the performance of the
battery[294] In order to improve the performance of the anodes made from bare
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graphene, graphene composites with metal oxides have recently been proposed
[295,296]. Besides metal oxide/graphene composites, it has been shown that
combining graphene with organic molecules also gives an enhancement in the
performance of the electrode [297]. There is also a growing number of reports
exploring graphene implementation in the cathode system of LiBs. The use of
graphene is primarily aimed to improve the electrical conductivity of the cathode
material without the substantially increasing its mass [298,299]. Among the
effects of graphene implementation on cathode performance are faster charging
mainly due to improved electron transfer [300-302] and better stability as a result
of preventing adverse reactions on the cathode surface [301].

In addition to energy storage, graphene has been reported to be utilized in energy
generation devices, such as proton exchange membrane fuel cells (PEMFCs),
including methanol fuel cells (DMFCs), direct formic acid fuel cells (DFAFCs),
etc. [303]. Like other carbon allotropes graphene is mainly utilized in the fuel
cells as catalyst support [26]. At present, the most commonly used support for
accomplishing electrocatalyst nanoparticles in low-temperature fuel cells is
carbon black (CB), such as Vulcan XC-72R or Denka Black [304,305]. Despite
wide utilization, CB suffers from drawbacks such as the organosulfur impurities,
mass transfer limitations due to its dense structure and poor corrosion resistance
under the fuel cell operating conditions [304]. It is known, however, that carbon
materials with higher graphitization degree are more corrosion resistant [306].
Thus, the substitution of carbon black with graphene sheets would lead to improved
durability of the fuel cell. The higher degree of graphitization has also been
associated with a stronger interaction between carbon support and metal catalyst
[304]. The strengthened interaction with the support contributes to the increased
stability of the catalyst [26]. Also, the better dispersion of platinum and a reduction
of its cluster size was observed on graphene-based catalysts for fuel cell appli-
cations [307]. The improved dispersion of the catalysts can also be due to the
surface functional groups introduced during the preparation of graphene sheets
by chemical methods. These graphene surface groups, presumably, help to “bind”
and thus, stabilize catalyst particles on graphene’s surface, hence preventing their
aggregation [26]. Besides, graphene in comparison to carbon black has a signi-
ficantly higher surface area and electron conductivity, which hold promise for
fabrication of the fuel cell with improved performance.

The prospect for enhanced fuel cell catalysts through the employment of
graphene as a support has been actively examined by preparing graphene-metal
particle nanocomposites [26]. Pt nanoparticles synthesized on reduced graphene
oxide showed much higher electrochemically active surface area and catalytic
activity toward oxygen reduction reaction (ORR) compared to commercial Pt/CB
catalyst [308]. In another work, Pt/graphene catalyst synthesized via simultaneous
reduction of Pt precursor and graphene oxide suspension revealed higher catalytic
activity for both methanol oxidation and ORR in comparison with platinum
supported on CB [309]. Dong et al. investigated the electrocatalytic activity for
methanol and ethanol oxidation of Pt-Ru nanoparticles synthesized on graphene
sheets and found the enhanced efficiency of a prepared catalyst in comparison to
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widely-used Vulcan XC-72R carbon black supported catalysts [310]. Another
study also reported the remarkably high activity of Pt/GNS for methanol oxidation
reaction in comparison to Pt/CB catalyst [311]. In addition to the enhanced
catalytic activity, the much higher stability of the graphene supported noble metal
catalysts has been also reported [312].

Furthermore, it has been found that nitrogen-doped graphene could act as
effective metal-free electrocatalysts for ORR. In a report by Qu et al. nitrogen-
doped graphene synthesized by chemical vapor deposition in the presence of
ammonia showed much better electrocatalytic activity and better operation
stability over time than platinum in alkaline fuel cell [313]. The work by Shao et
al. has demonstrated higher electrocatalytic activity, durability and selectivity of
nitrogen-doped rGO compared to Pt for ORR [314]. The replacement of expensive
noble metal-based electrocatalysts with metal-free durable and efficient catalysts
would be a significant advance in fuel cell technology.

Another strategy to develop graphene-based metal-free electrocatalyst is
through the modification of graphene surface by specific molecules [25]. For
instance, tridodecylmethylammoniumchloride-functionalized rGO showed en-
hanced electrocatalytic activity toward ORR [315]. Wang et al. [316] used another
quaternary ammonium compound to modify the graphene surface through inter-
molecular charge-transfer that creates a net positive charge on carbon atoms. The
resultant functionalized graphene possessed dramatically enhanced electrocatalytic
activities toward ORR compared to unmodified graphene, and its stability was
even superior to the commercial Pt/C catalyst. Such a strategy of “molecular
doping” has the benefits of low energy consumption and compatibility with large-
scale production. Moreover, attached groups allow the addition of extra functio-
nalities and thereby broaden up a utility of graphene. For example, graphene
functionalized with various functional groups has been utilized within biosensing
[317]. Still, more studies are required for better understanding and control over
the functionalization process of graphene. One of the aims of this thesis was to
investigate the CVD-grown graphene modification with aryl groups by electro-
chemical reduction of the corresponding diazonium salts.

Before studying the properties of modified graphene electrodes, the electro-
chemical behavior of the pristine graphene is needed to be addressed. On the other
hand, being one layer of graphite graphene might, in principle, show electro-
chemical behavior similar to HOPG. However, there are reports [28][29] showing
that graphene electrodes present faster electron transfer kinetics compared to the
basal plane of HOPG. It has been reported, however, that some surfactants used
to stabilize the graphene suspensions have measurable electrochemical activity,
which can thus be responsible for the electrochemical performance of the stabilized
graphene [31]. A similar effect can also have carbonaceous debris, a common by-
product of rGO synthesis [30]. Besides, iron residues in graphene prepared from
graphite with subsequent reduction can also significantly influence the electro-
chemistry of graphene [32]. Furthermore, graphene prepared by different methods
has highly varied densities of edge plane defects [33]. Considering that at least in
case of graphite, the edge sites are the primary source of the electrochemical
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activity [34], it is apparent that graphene preparation method influences on its
electrochemical behavior. Therefore, it was of interest to study the electro-
chemical properties of the graphene synthesized by the CVD method on nickel
foils. As it was important to exclude any factors that can affect the electrochemical
behavior of the graphene, the characterization of the prepared graphene/nickel
electrodes by nanoscopic methods was one of the aims of this thesis.
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3. RESEARCH OBJECTIVES AND STATEMENTS

The main goal of the research was to characterize the surface, structure, and
quality of pristine and functionalized FLG and MLG sheets prepared by CVD.
Their properties had to be compared with properties of single-layer graphene,
prepared by exfoliation from natural graphite or synthesized by CVD. The study
was addressed to help create new industrial and energetic materials and structures
on the basis of the FLG and MLG, which were at the time of studies much less
studied than SLG.

To fulfill the goal, the author had to introduce the synthesis of FLG and MLG
by CVD using Ni as a catalytic substrate. During the study, both Ni-foils and thin
Ni-films had to be explored as substrates, and the CVD process had to be optimized.
As compared to SLG, the dedicated synthesis of FLG and MLG growth was at the
time of study significantly less researched, especially the stacking of the graphene
layers and continuity of the graphene sheet. Thus, special attention had to be
devoted to the growth mechanism of FLG and MLG on the Ni-substrates for
complete insight on the effects of the catalytic substrate on the graphene formation.

For the characterization of the graphene samples, the author had to explore
various high-resolution microscopy (HR-SEM and FIB, HR-TEM, STM) and
analysis (EDX, EBSD, XPS, pRaman) methods for their complex study in the
nanometric thickness range.

After the synthesis and first characterization, the integration of graphene in
real devices often requires further modification of the graphene surface. So
graphene, incl. FLG and MLG, functionalized with various functional groups, is
a promising material for electrochemical applications in advanced energetics.
Despite certain progress in this area, more studies were required for better
understanding and control over the functionalization process of graphene. One of
the tasks of this thesis was to investigate the CVD-grown MLG modification with
aryl groups by electrochemical reduction of the corresponding diazonium salts.
Before studying the properties of modified graphene electrodes, also electro-
chemical behavior of the as-synthesized graphene was needed to be addressed.
Since the electrochemical properties of the graphene can differ depending on the
graphene preparation method, and can also be affected during graphene transfer
procedure, it was of interest to study the electrochemical properties of the CVD-
synthesized MLG directly on nickel foils.

The realization of graphene field-effect transistors, one of the most promising
graphene application, could require modification of graphene surface through the
deposition of the high-k oxide on it to serve as the top-gate. Since the deposition
of the high-k oxides, such as hafnium dioxide and zirconium dioxide, has been
well established in the Laboratory of Thin Film Technology of the University of
Tartu, revealing the feasibility of ALD for producing thin continuous high-k
oxide films on the graphene sheets was another task of this study.
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Following statements are presented for the defense:

1.

Advanced usage of high-temperature CVD, and CHj as precursor and Ni-
foils or thin films as substrates, can lead to controllable growth of large-
area FLG and MLG.

Differing stacking order between the graphene layers, which on Ni can
coexist not only in neighboring domains but even in the same sample area,
can result in Raman spectra of MLG that closely resemble the spectra
obtained for SLG. The detailed examination of less intense in-plane and
out-of-plane phonon modes of graphene using pRaman spectroscopy/
microscopy allows locally to study the stacking order of FLG and MLG
and avoid mistakes in the determination of the number of graphene layers.

. FLG and MLG, as well as SLG, might not be suitable to serve as protective,

especially corrosion protective coatings due to difficulties in obtaining
large-area continuous graphene sheet on polycrystalline substrates.

FLG and MLG can be used to prepare new energetic materials, structures,
and devices. For example, FLG and MLG on Ni-foil are good alternatives
to more expensive HOPG electrode in electrochemical studies. Also, the
graphene sheets can be successfully functionalized, e.g., by attaching,
electrochemically active functional groups to their surface with the help of
reduction of aryldiazonium salts. As during the functionalization process,
only the top graphene layer is affected, the possible adverse effects of the
functionalization process on graphene structure and properties are signi-
ficantly milder in MLG compared to SLG.

. Thin ceramic coatings deposited onto graphene sheets by low-temperature

ALD do not generate additional defects in the sheets but can cause
mechanical stresses in the structures.
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4. MATERIALS AND METHODS

4.1. Graphene preparation by micromechanical exfoliation

For the preparation of graphene samples on the micrometer scale, the method
developed by Novoselov et al. [56] was employed. For micromechanical
exfoliation, natural (Madagascar) graphite was used. A small graphite crystal was
attached to the Scotch tape and repeatedly peeled by folding the tape around it.
When the graphite attached to the Scotch tape became almost transparent, it was
gently pressed on Si substrates covered with 300 nm thick SiO- layer. As a result,
upper layers of graphite were partially transferred to the substrate. The thinnest
flakes were then selected under the optical microscope based on their color. The
SLG and FLG flakes were identified among the thinnest flakes using AFM and
Raman spectroscopy.

4.2. Graphene synthesis on nickel foils

Graphene synthesis was carried out on polycrystalline 25 pm thick Ni foils (99.9%,
Strem Chemicals, Inc.) using a low-pressure CVD method in a hot-wall laboratory
reactor from methane as a carbon source. The CVD reactor was comprised of a
quartz tube (length: ~500 mm, diameter: ~25 mm) placed inside the resistively
heated furnace (length: ~300 mm). The temperature of the quartz holder was
recorded using a K-type thermocouple. The reactor was equipped with three
digital mass-flow controllers (Smart-Trak 2, Sierra Instruments) for gas lines of
Ar, 10% CH4/Ar and H». Prior to the growth, the nickel foils were annealed at
1000 °C for 1 hour in a flow of H, and Ar gases (both 99.999, AGA Estonia) with
flow rates of 125 and 100 sccm, respectively. Then, 140 sccm of 10 % CHy in Ar
gas (AGA Estonia) was introduced into the reactor for different growth periods.
The total pressure in the CVD chamber was maintained at 3 mbar. Finally, the
sample was rapidly cooled by moving the furnace away from the sample position
(the average cooling rate was 25 °C/min). The CH4 and Ar/H; flows were main-
tained during the cooling to 200 °C. The same cooling conditions as mentioned
above were used for all the samples unless otherwise stated. For comparison, we
also performed a slow-cooling process with an average cooling rate of 7 °C/min.
First, the sample was cooled down to approximately 700 °C at a rate of 4 °C/min,
after that, the furnace was switched off, and the sample was left to cool to room
temperature. These cooling conditions are denoted in the text as a “slow-cooling
process”.
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4.3. Graphene synthesis on nickel films

Nickel films with thicknesses from 60 to 140 nm were prepared by electron beam
deposition method at 300 °C onto Si substrates covered with 90 nm-thick SiO,
film. The thickness and purity of the deposited nickel films has been verified by
X-ray fluorescence.

Graphene sheets were grown in the same low pressure, hot-walled CVD reactor
in argon flow using methane and hydrogen as precursor gases. Prior to the graphene
growth, the Ni-film samples were annealed at 950 °C in a Ar/H, atmosphere. On
these films, graphene was grown at 900 °C in the flow of a gas mixture containing
Ar, H,, and 10% CH4/Ar (all 99.999%, AGA). Argon, hydrogen and methane/
argon flow rates were the same as during the deposition on Ni foils. Finally, the
sample was rapidly cooled by moving the furnace away from the sample position
(the average cooling rate was 25 °C/min) using the same flow rates of the gases
as during the deposition.

4.4. Graphene synthesis on copper foils

For deposition of predominantly SLG commercial 25-pm thick polycrystalline
copper foils (99.999%, Alfa Aesar) were used as substrates. Prior to growth, the
foils were annealed during 10 min at 950 °C in Ar/H» and then exposed to the
mixture of 10% CHs in Ar at the same temperature for 30 min. Then the samples
were cooled by moving the furnace away from the sample position to the room
temperature in Ar flow (average cooling rate was 25 °C/min).

4.5. Graphene transfer

To transfer graphene from nickel and copper substrates, graphene was covered
with PMMA protective layer. In order to deposit the protective layer, the metal
substrate was spin-coated with a PMMA solution (24 mg/ml) in chlorobenzene.
Graphene from the other side of the foil was removed by low-pressure Ar plasma
cleaning using plasma cleaner Femto-1 (Diener Electronic GmbH). Then nickel
was etched away with a 1M solution of FeCl; in water. The PMMA/graphene
structures were washed in deionized water. Next, graphene/PMMA structures
floating on water surface, PMMA layer above, were grabbed from below by
Si/Si0, substrate. After drying the PMMA was dissolved by dichloromethane
(Alfa Aesar). Some MLG samples from nickel foils were also transferred to the
TEM grid. The transfer procedure was the same except that the PMMA was
removed by the vapor of the hot dichloromethane.

For the graphene transfer from thin nickel films no Ar plasma treatment was
required, but otherwise, the procedure was the same as for nickel foils.
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4.6. Deposition of HfO:

The HfO; films were deposited from HfCls and H,O in a flow-type low-pressure
ALD reactor [318] on micromechanically exfoliated graphene samples. To
synthesize HfO,, an ALD cycle consisting of an HfCl pulse (5 s in duration), a
purge of the reaction zone with N, (2 s), H,O pulse (2 s) and another purge (5 s)
was repeated until a film of required thickness was obtained. HfCl4 was volatilized
at a temperature of 140 °C in the flow of N> carrier gas. The HfCls pulses were
formed by changing the flow direction of the carrier gas between the HfCl4 source
and reaction zone using a special ALD valve. The H,O source was kept at the
room temperature while the H,O vapor was led to the reactor through a needle
and solenoid valves, which controlled the precursor supply. At the reactor outlet,
the partial pressure of H,O was 5 Pa during an H>O pulse while the N» pressure
was approximately 250 Pa during the whole deposition process. For deposition
of the films three different temperature regimes of the substrate were used:
deposition at 170-180 °C, deposition at 300 °C and deposition in a two-step
process (the growth was initiated at 170-180 °C, after 10 ALD cycles the
temperature was increased to 300 °C).

4.7. Deposition of ZrO;

The ZrO, films were deposited from ZrCls (Aldrich, 99.99%) and H,O in a flow-
type low-pressure ALD reactor [318] using 100 ALD cycles at 190 °C. Each ALD
cycle consisted of an ZrCls pulse (2 or 5 s), purge with N» (2 s), an H,O pulse
(2 or 5 s) and the second purge (5 or 10 s) was repeated until the desired ZrO,
thickness was achieved. ZrCly was volatilized at 145 °C [319] in the carrier gas
flow. The source of H>O was kept at room temperature while the H,O vapor was
conducted to the reactor through the needle and solenoid valves. During the
deposition the pressure of the carrier gas (N2 of 99.999 % purity) in the reaction
zone was kept at 200-220 Pa. The partial pressure of H>O during the H,O pulse
at the reactor outlet was about 6 Pa. The ZrO, was simultaneously deposited onto
the mass sensor (Figure 9) for quartz crystal microbalance (QCM) studies,
graphene-covered Si/Si0O; substrates and as-synthesized graphene on Ni film and
Cu foil.

Figure 9. The QCM sensor used [VI].
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4.8. Characterization of graphene samples

Raman scattering spectra of the graphene samples were recorded with inVia
confocal Raman spectrometer (Renishaw) using a laser excitation wavelength of
514.5 nm (Ar" laser) at a relatively low incident power (1-5 mW). A 50x
objective lens was used to focus the laser beam to 1-2 um spot on the sample and
to collect the backscattered Raman signal. The signal was recorded with a Peltier-
cooled CIICD detector. The spectral resolution of the spectrometer was set at
I-2cm .

The SEM studies were conducted using a high-resolution scanning electron
microscope (HR-SEM) Helios NanoLab 600 (FEI Company), having a Schottky-
type electron emitter. The emitter offers a small source size and high brightness,
which allows achieving the SEM high-resolution imaging along with low noise
and stability [177]. HR-SEM micrographs were recorded using an acceleration
voltage in the range of 2 — 10 kV. The SEM images of the graphene samples were
obtained using an Everhart-Thornley detector and also an in-lens detector placed
inside the electron column. This immersion lens was used to obtain images of
transferred graphene films. Using the immersion lens, where the sample is placed
in the magnetic field of the lens allows decreasing the image aberrations and
therefore acquiring higher resolution images as well as obtaining higher detection
efficiency of secondary electrons and getting better contrast of the images. The
immersion lenses were not used for graphene samples on nickel foils due to nickel
ferromagnetic nature. The electron probe microanalysis (EPMA) was performed
using an energy-dispersive X-ray (EDX) spectrometer INCA Energy 350 (Oxford
Instruments), mounted to the same HR-SEM. In addition, the graphene coatings
were examined in the transmission mode of the HR-SEM.

The crystallographic orientation of the grains of the nickel substrates was
determined by electron backscatter diffraction (EBSD) measurements using
another scanning electron microscope (EVO MA 15, Zeiss) equipped with an
EBSD detector (Nordlys, Oxford Instruments). The EBSD data were post-
processed using the AZtec (Oxford Instruments) and CHANNEL 5 (HKL) soft-
ware programs. For the EBSD measurements, the accelerating voltage of the
primary beam was 20 kV. To enhance the detection sensitivity of the EBSD
patterns, the samples were inclined approximately to 70° relative to the electron
beam.

The surface morphology of the nickel before and after graphene synthesis was
studied using atomic force microscope AutoProbe CP II (Park SI/Veeco), in
contact and intermittent contact mode. In addition, the error-signal mode was
used for imaging graphene on nickel foils. In this mode, the feedback error signal
is used for an image when scanning in Constant Force mode. The feedback loop
filters out only the low spatial frequency components, while the high-frequency
components are displayed [320]. This allows revealing subtle surface features on
relatively rough (from AFM viewpoint) nickel surface. STM measurements of
graphene on nickel films were conducted with a SPM measurement system 5500
(Agilent Technologies).
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Transmission electron microscopy (TEM) was performed on some of the CVD
grown graphene samples (5 min of exposure to methane at 1000 °C). TEM images
were taken using the Titan Themis 200 (FEI) microscope equipped with Schottky
field emission gun and Cs DCOR probe corrector. The microscope was operated
at 80 kV, which is below the knock-on damage threshold of graphene. The lower
accelerating voltage also allows increasing scattering cross section of atoms,
which is beneficial for observation of very thin samples consisting of light
elements.

Bare Ni, Ni/MLG and aryl-modified Ni/MLG samples were characterized by
X-ray photoelectron spectroscopy (XPS). The XPS measurements were carried
out with a SCIENTA SES-100 spectrometer using a non-monochromatic Al Ka
X-ray source (1486.6 eV).

The quartz crystal microbalance was used to characterize the growth of ZrO,
by ALD. The QCM data were recorded by Q-pod monitor (Inficon) connected to
an AT-at quartz crystal (IQD). A 5-10 nm thick ZrO, buffer layer was deposited
on every QCM crystal used in the experiments to avoid the unwanted impact of
the sensor electrodes on the measurements. The QCM data of the ZrO, deposition
was recorded on each sensor three times, first after the deposition of the buffer
layer, then after subjecting the sensor to wet treatment procedure and finally after
the graphene transfer to the upper side of the sensor. The aim of the wet treatment
procedure, which included covering the sensor with PMMA with its subsequent
dissolving in dichloromethane, was to mimic the wet treatment conditions during
the graphene transfer process to elucidate the possible effect of such a treatment
on the behavior of the sensor. In order to avoid signal variations due to possible
differences in sensors characteristics, the same sensor was used for the deposition
of ZrO; in all the three steps. Taking into account that graphene was transferred
to only the upper side of the QCM sensor, the QCM signals were recalculated
respectively.

4.9. Electrochemical characterization of
graphene grown on nickel foils

The electrochemical behavior of Ni/MLG was compared to GC and HOPG that
were purchased from NII Grafit and SPI Supplies, respectively. The GC electrode
was polished to a mirror finish with 1.0 and 0.3 pum sized alumina abrasives
(Buehler) and then sonicated in Milli-Q water, isopropanol and acetonitrile
(Sigma-Aldrich) for 5 min in each liquid. The fresh surface of HOPG was prepared
by peeling off the uppermost layers of the graphite with adhesive tape shortly
before the experiments.

Electrochemical characterization was performed using an Autolab potentiostat/
galvanostat PGSTAT30 (Eco Chemie B.V.) in a specially designed three-electrode
cell with a saturated calomel reference electrode and platinum wire counter
electrode. The GC, HOPG, bare Ni or CVD-grown MLG on nickel served as a
working electrode. The working electrode surface area of 0.64 cm?® was defined
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with the opening of Kalrez® O-ring (DuPont). All the potentials are reported
relative to the reference electrode. Cyclic voltammetry (CV) was conducted at a
potential scanning speed of 0.1 Vs in Ar-saturated 0.1 M KOH (p.a. quality,
Merck) electrolyte and Ar-saturated 1 mM K;Fe(CN)g (Sigma-Aldrich) solution
containing 0.1 M K,SO4 (Merck) as a supporting electrolyte. The electrocatalytic
activity toward oxygen reduction was investigated using linear sweep voltam-
metry (LSV) method in O,-saturated 0.1 M KOH). All solutions were prepared
with Milli-Q water, and the electrochemical testing was performed at ambient
temperature (23+1 °C).

4.10. The modification of CVD-grown graphene
with aryl groups

The CVD-synthesized graphene on Ni foil was modified with aryl groups by
electrochemical reduction of different diazonium salts. The mechanism of this
method, first introduced by Pinson and Savéant group [321], is demonstrated in
Figure 10. In order to attach azobenzene (AB), (2-methyl-4-(2-methylphenyl)azo)
benzene (GBC), 2,5-dimethoxy-4-((4-nitrophenyl)azo) benzene (FBK), 4-bro-
mophenyl (PhBr) and 4-nitrophenyl (NP) groups to graphene correspondingly
azobenzene diazonium tetrafluoroborate, Fast Garnet GBC sulphate salt, Fast
Black K salt, 4-bromobenzenediazonium tetrafluoroborate and 4-nitrobenzene-
diazonium tetrafluoroborate were used.

Fast Garnet GBC sulphate salt, Fast Black K salt, 4-bromobenzenediazonium
tetrafluoroborate, 4-nitrobenzenediazonium tetrafluoroborate were of commercial
origin (Sigma-Aldrich) and used as received. Azobenzene diazonium tetra-
fluoroborate was synthesized in the lab according to the general procedure. Spe-
cifically, 0.01 mol of 4-Aminoazobenzene was dissolved in 100 ml of the mixture
of acetone (Lach-Ner) and water (1:1 volume ratio) and held in an ice bath. Then
0.01 mol of sodium nitrite (Merck) and 0.01 mol of hydrochloric acid (37%,
Sigma—Aldrich) were dissolved in 50 mL of the acetone-water mixture (1:1
volume ratio) and added to the previously prepared solution. After filtering the
solution, 0.01 mol of sodium tetrafluoroborate (98%, Sigma—Aldrich) was added.
The reaction product was cooled below 0 °C, filtered by suction and then washed
with ice water and cold ether followed by drying in a desiccator.
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Figure 10. Proposed reaction pathway for the modification of the CVD-grown MLG on
nickel with aryl groups by reduction of diazonium cation.

These aryl-modified Ni/MLG electrodes (Figure 11) are denoted further as:
Ni/MLG/AB, Ni/MLG/GBC, Ni/MLG/FBK, Ni/MLG/PhBr and Ni/MLG/NP.

Ni/MLG/AB Ni/MLG/GBC Ni/MLG/FBK NO,

; “CH,

7z

N

Ni/MLG/PhBr Ni/MLG/NP
Br

d e

Figure 11. Surface modifiers attached to CVD-grown MLG on nickel by electrochemical
reduction of: (a) azobenzene diazonium salt; (b) Fast Garnet GBC sulphate salt; (c) Fast
Black K salt; (d) 4-bromobenzenediazonium tetrafluoroborate and (e) 4-nitrobenzene-
diazonium tetrafluoroborate.
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Surface modification of Ni/MLG electrodes was conducted using repetitive
potential cycling in Ar-saturated acetonitrile (Sigma—Aldrich) containing 1mM
of the corresponding diazonium salt and 0.1M tetrabutylammonium tetrafluorob-
orate (Fluka) as a supporting electrolyte. The electrografting of MLG with AB,

GBC, FBK and PhBr groups was performed applying potential cycling from 0.4

to —0.4 V for 10 cycles at 0.1 Vs™'. For electrografting with NP groups three dif-

ferent conditions were employed:

(1) one cycle in a potential range from 0.6 to —0.5 V at 0.1 Vs™' (further denoted
as Ni/MLG/NP1);

(2) ten cycles in a potential range from 0.6 to —0.5 V at 0.1 Vs™' with a holding
at—0.2V for 10 min in order to increase the thickness of the NP layer (further
denoted as Ni/MLG/NP2);

(3) ten cycles in a potential range from 0.6 to —1.4 V at 1 Vs™' (Ni/MLG/NP3);

After electrochemical grafting, the aryl-modified Ni/MLG electrodes were
thoroughly rinsed with acetonitrile in order to remove weakly adsorbed species.
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5. RESULTS AND DISCUSSION

5.1. Micromechanically exfoliated graphene
(Paper V)

The examples of exfoliated graphene samples are presented in Figure 12. The
optical microscope (Figure 12a,c) and AFM (Figure 12b,d) images show that
prepared graphene samples consist of different number of graphene layers. The
thickness inhomogeneity is obvious already from the color variation within the
flakes in the optical images and is further confirmed by the height variation on
AFM images. On AFM images the steps between areas with different number of
graphene layers can be discerned. As can be seen, the graphene flakes may not lay
flat on the surface. The flakes can be partially detached from the substrate and the
edges can be curved upwards. This makes the determination of the number of
graphene layers by the height measurement of the graphene flake by AFM
inaccurate.

The exact number of graphene layers was determined using Raman spectro-
scopy. According to Raman spectroscopy the number of graphene layers in the
presented flakes varied from more than 10 layers to the 2 layers. Figure 13a and b
show the Raman spectra recorded from the thinnest areas of the flakes in Figure 12a
and Figure 12c¢, respectively. Both spectra show intense G and the 2D bands and
no or low intensity D band, which indicates the high crystalline quality of the
samples. The 2D band in both spectra is symmetric without characteristic to
graphite shoulder on its low frequency side. In Figure 13a the 2D band has lower
intensity compared to the G band and can be divided with 2 Lorentzian fitting
curves. The splitting of the 2D band is 23.9 cm™ and according to the literature
[244] corresponds to the 3-layers thick graphene. In Figure 13b the 2D band is
more intense compared to the G band. However, the FWHM of the 2D band is
44 cm™, which is not corresponding to the FWHM value for the single-layer
graphene (30 cm™'). When divided by the two Lorentzian fitting curves the
splitting of the 2D band is 19.2 cm™', which corresponds to the bilayer graphene
[244].

The areas of SLG were also identified among prepared flakes. The SEM and
AFM images of the graphene flake containing areas of SLG are presented in
Figure 14. As can be seen from the images, the thickness of this flake is not homo-
genous containing also thicker areas. The Raman spectrum from the thinnest area
of the flake is presented in Figure 15. The spectrum features symmetric and
narrow (FWHM = 28.3 cm ') 2D band, which is 4.5 times more intense than G
band. All these features indicate the presence of a SLG. The thickness of the flake
was also measured by AFM. The AFM measured height of the edge was 0.86 nm,
which is in accordance with the reported height of the single-layer measured in
the atmospheric conditions [195]. Unlike AFM, SEM images do not provide the
information about height of the graphene flakes. Nevertheless, as it is apparent
from Figure 14a, SEM images are very useful for rapid estimation of the thickness
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homogeneity of the prepared graphene. If to compare SEM and AFM images
from the same area, it is obvious that areas with different number of graphene
layers are much more distinct on SEM images compared to the AFM images. Due
to the superior sensitivity of AFM to height variation, the residues left on graphene
surface after exfoliation as well as the upturned edges are very prominent on AFM
images obscuring the milder contrast associated with difference in number of
graphene layers.
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Figure 12. (a, c¢) Optical images and (b, ¢c) AFM images of the micromechanically
exfoliated graphene flakes. () AFM height profile measured on graphene flake along the
line shown in the image (d).
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Figure 13. Raman spectra of the thinnest areas of exfoliated graphene samples presented
in Figure 12.
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Figure 14. (a, b) SEM images and (c, d) AFM images of the same micromechanically
graphene exfoliated flake. (f) AFM height profile measured at the edge of a graphene
flake along the line shown in the image (e).
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Figure 15. Raman spectrum from the thinnest area of the graphene flake presented in
Figure 14.

5.2. Graphene synthesized on nickel foil
(Paper I)

5.2.1. Initial stage of growth

Figure 16a and b show SEM images of the nickel surface after 45 s of methane
exposure at 1000 °C. Two types of graphene islands can be discerned: larger ones
with average dimensions of several micrometers (some being larger than 10 um)
and numerous small islands with dimensions less than several hundreds of nm.
Small graphene islands can be divided into two groups. The islands of the first
group exhibit somewhat elongated shape with the prolongation direction parallel
to the longest side of the underlying nickel grains. The islands of the second group
have nearly circular shape irrespective of the orientation of the underlying nickel
grains. As the shape of the islands of both groups does not deviate much from a
circular shape, it indicates that, at high temperatures of the graphene growth, the
surface diffusion rate of carbon atoms can be interpreted as isotropic, at least at
the island edges far enough from the grain boundaries of the substrate. For the
islands nucleated near or on the grain boundaries, elongation of graphene islands
was observed along the boundary.

It can be seen, that the nucleation of graphene islands is not completely
random. Although some of the grains have a large number of nucleation centers,
other grains can be completely uncovered. It should be noted that the contrast
within the graphene islands is nonuniform, which indicates the variation in the
thickness. It is remarkable that, already at the beginning of graphene growth, the
islands consist of more than one layer despite the fact that most of the surface is
still uncovered. Darker areas, which correspond to thicker graphene coverage,
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were sometimes observed in the middle of the islands, but more frequently on the
island periphery. When the exposure time to methane was increased to 2 minutes
at 1000 °C, approximately half of the surface was covered with graphene (Figure
16¢,d). The size of the islands increased such that their coalescence was observed
in numerous areas. In addition, there are a large number of small islands that may
act as secondary nucleation centers. After 5 minutes of exposure, most of the nickel
surface is covered with graphene (Figure 16e, f). However, some uncovered areas,
which appear as the brightest regions, still remain on the surface. The borders of
the uncovered areas tend to coincide with the nickel grain boundaries. These
results confirm that the crystallographic orientation of the nickel grains has an
influence on graphene growth. It is interesting to note that the areas covered with
graphene exhibit a wrinkled morphology, which was not observed in the initial
stages of graphene growth. The stepped morphology of the uncovered areas also
became more pronounced. The graphene appears to spread to uncovered grains
from well-covered grains along these steps.

Even after 1 hour of exposure to methane at 1000 °C, discontinuities in the
graphene coverage remain (Figure 16g, h). Because the topography and electron
channeling contrast of the underlying nickel substrate can affect how dark or bright
certain areas appear in the SEM images, both EBDS and EDX mappings were
conducted to investigate the carbon distribution on the nickel surface (Figure 17).
The EBSD color map in Figure 17b shows the crystallographic orientation of the
outermost surfaces of the nickel grains/crystallites relative to the sample surface
normal direction (ND). The colors in the corners of the color-triangle (Figure 17¢)
show the low-index surfaces, and the colors between them indicate stepped low-
cut or vicinal surfaces. The black or white points indicate that it was not possible
to determine the crystallographic orientation of the crystallites surfaces in these
points. To enhance surface sensitivity of the X-ray microanalysis, low acceleration
voltage of 2 kV was employed for the EDS analysis. Quantitative maps of C K,
and Ni L, are shown in Figure 17c and Figure 17d, respectively. The bar provided
in the lower portion of the images represents the percentage of the element within
the electron-excited near-surface volume. The EDX mapping confirmed that the
carbon distribution on the surface is non-uniform, which is consistent with the
SEM images. In addition, from the EDX maps an increased carbon signal was
observed between nickel grains due to carbon precipitation or its faster diffusion
at grain boundaries.

The holes in the coverage of graphene can also be clearly seen after graphene
transfer (Figure 18a). Also, stripe-like areas produced due to not complete
coalescence of long dendritic graphene branches can be seen (Figure 18b). It
worth noting, that even defective sites could be transferred safely.
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Figure 16. SEM images of the surface coverage with graphene film after the CVD process
with (a, b) 45 s, (c, d) 2 min, (e, f) 5 min, and (g, h) 1 h of methane exposure at 1000 °C [I].
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Figure 17. Comparison of the (a) SEM image and (b) EBSD map as well as the EDX
quantmap of (c¢) carbon and (d) nickel from the same location on the sample after the
CVD process with 5 min of methane exposure at 1000 °C. The bars on the EDX
quantmaps indicate the concentration of the analyzed element in the analyzed volume [I].

Figure 18. SEM images of CVD-grown graphene (5 min of exposure to methane at
1000°C) after transfer to Si/SiO substrate, showing areas with (a) holes and (b) not
wholly merged dendritic branches.
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5.2.2. Influence of the crystallographic orientation

In order to study the dependence of nickel grain orientation on graphene coverage,
EBSD mapping was performed after different periods of CVD growth. As can be
seen, after methane exposure for 5 minutes (Figures 16e,f and 17) and 10 minutes
(Figure 19) at 1000 °C, a noticeable difference in the coverage of graphene was
observed on different grains. The grains with a crystallographic orientation close
to Ni(111) are well covered with graphene. However, non-continuous graphene
coverage was observed on grains oriented close to Ni(001) and especially on
higher index surfaces (e.g., rose-colored grains with an orientation roughly in the
middle between Ni(111) and Ni(001), or yellow-colored grains with a surface
orientation that was roughly in the middle between Ni(001) and Ni(101)).
Graphene appears to extend to these faces from neighboring grains, forming long
dendritic branches oriented along the steps on the nickel substrate (Figures 16d,
17a and 19c¢). In contrast, continuous graphene coverage was obtained on light
blue colored high-index grains with an orientation in the middle between Ni(111)
and Ni(101).

C

Figure 19. Comparison of (a, ¢) SEM images and (b, d) EBSD orientation maps taken
from the same area in two locations showing the dependence of coverage on grain
orientation after 10 min of methane exposure at 1000 °C [I].
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After the increase of the methane exposure time to 1 h at 1000 °C (Figure 20), the
grains with a (001) orientation as well as the high-index surface areas are almost
completely covered with graphene. However, some small holes or discontinuities
in the graphene coverage were still observed, especially if the area of these grains
was quite large (Figure 20a and b). The dependence of graphene formation on the
nickel crystalline orientation has been reported by Takahashi et al. [184], who
studied in situ graphene formation by annealing nickel foils pre-covered with dis-
ordered graphene layers in an SEM chamber. The observed difference in graphene
formation on the (001)-oriented grains was explained by the higher binding energy
of the carbon atoms to this surface compared to the (111) surface. However, the
situation may be more complicated because during graphene growth, apparent
surface restructuring occurs in some areas, including the generation of steps that
introduce additional surface orientations. Besides, it may be possible that some
metal areas suffer from the surface reconstruction. As shown in Figures 17b, 19b
and 20d, the grains with surface orientations near to the (111) exhibit slightly
different shades of blue with an average misorientation angle of approximately
10°. Notably, the less the orientation of the grain deviates from the ideal (111)
orientation, the thinner the graphene coating is formed on the grain (Figure 20e).
With this extended exposure time, the peculiar coverage of the grains with a sharp
Ni(111) orientation was more prominent. These grains exhibit a distinctive
graphene coverage pattern and are characterized by periodic bands of thinner and
thicker graphene areas.

Next, to improve the homogeneity of graphene coverage, a “slow-cooling
process” was utilized. As shown in Figure 21a, the slow cooling yielded the
opposite effect. The SEM image shows areas with apparently very thick graphitic
coating with a wrinkled morphology and areas with significantly thinner graphene
coverage. The EBSD map (Figure 21b) indicates that the areas with a thinner
coverage have a (111) orientation. Therefore, surface restructuring during graphene
growth may cause carbon transfer from the (111)-oriented grains to the neigh-
boring grains (e.g., by enhanced surface diffusion). The overall effect of the slow
cooling rate is a significant increase in the thickness inhomogeneity of the
graphene coating. The grains with orientation close to the Ni(111) have thinner
graphene coating, and the thinnest coating is observed on grains with ideal
Ni(111) orientations. Grains with other orientations are covered with multilayer
graphene.
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Figure 20. Dependence of the MLG coverage on the grain orientation of a sample after
1h exposure of Ni to methane at 1000 °C: (a, ¢) SEM images and (b, d) EBSD orientation
maps taken from the same area in two locations of the sample (color-coding the same as
in Figure 17¢), and (e) EBSD angle map, taken from the area presented in (c, d) and
showing orientation deviation of the grains from Ni(111) orientation in the angle interval
from 0 to 20 degrees (see the scale at the bottom of the image) [I].
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Figure 21. Comparison of the (a) SEM image and (b) EBSD orientation maps from the
same area after the CVD growth with a “slow cooling process”; the white color on the
EBSD map indicates areas where the EBSD signal was not obtained [I].

5.2.3. Transformation of the nickel substrate during MLG growth

The microstructure of the nickel foil before the exposure to methane has been
explored by SEM and EBSD (Figure 22). As shown in the SEM micrograph in
Figure 22a, the size of the grains in as-received nickel foil is approximately 5 pm.
The striations resulting from the rolling process of the foil are visible on the
surface. As shown in Figure 22b, the nickel surface has a wide range of crystallo-
graphic orientations. However, grains with an orientation close to the Ni(111)
orientation are more common. The nickel crystal has a face-centered cubic unit
cell, and the Ni(111) surface, which possesses the lowest surface energy, also has
the smallest lattice mismatch with graphene and is considered to be the most
suitable for graphene growth. After 1 hour of annealing in the Ar/H, flow, the
SEM micrograph of the foil indicates a much smoother surface morphology
(Figure 22c). The deepest rolling striations are still visible, but overall, they are
less pronounced. The nickel foil is largely recrystallized, and the size of the
crystallites has significantly increased. As shown in Figure 22d, annealing did not
have a significant effect on the crystallographic orientation of the grains. In
addition to the Ni(111) face, facets of higher surface energy remain on the nickel
surface after annealing.

Morphology changes in the nickel surface were observed during graphene
growth. In Figure 23a, the AFM image of the Ni foil after only the annealing step
(performed at the same conditions as in case of graphene syntheses, and during
cooling step the gases flow was the same as during the annealing) displays a
smooth surface with flat terraces separated by steps of subnanometer height. Brief
exposure to methane for 2 minutes led to the appearance of periodic surface
modulations that are visible in the areas not covered with graphene (Figure 23b).
These wavy surface modulations appear well ordered with a peak height of <1
to 10 nm, as shown in Figure 23c, and a period from 30 to more than 100 nm
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depending on the particular place. However, areas between the graphene islands
retained their smooth morphology. Apparently, graphene islands impede the
motion of steps on the catalyst surface, which could be induced by surface energy
anisotropy. Besides, chemisorbed molecules can facilitate surface diffusion of
nickel atoms by weakening the bonds between neighboring substrate atoms
[322,323]. As the step flow proceeds, the velocity of the step is affected by the
graphene nucleation events on the terraces in front of the steps, which leads to
different step velocities and bunching of the steps. The graphene covered areas
also exhibit a rougher morphology (Figure 23c). In contrast to the bare nickel
surface between the graphene islands, these areas lacked the ordered pattern or
initial flat relief and exhibited an irregular bumpy surface. To determine if the
observed corrugated morphology was caused by the difference in the heat
expansion coefficient between graphene and nickel, the graphene was removed
from the surface using argon plasma cleaning. As shown in Figure 23d, after
graphene removal, the surface exhibits the same roughened morphology, which
indicates that the graphene growth induces structural transformations in the nickel
surface.

In order to determine the dependence of the nickel substrate morphology on
the graphene growth period, two samples were studied with SEM after partial
removal of graphene coating using the plasma treatment. In Figure 24a, the first
sample with thick graphene coverage is shown, which was obtained after
5 minutes of growth followed by a “slow cooling process”. The nickel exhibits
pronounced surface changes characterized by the high steps with rough edges.
The second sample was prepared with prolonged graphene growth (~1 hour), and
the graphene layer was partially removed from it by 20 minutes of plasma
treatment (Figure 24b). The SEM image reveals a surface covered in steps mean-
dering by graphene islands. In some places, the moving steps were unable to
overcome precipitates bent around the obstacle on both sides, forming nearly
circular closed step loops. Thus wave-like structures (meandering steps) can be a
result of the disturbances created by nucleation events on initially straight steps.
In graphene covered areas, the surface diffusion, as well as sublimation and
redeposition of substrate atoms, is inhibited, which hamper the advancement of
the steps leading to decreased velocity compared to the steps on an open surface.
Phase coherence of the steps develops later due to the effective step-step repulsion.
A driving factor responsible for morphological instability is asymmetric step
kinetics induced by carbon adsorption and nucleation of graphene islands. The
step bunches seem to favor graphene nucleation and subsequent expanding
graphene to the whole terrace. Thus, the surface changes increase as the graphene
growth time increases. During graphene growth for a long duration of time at high
temperatures, the reorientation of the metal grains accompanied by a restructuring
of their surface may contribute to the changes in the surface morphology. Also,
based on the strong bright contrast along the edges between graphene free areas
and areas where graphene was not completely removed by plasma cleaning
(Figure 24a), a height difference was observed between these areas. The areas
where the graphene was not completely removed were most likely covered with
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thicker graphene, and they appear to be somewhat lower compared to the areas,
which had fewer graphene layers. This observation strengthens the previous
suggestion that the nickel surface is intensely mobile during graphene growth. The
constantly changing surface during graphene growth may result in incomplete
coverage of the metal surface with graphene even during a prolonged growth
process and the formation of rotational disorder in the synthesized graphene
coatings.

Figure 22. SEM images of nickel foil (a) before and (c) after annealing. EBSD orientation
map of nickel foil (b) before and (d) after annealing as well as the (e) color key associated
with different crystalline orientations [I].
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Figure 23. AFM images taken in error-signal mode of the surface of the nickel foil: (a)
after annealing, (b) after CVD growth (2 min of methane exposure at 1000 °C) between
the graphene islands, (c) after CVD growth (2 min of methane exposure at 1000 °C), and
(d) after CVD graphene removal with plasma cleaning [I].

a

Figure 24. SEM images of the surface of the Ni foil with graphene partially removed by
Ar plasma cleaning: (a) CVD growth with 5 min exposure to methane at 1000 °C and
“slow cooling process” with methane flux and (b) CVD growth with 1 h of exposure to
methane at 1000 °C [I].
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5.3. Structure of graphene grown on nickel: Raman study
(Papers I-1I)

Figure 25 presents typical Raman spectra of the graphene recorded on the nickel
foil after 30 minutes of methane exposure at 1000 °C, where a nearly continuous
coverage was obtained. As shown in the overview spectrum in Figure 25a, the
intensity value of the G band (1583 cm™) is higher than that of the 2D band
(2715 cm™), and the last band has an asymmetric shape. This band can be divided
into two Lorentzian curves with maxima at 2734 and 2703 cm™' (not shown), and
a band splitting of A;p=31 cm™'. Based on the relationship of Aop to the number
of graphene layers [244], in the AB-stack approximation, the number of graphene
layers was estimated to be 10+1. This AB-stack approximation was confirmed by
the existence of weak spectral bands between 1650-1800 cm™' (right inset,
Figure 25a), which correspond to the out-of-plane combination modes of the
longitudinal optical (LO), out-of-plane acoustic (ZA), out-of-plane optical (ZO”)
and an overtone of another out-of-plane breathing vibration mode (ZO):
(LO+ZA, LO+Z0O’, 2Z0). These modes are specific to the AB-stacked graphene
[238,324,325]. In addition, the Raman features in the range of 80 to 130 cm’!
corresponding to the ZO’ breathing modes, and facilitating by rotational disorder
[257,326], are missing (left inset, Figure 25a). All of these Raman features indicate
the presence of MLG that primarily consists of graphite-like AB stacked layers.

In certain regions over the sample, the spectra were similar to that shown in
Figure 25b. In this case, the Raman spectrum consists of a very intense and
narrow 2D band (2707 cm ') as well as a low-intensity G band (1582 cm™"). The
integral intensities ratio (A2p/Ag) can reach a value as high as 15 or greater (e.g.,
in Figure 25b, A,p/Ag = 6.7). Although the spectrum in Figure 25b is similar to
the spectrum of SLG, no decrease in the carbon concentration was observed in
these areas in the EDX maps compared to the neighboring grains (Figure 27b).
The rotation of the adjacent graphene planes can result in the Raman spectra of
thicker graphene being similar to that obtained for SLG. This behavior was
primarily reported for misoriented (non-AB stack) bilayer systems [256,260,327].
However, this peculiarity was also predicted for misoriented multilayer graphene
[22] and demonstrated on multilayer graphene grown on the C-face of SiC
[23,328]. In contrast to the AB stack (Figure 25a) in the spectra obtained in these
distinctive areas, the bands connected with the out-of-plane modes in the
1650—1800 cm™' spectral range are missing, and the bands connected to the in-
plane combination modes of the longitudinal optical (LO), transverse acoustic
(TA), transverse optical (TO) and longitudinal acoustic (LA) vibration modes
(LO+TA, TO+LA, LO+LA, TO+TA) between 1800-2250 cm™' are well pro-
nounced (right inset, Figure 25b). Along with the high value of the A,pn/Ag ratio,
this effect is unique to weakly bonded layers inside the graphene system with
stacking disorder between the layers [238,324]. Additional information on the
stacking order can be obtained by the bands connected to the rotation modes (R)
[257,258,329], which appear in the lower energy region of the spectrum between
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defect band D at 1357 cm™' and band G at 1582 cm™' (right inset, Figure 25b). In
this spectral range, at least two bands assigned to R modes were isolated at 1383
and 1483 cm'. The corresponding rotation angles (0) were estimated to be
approximately 26° and 13.5°, respectively, based on the wr = wr(0) relationship
[258]. In the spectral range of 80—130 cm™' belonging to the ZO’ breathing modes
[257,326], several overlapping Lorentzian peaks were observed. The most intense
peaks of them are located at 106, 115 and 121 cm ™', which indicate the presence
of several rotated graphene layers that have slightly different breathing fre-
quencies. Based on the recent estimates [330,331], these peaks most likely corres-
pond to a combination of vibrational modes, which involve both the ZO’ breathing
and shear (C) modes, (ZO’+C) in the misoriented portion of the multilayer
graphene.

The most spread on the sample were the areas with mixed structure, which
consist of AB-stacked layers along with rotationally faulted graphene layers.
A typical set of Raman scattering spectra for this type of domain is presented in
Figure 25c. The Raman spectrum displays two intense commonly symmetrical
bands G and the 2D located at 1582 cm™' and 2707 cm', respectively. The
intensity of the G band was less than the intensity of the 2D band. The Asp/Ag
integral intensity ratio was 5, which is quite similar to that for the Raman
spectrum of exfoliated SLG. However, the widths of the bands were too large for
single-layer graphene, and the broad the 2D band can be divided into two sub-
bands at 2695 and 2716 cm™" with an interval between the maxima (the 2D band
splitting) of 21 ¢cm™', giving in the AB-stack approximation for the number of
graphene layers on Ni substrate approximately 3 [244]. Indeed, the AB stack was
observed after the LO+ZO’ peak at 1752 cm™' (right upper inset, Figure 25c¢).
However, the use of the AB stack approximation to estimate the number of layers
is inadequate because additional details in the spectrum exist, which demonstrates
the substantial role of the rotationally faulted graphene layers. In the same inset,
other details of this Raman spectrum are shown. The in-plane vibration modes
(i.e., LO+TA, TO+LA, LO+LA, TO+TA [238,324,332]) and two sharp lower
energy peaks due to the rotation modes at 1421 and 1479 cm™' were observed.
Based on the given frequency values for the rotation modes, the corresponding
twisting angles between the stacking graphene layers were determined to be
approximately 20° and 14°, respectively.

The role of rotational stacking was further approved by Raman analysis of the
breathing modes ZO’ and ZO (left and lower right insets, Figure 25c¢). As in the
previous case (Figure 25b), in the spectral region of the ZO’ breathing modes, a
structure exists, which can be divided into three Lorentzian-shape bands (at 107,
115 and 122 cm™) of several rotated graphene layers in MLG. The Raman peak
at approximately 800 cm™' [241] appears in the ZO breathing mode range, and its
exact position has a tight relationship to the spectral position of the rotation mode
R and, therefore, to the rotation angle 6 [326]. On the high background, due to
the Ni substrate, some very weak peculiarities in this region were detected,
including a broadened structure below 800 cm™ and peaks at 820 and 841 cm™
(lower right inset, Figure 25c¢).
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Figure 25. Raman spectra from different areas on the substrate: (a) MLG with AB
stacking, (b) misoriented MLG, (c¢) MLG with a mixed structure of AB and rotationally
faulted graphene layers stacking [I].
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Two former peculiarities agree well with the results that in the spectrum, two R
bands at 1421 and 1479 cm™ exist and affirm the appearance of two rotation
angles at 20° and 14° for multilayer graphene film. The peak at 841 cm™' confirms
the additional twisted graphene layer(s) with an angle of approximately 10°. The
corresponding rotation mode was not observed in the Raman spectrum even though
it should appear in the region above 1500 cm ™, where it coincides with the intense
G band.

Figure 26 shows the correlation between crystal orientation mapping and the
obtained Raman spectra. The Raman signal with the unusually high 2D/G ratio
was primarily observed on the grains with an orientation roughly in the middle
between Ni(001) and Ni(111).The triangular, rhombic and circular symbols
superimposed on the EBSD orientation map correspond to the spots locations
where spectra similar to Figure 25a, Figure 25b and Figure 25c, respectively,
were measured.

Therefore, the Raman characterization of CVD graphene on the Ni catalyst
indicates that there is a great variety of multilayer graphene domains with very
different stacking orders that distinguish the MLG from the graphite. The exact
number of graphene layers cannot be precisely determined due to the presence of
rotational disorder between the graphene layers. The results from the Raman
scattering spectra of CVD grown graphene on Ni foil unambiguously indicate the
existence of AB stacked and rotated layers that are located together as well as
separately inside the multilayer graphene domains. The rotation of the graphene
layers affects the electronic properties of the synthesized graphene sheets. As
shown for the large rotation angles, the misoriented graphene system can exhibit
apparent SLG behavior [21]. In particular, the rotation disorder induced electronic
decoupling between layers can lead to high charge carrier mobilities even in
multilayer structures [333].

Besides the graphene regions discussed above, there were small regions, the
Raman spectra of which characteristically exhibited the increased intensity of the
G band. One of the spectra obtained from this type of region is presented in
Figure 28. The ratio of the G and 2D peak areas (Ac/A2p) in the spectrum is higher
than three. In addition, the spectrum shows a prominent rotation mode (R)
peaking at 1485 cm™ and a ZO mode of considerable intensity centered at
825 cm ™' (Figure 28, right inset). The positions of both bands correspond to the
same rotation angle of 13° [256,258,329]. Remarkably, that identified angle is very
close to the critical angle, 0. Also, in contrast to the previously described spectra
of misoriented MLG, in this spectrum, a new spectral feature consisting of several
components emerges in the spectral range of 130-200 cm ™' (Figure 28, left inset).
It can be noticed that this spectral feature is similar in shape and number of sub-
components to the structure in the ZO’ layer-breathing modes range. Therefore,
it may be assumed that it corresponds to a combination of the ZO’ layer-breathing
modes with another vibrational mode appearing in the spectral range of approx-
imately 50-60 cm™'. Recently, a mode at 52 cm™' has been observed in the mis-
oriented bilayer graphene and assigned to the torsional mode, in which adjacent
graphene layers rotate out of phase with each other [257]. Noteworthy, this mode
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at 52 cm™' has been observed in the bilayer graphene when the rotational angle
between layers was close to the critical angle, as in the current case. Thus, the
new feature in the spectral range of 130-200 cm' likely corresponds to the
combination of vibrational modes involving both the ZO’ layer-breathing and
torsional mode. The appearance of this broad feature in the spectrum can, along
with highly intensive G band, serve as an indicator of misoriented MLG, where
the rotational angle between layers is close to the critical angle.

| e e—
30um

Figure 26. EBSD orientation map showing the orientation dependence of the measured
Raman signal — symbol A refers to the spectrum given in (a), < refers to the spectrum
given in (b), O refers to the spectrum given in (c) [1].

Electron Image 1

a b C Kai_2

Figure 27. Local analysis of an area having very intense and narrow the 2D band in

Raman spectrum: (a) SEM image from the area mapped in Figure 26 and (b) EDX
mapping of carbon K, line from the area marked by the rose frame in the (a).
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Figure 28. Raman spectrum recorded from the MLG regions with high intensity of the G
band of multi-layer graphene on Ni [II].

Furthermore, a peak of unknown origin was present in the breathing (ZO) mode
range at 867 cm', in every spectrum, regardless of the stacking order of the
graphene layers (Figure 28). To the extent of author’s knowledge, the aforemen-
tioned peak has not been reported in the literature for graphene synthesized on
nickel by the time this research was conducted. This peak showed no dispersion
with a variation of the laser excitation energy (two excitation laser energies of 2.41
and 2.54 eV were examined). Notably, this peak was present also in the spectra of
the MLG regions with AB-staking, where no other ZO phonon modes were ob-
served. Still, the peak at 867 cm™' was no longer visible after the transfer of MLG
from the nickel to the Si/SiO; substrate. Therefore, it stands to reason, that this
peak originates from the vibrations at or in the immediate vicinity of the
graphene-nickel interface. Tentatively, the inequivalence in the adsorption sites
of the carbon atoms on nickel surface may create favorable conditions [334] for
activation of the layer-breathing (ZO) mode vibrations between the graphene
layer bound to nickel and the subsequent graphene layer.

5.4. TEM studies of MLG graphene grown on nickel foils

The representative TEM images of graphene sheets transferred onto the TEM grid
are demonstrated in Figure 29. The image shows a low-magnification bright-field
(BF) image of the MLG sheet extending beyond the field of view of several
hundreds of nanometers. Though, at this magnification, the lattice cannot be
resolved, the sheet-like nature of the sample is apparent. The wrinkles within the
graphene sheet can be seen in the upper-left part of the image. In the same part of
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the image, it can be seen that one of the graphene layers is scrolled and folded
back. As it is a bright-field image, the folded areas appear darker as the electron
scattering probability increases with the thickness. The crack in graphene, which
widens to the center of the shown area, can also be seen. The origin of the crack
is the graphene domains that have not merged during the synthesis or damage
introduced during the transfer process. The darker splotches visible in the multiple
places are presumably contamination, most probably, PMMA residues. Never-
theless, clean areas can still be found between these contaminated areas, which
appear at low magnification as featureless homogeneous regions.

More information can be obtained by analysis of electron diffraction pattern.
The crystallinity of the MLG sheets was determined with selected area electron
diffraction. Figure 29b shows normal-incidence selected area diffraction patterns
for the sheet in Figure 29a. The well-defined diffraction spots confirm the crys-
talline structure of the imaged graphene samples. The electron diffraction from
one graphene/graphite crystal would result in one set of six symmetric spots of
reflection in the inner hexagon. Figure 29b shows two main groups of spots in
the SAED pattern. In Figure 29b, the two sets of hexagonal patterns are relatively
rotated by 5.8°. This is either due to differently oriented domains or rotational
stacking faults between the layers within the field of view. Graphene has hexagonal
symmetry, so from the SAED pattern, the angle up to 30° can be measured bet-
ween different graphene domains/layers.

In order to identify the number of graphene layers in the sample, we found
places that allowed a cross-sectional view of the graphene sheet. Figure 29c
shows the BF-TEM image from an internal fold, and Figure 29d shows an image
from the edge. At these places, the MLG sheet is locally parallel to the electron
beam, and the number of graphene layers can be visualized. The number of dark
lines in the images indicates the thickness of 8 to 11 layers in these areas.

Figure 29 e—f. show HRTEM images obtained by zooming into different
regions in the suspended graphene sheet under study. The images were acquired
with single, 5 seconds long exposures of CCD, and no image processing has been
done to the acquired images. The images show lattice fringes of graphene,
confirming the crystalline nature of the sample. The hexagonal arrangement of
atoms in graphene crystal produces two diffraction planes with 0.213 nm and
0.123 nm spacing. Thus, in the fast Fourier transformation of the atomic
resolution image of graphene, two sets of hexagons corresponding to these
spacings should be visible. However, the lattice images can be already seen if the
reflections corresponding to 0.213 nm spacing are transferred, but to be able to
see individual carbon atoms, the reflection at 0.123 nm should also be present
[335]. In the FFT of the image presented in Figure 29e, only reflection
corresponding to 0.213 nm is well transferred, indicating that the 0.142 atom
distances are not resolved in the image. The brightness variations visible in both
images can be a result of the corrugations of the graphene surface as the phase
contrast is sensitive to the focusing conditions. The changes in brightness can also
be due to patchy surface contamination.
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Figure 29. The TEM images of synthesized graphene sample: (a) Low — magnification
BF-TEM image of a MLG sheet suspended over a hole in the TEM grid, (b) Electron
diffraction pattern of the graphene sheet for close to normal incidence, (c, d) BF-TEM
images from the regions, where the graphene sheet is locally parallel to the electron beam,
(e, f) HR-TEM images of two different regions showing lattice fringes of graphene.
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5.5. Graphene synthesized on thin nickel films
(Based on studies done to prepare FLG in the paper VI)

In order to obtain graphene sheets with fewer graphene layers, the Ni films were
employed for graphene synthesis. Smaller thickness of the films compared to foils
aimed to decrease the amount of the dissolved carbon and, thus, diminish the
precipitation-induced graphene growth. Figure 30a shows the SEM image of the
electron-beam evaporated Ni film on Si/SiO, substrate prior to the graphene
synthesis, which exhibits uniform fine-grained morphology. After CVD process
with 1 min of methane exposure at 900 °C, it can be seen (Figure 30b) that the Ni
grains are significantly increased in size and now demonstrate variation in the
brightness levels over the surface, which suggests the prominent non-uniformity
in the graphene thickness over the observed area. Since the electron channeling
contrast can also affect the brightness level of the particular grain, depending on
its orientation relative to the e-beam, the synthesized graphene layer was
transferred to the Si/Si0; substrate. Nevertheless, as can be seen, the variation of
the brightness levels was still observed after the graphene transfer (Figure 30c¢),
confirming the variation in the number of graphene layers on the um-scale.

c 5 E : 2 V
Figure 30. SEM images of the 140 nm-thick Ni film before (a) and after (b) graphene
synthesis (1 min. of methane exposure at 900 °C); (c) the graphene sheet synthesized on
140 nm-thick Ni film after transfer to Si/SiO; substrate.
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The uncovered areas on Ni film were hard to vizualize in the SEM and
topographic AFM images due to the relatively rough topography of the nickel
films. It was important, however, to investigate the continuity of the graphene
sheets also before the graphene transfer to be sure that the observed discontinuities
are not a result of the transfer procedure. The phase-contrast imaging in atomic
force microscopy resulted in being a useful method to reveal the continuity of the
coverage of nickel film with graphene. The uncovered areas can be clearly seen
in phase-contrast images (bright areas in Figure 31b, d), which are not easily
detected by topographic imaging (Figure 31a, c).

It should be pointed out that in contrast to the synthesis on nickel foil, on 140-
nm thick Ni films, 1 min of methane exposure was sufficient to cover practically
the entire surface. Apparently, due to smaller thickness, the nickel is faster
saturated with dissolved carbon, and the local supersaturation of the carbon
adatoms required for graphene nucleation is achieved within a smaller time
interval.

22,1 nm

topo

C

Figure 31. (a, ¢) Topographic AFM images and (b, d) phase-contrast AFM images of the
140 nm-thick Ni film after graphene synthesis.
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The graphene sheets synthesized on Ni thin films were further examined using
Raman spectroscopy. It should be noted that on contrary to the Raman studies of
MLG, which were conducted directly on Ni foils, the graphene grown on Ni films
prior to the Raman measurements was transferred to Si/SiO, substrate. The transfer
of graphene was required because no or very faint Raman signal was detected if
the measurements were conducted on as-synthesized graphene on Ni films. It has
been demonstrated that the strong interaction between graphene and nickel
substrate leads to loss of resonance condition for Raman scattering [334] and,
therefore, on nickel, at least in the case of SLG, no Raman signal should be
observed. The suppression of the Raman signal vanishes with the increase in the
number of graphene layers, and the Raman spectra were successfully recorded in
MLG synthesized on Ni foils.

The Raman spectra of graphene synthesized on Ni films with a thickness of
140 nm were characterized by a symmetric 2D band, the intensity of which was
in most of the spectra higher than the intensity of the G band (Figure 32). Similar
to MLG synthesized on Ni foils, the ratio of the intensity of 2D band to the
intensity of G band (I.n/Ig) as well as the FWHM of the 2D band noticeably varied
on different locations of the sample. Table 1 presents a summary of mean Raman
data collected from numerous locations over the sample. For comparison, the data
obtained on the MLG synthesized on Ni foils and SLG synthesized on Cu foils
(after transfer to Si/SiO; substrate) are also given in Table 1. As can be seen, the
mean FWHM of the 2D band is significantly lower for graphene synthesized on
Ni films compared to the Ni foils, being close to the mean value obtained on SLG.
While the FWHM of the 2D band in the SLG samples prepared by micro-
mechanical exfoliation did not exceed 31 cm ™!, the mean FWHM of the 2D band
in CVD-grown SLG was broader, 34.8 cm™'. The broadening of the 2D and G
band in CVD graphene compared to the exfoliated graphene is in accordance with
the literature [336]. An even higher increase in the linewidth of the 2D band in
graphene grown on Ni films is apparently related to the increased number of
graphene layers in the sample. The fact that the 2D band remains symmetric
despite the increase of the number of the layers indicates the presence of the
rotational disorder between graphene layers. In non-Bernal stacked graphene, the
splitting of the 2D band cannot be used for the correct estimation of the number
of graphene layers. The I,p/Ig ratio, as has been previously shown on MLG
synthesized on Ni foils, is also not a reliable indicator of the number of graphene
layers, if the layers are misoriented with respect to each other. However, it is
worth noting that the mean value of the I,p/l ratio for graphene synthesized on
Ni films was higher compared to that on Ni foils, approaching the mean value
obtained on SLG synthesized on copper foil.

In several-layer-thick graphene samples, the position of the G band can be
used to determine the number of the graphene layers in the sample [337,338]. It
has been shown that the position of the G band downshifts with the number of
graphene layers according to the relation as 1581.6+11/(1+n') cm™ [337], where
n is a number of graphene layers. This relation can be used for graphene samples
consisting of up to approximately 7 layers. For thicker samples, the position of
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the G band becomes very similar to the position of the G band in graphite
(1581.6 cm™). Even for FLG and several-layer thick graphene samples, the given
relation should be used with caution, as the shift of the G band can also be a result
of strain and doping. The position of the G band of SLG transferred from copper
foil was, however, well in agreement with the relation-predicted value for SLG
(1587 cm™). Based on the position of G band, the average number of graphene
layers synthesized on Ni foils was estimated to be =~ 3. The thickness of the
graphene sample has also been shown to affect the position of the 2D band, which
in contrast to G band upshifts with the number of graphene layers [339]. As can
be seen from Table 1, the 2D band was only slightly upshifted compared to the
SLG samples. Overall it can be concluded that the use of the nickel substrate with
smaller thickness allowed decreasing the number of the graphene layers in the
synthesized graphene sheet.

The second prominent difference of graphene synthesized on Ni films from
graphene synthesized on Ni foils is the significant increase in the ratio of the
intensity of D band to the intensity of the G band (Ip/lg). The graphene synthe-
sized on Ni foils was characterized by a low amount of structural defects, which
is reflected in the low mean Ip/Ig ratio (0.05). For graphene synthesized on Ni
films, the mean Ip/Ig ratio was 5 times higher. The higher amount of defects is
graphene synthesized on Ni films might be related to the faster recrystallization
of the nickel substrate during graphene growth.
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Figure 32. The representative Raman spectrum of graphene synthesized by CVD on 140
nm-thick Ni films.
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Table 1. Mean values and single standard deviation from the mean of FWHM of the 2D
band, spectral positions of the G and 2D bands, and the ratios of the intensity of the 2D
band to the intensity of G band (Iop/Ig), and the ratios of the intensity of D band to the G
band (Ip/Ig) in graphene samples prepared by CVD on 140 nm-thick nickel films, nickel
foils and copper foils. Mean values were calculated based on 50 spectra recorded on
different locations on the sample.

Substrates FWHM}ZD), Posmor}1 Q), Posmoni 1(2D), L/l I/l
cm cm cm
Ni films 38.1+4.6 1583.7+1.1 | 2688.7+4.6 2715 [025+0.17
Ni foils 46.6 + 8.6 1581.9+1.0 | 2710.2+3.9 22429 [0.05+0.02
Cu foils 348+23 |1586.5+1.26| 2687.9+3.9 31+0.6 |0.02+0.01

STM was used for atomic-scale observation of graphene growth on nickel films
(Figure 33). The honeycomb lattice of graphene has been resolved in the STM
image obtained on the sample. The observed six-fold symmetry is regarded to be
a hallmark of SLG, whereas the areas with a larger number of graphene layers
are expected to exhibit three-fold symmetry characteristic to the STM images
obtained on graphite surface [340]. This assumption, however, might not be valid
in the case of rotational disorder between graphene layers. It has been shown that
in contrast to Bernal-stacked FL.G, where only every second carbon atom on the
surface is visible, all the atoms are imaged if the graphene layers are misoriented
with respect to each other [22]. Therefore, the observation of the hexagonal
symmetry might not be a reliable indicator of the presence of SLG. In addition,
in some areas, stripe-like morphology with a period of ~1.3 nm has been observed
(Figure 33b). In the higher magnification image obtained from this area
(Figure 33c¢) again, the individual hexagons of carbon atoms are clearly visible
and the FFT yields hexagonal symmetry of graphene. The distance measured
between the nearest carbon atoms is ~0.14 nm and corresponds to the distance
between the nearest carbon atoms in graphene. Similar stripe-like morphology
has been previously reported on SLG on Ni (110) [341] Ni (100) [342] and
Fe(110) [343] surfaces. It was found that the observed morphology is a result of
a lattice mismatch between the graphene layer and the lattice of the underlying
metal. It also has been noted that the strong interaction between graphene and
metal is a prerequisite for the appearance of this type of morphology [343].
Therefore, it is likely that SLG areas were present in the graphene sheets
synthesized on Ni films.
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Figure 33. (a-b) STM images of graphene grown on nickel film exhibiting (a) flat and
(b) periodically corrugated morphology, scanning area is 5x5 nm? and 10x10 nm?,
respectively; (c) magnified image of the area shown in (b), the inset is Fast Fourier
transform of the corresponding image; (d) line profiles along the numbered lines in (c).

Since the number of graphene layers in graphene sheets synthesized on 140-thick
Ni films was smaller compared to graphene on nickel foils, it was of interest to
conduct the graphene synthesis on even thinner films. Unfortunately, nickel films
thinner than 140 nm were subjected to solid-state dewetting, which led to the
disintegration of the nickel films under the conditions used for graphene
synthesis. Figure 34a shows the holes formed in the 80 nm-thick Ni film after
graphene synthesis. Further reduction of the thickness of the film to 60 nm led to
the formation of discrete Ni islands (Figure 34b) during graphene growth. As can
be seen from the image Figure 34c the resulted graphene layer was also in the
form of discrete islands.

Further studies are needed to find out whether could be found any other
industrial high-temperature substrate material allowing to use thinner continuous
Ni films, and thereby synthesize single/few-layer graphene sheets in more
controllable way.
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Figure 34. SEM images of (a) 80 nm and (b) 60 nm-thick Ni film after graphene synthesis;
(c) the graphene sheet synthesized on 60 nm-thick Ni film after transfer to Si/SiO, substrate.
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5.6. Performance of MLG deposited on nickel foils as
electrodes for oxygen reduction

(Paper I1I)

5.6.1. Characterization of Nickel/CVD-grown MLG electrodes

a

Figure 35. SEM images of the prepared nickel/MLG electrode surface. Scale bar: (a) 50
um and (b) 5 pm.

To characterize the morphology of the CVD-grown MLG electrodes, SEM was
used (Figure 35). For the synthesis of MLG to be utilized as the electrodes, the
prolonged synthesis times were used to minimize discontinuities in the syn-
thesized graphene film. As can be seen from Figure 35a, the surface shows mostly
modest brightness variations, which are related to the grain boundaries and relief
of the nickel grains. At a closer look (Figure 35b), the graphene wrinkles can be
seen throughout the surface, making the coverage of the surface with graphene
apparent. However, although small defects in MLG coverage can still be found,
the vast majority of the surface appears to be covered. In order to compare the
roughness of the Ni/MLG electrode with HOPG, the AFM measurements were
also conducted (Figure 36). The 3D AFM images of compared electrodes show
different surface morphology. The surface of HOPG is smooth, comprising of up
to 2 um wide terraces separated by steps of one to several graphene layer height.
The surface of Ni/MLG electrodes is rougher (compare the dimensions of the
z-scale) due to graphene wrinkles and the unevenness of the underlying nickel.
The root-mean-square roughness calculated from the images shown in Figure 36
is 1.4 nm for HOPG and 81.1 nm for Ni/CVD-grown MLG electrode. The higher
roughness results in the larger specific surface of the CVD-grown MLG electrode
compared to the HOPG electrode with the same geometric area, which affects
most electrochemical responses.
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Figure 36. 3D AFM images (10 x 10 um?) show the surface morphology of HOPG (a)
and the CVD Ni/MLG electrode (b).

The typical Raman spectra of a CVD-grown graphene film and HOPG are given
for the comparison in Figure 37. Both spectra show G band and 2D band
characteristic to all graphene-based materials. As expected, in both samples the
intensity of the G band is higher than the intensity of the 2D band, which indicates
the presence of more than one graphene layer. However, the shape of the 2D
band, which is also sensitive to the number of graphene layers, differs between
the HOPG and CVD-grown graphene samples. While in HOPG sample 2D band
has typical graphite shoulder at a low-frequency side, the 2D band in CVD
graphene sample is more symmetric. Taking into account the shape of 2D band and
the value of the splitting between its most intense sub-components (Ap=31 cm™")
we concluded that the number of graphene layers in the sample is about 10, see
also Figure 25 and the text describing it. The D peak was practically absent in
both spectra, indicating a low amount of defects on the surface of both samples.
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Figure 37. The Raman spectra of (a) HOPG and (b) CVD-grown MLG [III].

To evaluate the graphene coverage on the nickel foil on macro-scale, we
implemented the electrochemical method proposed by Ambrosi et al. [344]. This
method is based on measuring the inherent redox signals of the underlying metal
catalyst. Graphene prevents the metal interaction with the external environment,
thus no signal should be generated by fully covered metal. In case of partial
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coverage, the electrochemical signal is dependent on the area ratio of the un-
covered and covered places, reaching minimum in case of the completely covered
metal electrode. The results of the cyclic voltammetry in alkaline solution for bare
nickel and the Ni/MLG are presented in Figure 38 (the electrochemical measure-
ments discussed in this and next subdivisions were done by Elo Kibena-Pdld-
sepp). As can be seen, the redox signal generated by Ni(OH) is greatly suppressed
on Ni/MLG electrode compared to the bare nickel. This confirms that the nickel
is mostly covered with graphene, however, some discontinuities are still remaining
in the graphene coverage, which is in accordance with the results of our micro-
scopy studies. The XPS measurements [IV] of Ni foil before and after the
synthesis of MLG revealed that after CVD (40 min of methane exposure at
1000 °C) only the peak with a binding energy of 284.5 eV corresponding to sp*
carbon was present in the spectrum indicating that the predominant majority of
the surface was covered with graphene.
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Figure 38. Cyclic voltammograms for the bare Ni and Ni/MLG graphene electrodes
recorded in Ar-saturated 0.1 M KOH between —0.5 and 0.6 V (the 10th cycle is displayed).
The arrow indicates the direction of the scan [III].

5.7. Electrochemical properties of
CVD nickel/MLG electrodes

In order to investigate the heterogeneous electron transfer properties of the CVD-
grown MLG, the cyclic voltammetric measurements were performed. The
measurements were conducted in Ar-saturated 0.1 M K,SOs4 solution in the
presence of 1 mM K3Fe(CN)s at a scan rate of 100 mV s'. Cyclic voltammetry
using HOPG and GC were also performed for comparison at the same conditions.
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It can be seen from the obtained cyclic voltammograms (Figure 39) that the CVD-
grown MLG shows much larger peak-to-peak separation compared to GC, which
is a hallmark of slow electron transfer kinetics [345]. The cyclic voltammetric
response of CVD-grown MLG towards ferricyanide reduction was very similar
to that of HOPG electrode. This result is following the data obtained by Ambrosi
and Pumera [346] who compared electron transfer rate of MLG transferred to the
polyethylene terephthalate substrate with both basal plane and edge plane pyro-
lytic graphite and found that the electron transfer kinetics of transferred MLG
resembles that of basal plane pyrolytic graphite.

Further, the electrocatalytic activity of the CVD-grown MLG on nickel for
ORR in the alkaline electrolyte was evaluated by linear sweep voltammetry (LSV).
Figure 40 shows the LSVs for GC, HOPG and CVD-grown MLG in an O;
saturated 0.1 M KOH electrolyte. As can be seen, the LSV curves of CVD-grown
MLG on nickel and HOPG are somewhat similar: both show the oxygen reduction
peaks at —0.8 and —1.1 V. The main difference between them is the presence of a
small current peak on HOPG at ca —0.5 V. This peak is apparently due to the
reduction of oxygen by oxygen containing-groups at defects and the edge sites of
HOPG surface [347,348]. The peak is small since the HOPG has low-defect
surface and the number of adsorption places is small. The absence of this peak on
CVD-grown MLG indicates an even smaller amount of defects/graphitic edges
on its surface compared to HOPG. In case of GC electrode, the reduction peaks
appear at lower potentials: the first sharp, high current peak appears at —0.45 V
and the second one at —0.9 V. As can be seen compared to GC both HOPG and
CVD-grown MLG show rather low activity towards oxygen reduction.
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Figure 39. CV response towards the Fe(CN)s**~ redox couple on bare GC, HOPG and
CVD-grown MLG in Ar-saturated 0.1 M K,SOj4 solution containing 1 mM K3;Fe(CN)g
[111].
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Figure 40. LSV curves of ORR at bare GC, HOPG and CVD nickel/MLG electrodes in
O,-saturated 0.1 M KOH solution (scan rate: v =100 mV s [III].

5.8. Characterization of Nickel/CVD-grown MLG modified
by electroreduction of aryldiazonium salts

(Paper 1V)

The changes in the morphology of nickel/MLG structures/electrodes after the
electrografting process (done by Marek Mooste) were studied using atomic force
microscopy in the non-contact mode (Figure 41). As can be seen, after modi-
fication, the surface exhibits fine-granular morphology, which was absent on a
bare nickel/graphene electrode. The discernible increase in the diameter of the
graphene wrinkles also points out on the presence of an extra layer on top of the
graphene. The size of the granular formations varied depending on the modifier,
which might depict the difference in the density of the primary reaction centers
as well as the thickness of the deposits. The thickness of the layers was measured
by AFM using nanoscratching mode of nanolithography package, i.e., removing
the modification layer by repeated scanning of the chosen area in contact mode
with subsequent imaging in non-contact mode. The topography profile was then
extracted from the image, as demonstrated in Figure 43 on the example of
Ni/MLG/NP sample. The measured thicknesses of deposits in narrow potential
range varied from few (GBC) to about 12 nm (ABD). However, it was difficult
to measure the thickness very precisely due to the unevenness of the underlying
Ni/MLG substrate, it was apparent, that the thickness of the deposits exceeded
the thickness expected for the monolayer of attached molecules. For example,
whereas the height of the PhBr monolayer is 0.67 nm, the measured thickness
was around 6 nm. More than eight-fold exceeding of the expected value indicates
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the formation of polyaryl layer on graphene, which takes place when aryl radicals
instead of attacking graphene surface, react with aryl groups already attached to
graphene [349]. Alternatively, the multilayer can also form through azo linkages
(in this case aryldiazonium groups attach to the aryl groups already grafted to
graphene). The presence of azo linkages can be revealed by XPS due to the
appearance of a characteristic peak at 400 eV in the spectrum. A 400 eV-peak
was indeed present [IV] not only in the Ni/MLG/AB, Ni/MLG/GBC and
Ni/MLG/FBK samples, in which attached aryl moieties contain azo group but
also in the Ni/MLG/PhBr sample. The presence of a peak at 400 eV in NP-modi-
fied samples is not a reliable indicator of the azo linkage formation, because, it
has been shown [350] that under the x-ray irradiation nitro groups can be con-
verted into amino groups, the binding energy (399.6 ¢V) of which is very close
to that of azo groups. Still, the appearance of 400 eV-peak also in the Ni/MLG/PhBr
sample supports the assumption that multilayer on the Ni/MLG surface might at
least partially be formed through the azo linkages.

The modification of the graphene surface with nitrophenyl groups was of
particular interest because these groups are electroactive. As can be seen in
Figure 42, already after one cycle the surface is covered with a continuous layer
of modifiers. The AFM-measured thickness of the layer is around 5 nm
(Figure 43), which translates into 7—8 nitrophenyl monolayers. Since NP groups
are electroactive, it was possible to estimate the number of the attached groups
from cyclic voltammetry (measured by Marek Mooste). For Ni/MLG/NPI
sample, the surface concentration was 2.3x107'® mol cm? The calculated
maximum concentration of the nitrophenyl groups in a monolayer is about
7.2x107'°[351], consequently, after ten cycles roughly one-third of the maximum
concentration was achieved. After ten electrografting cycles with additional
holding at —0.2 V for ten minutes (Ni/MLG/NP2), the granular morphology of
the surface becomes even more pronounced, however, the graphene wrinkles are
still can be seen underneath the organic layer (Figure 42a). The thickness
measurement confirmed an increase in the layer thickness, which was estimated
to be 20 nm. The estimated concentration of the NP groups, however, showed
only 26%-increase compared to the grafting process without additional holding
at a fixed potential sample. The thickest NP layer was obtained on the Ni/MLG
surface after grafting in wider potential range (from 0.6 to—1.4 V, 1 Vs™'). As can
be seen in Figure 42, the graphene wrinkles are hardly discerned under the thick
polyaryl layer, the thickness of which, according to AFM nanolithography
results, reached 30 nm. Surprisingly, the surface concentration of NP molecules
did not change compared to Ni/MLG/NP2. This may indicate the formation of
the NP-layer with lower density. However, there is a possibility that some
nitrophenyl groups in the film are not electroactive, possibly because in the thick
film, the most inner groups are hard to reach for the electrolyte [352].
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Figure 41. AFM images of bare Ni/MLG (a) and Ni/MLG/AB (b), Ni/MLG/GBC (c),
Ni/MLG/FBK (d), Ni/MLG/PhBr (e) and Ni/MLG/NP1 (f) groups.
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Figure 43. NCAFM image showing the cavity in the arylmodified film, obtained by the
repeated scanning in the contact mode (b). A topographic line profile acquired at the
location shown in (a).

According to the proposed mechanism (Figure 10) aryl radical attaches to
graphene and a covalent bond is formed between carbon in the graphene lattice
and the aryl group. A formation of a covalent bond requires a change in the
hybridization of a carbon atom from sp” to sp® and should thus be reflected in the
Raman spectrum of functionalized graphene samples. Figure 44 shows the
Raman spectra of CVD-grown MLG after electrochemical grafting with aryl
diazonium salts. As can be seen, after the grafting process the G and 2D band are
still present in the spectra without significant changes in their widths or spectral
positions. Small variations in the shape and intensity of the 2D band are related
to the fact that spectra before and after electrochemical modification have been
performed on the MLG areas with slightly different amount of stacking disorder
(as it was challenging to measure on precisely the same area), and should not be
taken into account. Some minor increase in the intensity of the Raman signal can
be discerned at ca 1400 cm ™' and 1440 cm™', which corresponds to N=N bond
stretch in aryl-substituted azo compounds, as well as around 1332 cm™, which is
likely due to C-NO; bond stretch [353]. The most noteworthy changes, however,
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can be discerned in the spectral range of D band. The most intense D band is
observed in the Ni/MLG/PhBr spectrum, while the only slight increase is visible
after electrografting with other diazonium salts. The appearance of D band has
already been reported in the literature after spontaneous grafting of micro-
mechanically exfoliated [354] and CVD-grown [355] single-layer graphene as
well as after electrochemical functionalization of micromechanically exfoliated
graphene [27] with aryldiazonium salts. The appearance of the D band is well
coherent with the expected increase in the number of sp*-hybridized carbon atoms.
The highest number of sp>-hybridized carbon atoms obtained in Ni/MLG/PhBr
sample could indicate that towards graphene, the bromophenyl radical was the
most reactive. However, it should be noted, that even for PhBr-modified graphene
the D band intensity was rather low, not exceeding the 20% of the G band
intensity. This can be explained by a higher number of graphene layers in the
studied sample. During electrochemical grafting, only top graphene layer is
exposed and subjected to modification by aryldiazonium moieties, whereas lower
layers remain intact and do not add to the intensity of the defect peak. Moreover,
it has been shown [356] that SLG regions of micromechanically exfoliated
graphene showed an increased reactivity compared to the bilayer and MLG
regions. This by the authors’ opinion is due to the fact the top layer in bilayer and
MLG is not in contact with the charged impurities in the substrate and thus does
not encounter the charge fluctuations that might lead to increased reactivity.
Therefore, it might be reasonable to compare the modification of MLG with the
modification of the HOPG that has been a subject of research interest even before
graphene came into play. The reported Raman spectra of HOPG after modi-
fication also show a D band, but its intensity is usually low [357-359]. For example,
after the modification of HOPG using 4-carboxybenzenediazonium tetrafluo-
roborat [357] the ratio of intensities of the D and G bands, Ip/Ig did not exceed
0.07. An even smaller value of (In/Ig=0.006) was obtained after grafting of NBD
on HOPG from a 1 mM solution of 4-NBD [359]. In comparison, after the
modification of CVD-grown SLG under the same modification conditions, the D
band intensity was markedly higher (In/Ig= 1.14) [359]. Thus, relatively small
increase in the D band intensity in case of MLG is explicable.

Some researches, however, hold the opinion, that there is not enough evidence
for the covalent bond formation between aryl layer and the basal plane of HOPG.
Ma et al. [358] obtained the atomic resolution images on the surface of the HOPG
after removal of the electrografted aryl layer and found that it is rather un-
distinctive from pristine graphite. Based on this observation as well as that, aryl
layer is relatively easy disrupted by STM tip, they concluded that the aryl layer
is only physisorbed on the HOPG. In order to clarify, whether the reaction bet-
ween aryl radical and a basal plane of graphene might or might not take place,
Jiang et al. conducted the first-principle density functional theory calculations
[360]. They showed that the energy gain of the attachment of the aryl group to
the defect-free basal plane of graphene is very small and that the physisorption is
most likely. However, the attachment of the second group to the same graphene
hexagon is already much more energetically favorable. Thus, the covalent
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attachment of aryl radicals to graphene/graphite is possible if there occur some
defect sites or edges (what is the case of real surfaces), where the first aryl radicals
can bond.
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Figure 44. The Raman spectra of Ni/MLG after modification via electrochemical
reduction of various aryldiazonium salts. For better comparison, the spectra are normalized
by the intensity of G band.

However, the AFM and Raman measurements demonstrated that modification of
the graphene surface after electrografting took place, it cannot be clearly stated
whether the aryl layer is physisorbed or covalently attached to the graphene layer.
In one respect, the formation of a covalent bond between graphene and aryl
groups is desirable, because it ensures stable attachment of the functionalization
layer, but, on the other hand, disruption of sp®>-conjugated graphene network inevit-
ably affects graphene electronic properties. If the preservation of graphene
electronic properties is of the uppermost importance than the noncovalent functio-
nalization would be preferential.
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5.9. Atomic layer deposition on graphene

5.9.1. Atomic layer deposition on graphene prepared by
micromechanical exfoliation method

(Paper V)

For the deposition of the HfO, layers on graphene three different regimes were
used. The most uniform oxide layers were obtained when the ALD process was
carried out at a low temperature of 180 °C, and the measured Root Mean Squared
(RMS) roughness was about 0.5 nm (Figure 45). This value is only slightly higher
than the RMS roughness of the oxide on the surrounding SiO,. The HfO, layers
grown at low temperature were amorphous. As the previous studies have shown
that HfO, deposited at low temperature has a relatively low dielectric constant
[361] and a high concentration of hydrogen and chlorine impurities [318,361], it
was desirable to increase the deposition temperature. The HfO, layers grown at
the higher temperature of 300 °C had monoclinic structure, but the growth was
nonuniform, and the surface of these layers was rough, with an RMS value of
about 5 nm (Figure 46). The HfO, grown on SiO, exhibited much smoother mor-
phology, and its RMS roughness was roughly two times lower. Initiating the
growth of the oxide layer at low temperature and continuing at higher temperature
yielded the HfO, layers with more uniform morphology in comparison to layers
deposited at only at 300 °C, but their roughness was considerably higher compared
to the HfO, layers grown at low temperature, being about 2.5 nm (Figure 47).
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Figure 45. HfO, films deposited at 180 °C on: (a) graphene (RMS-r = 0.5 nm), (b) on
SiO, (RMS-r = 0.3 nm); scanning area 1 X 1 pm?.
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The RMS roughness of the oxide on the surrounding SiO, was, however, also
higher, about 2 nm, which indicates that the higher roughness of HfO, deposited
on graphene at the two-temperature process was primarily due to crystalline
structure [V] of the oxide layer, not the nucleation problems.

3968 nm

m o m
sssssss

Figure 46. AFM images of of HfO, films deposited on (a) graphene (RMS-r = 5.4 nm)
and (b) silicon dioxide (RMS-r = 2.6 nm) at 300 °C and height profile, scanning area 1 X
Tum?.
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Figure 47. AFM images and height profiles of of HfO, films deposited in the two-
temperature (170/300 °C) growth process on (a) graphene (RMS-r = 2.5 nm) and (b)
silicon dioxide (RMS-r = 1.96 nm), scanning area 1 X 1pm?.
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The Raman spectroscopy studies (Figure 48) indicated that the ALD of HfO, did
not generate defects in graphene as there was no visible increase in the intensity
of D the band. While the modification of the graphene did not cause any structural
changes in the graphene layers, the noticeable lattice strains were induced. The
compressive straining of the lattice is indicated by the blueshift of the 2D band
and the G band relative to the positions of the bands before the deposition of HfO,
by 22 and 9 cm™, respectively. The conclusion that the compressive strain and
not the doping was responsible for the blueshift of the bands was made based on
the characteristic to the compressive strain two-times greater shift of the 2D band
compared to the shift of G band [236] as well as the absence of the doping-related
narrowing of the G band [237].
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Figure 48. Raman spectra of graphene: (a) before and (b) after ALD of HfO; thin film in
the two-temperature (170/300 °C) growth process.

5.9.2. Atomic layer deposition on graphene prepared by CVD method
(Paper VI)

Graphene prepared by micromechanical exfoliation provided only a very limited
area for observation of the growth of the dielectric film. Besides, it was required
to study ALD on graphene prepared by the method, which has a potential for
graphene production on the industrial-scale. Due to the large area of graphene
synthesized by CVD, it also became possible to cover the QCM mass sensor with
graphene and conduct in situ QCM measurements. The change in the resonant
frequency of the QCM crystal is directly related to the change in the crystal mass,
and thus, monitoring it during the ALD process allows gaining deeper insight into
film growth. The deposition parameters were chosen based on previous QCM
studies [319] of ALD of ZrO; conducted in the same reactor. Prior to the ALD on
graphene covered surfaces the appropriate doses of ZrCly and H.O were
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determined by recording the QCM sensor signal as a function ZrCls pulse duration
and then, as a function of H,O pulse duration [VI].

The surface morphology after deposition of ZrO, by ALD at 190 °C was
characterized by SEM, as illustrated in Figure 49. Figure 49a shows a surface of
graphene-covered QCM sensor after deposition of ZrO,. It can be seen, that the
deposited layer is not completely uniform, however, the relatively uneven surface
of the mass sensor creates rather strong topographical contrast, that obscures the
surface topology of the deposited layer. The deposited layer of ZrO, can be
discerned more clearly on the bare (Figure 49b) and graphene-covered (Figure
49c,d) Si/Si0; substrates. In contrast to the continuous and compact layer of ZrO;
grains on bare Si/SiO», the layer deposited on graphene presents rougher and non-
uniform morphology. It can be clearly seen that on graphene covered substrates,
the continuous layer is not achieved regardless of the precursors’ pulse lengths
used. After ALD with shorter pulses on graphene transferred from nickel film,
the uncovered areas reached few hundreds of nm in some places. Conversely,
some neighboring areas on the same substrate were more densely covered, but even
in these areas complete coalescence of the islands grown from individual nucleation
centers has not occurred as some trenches in the ALD film were clearly seen. The
images visualize directly that nucleation sites are significantly less abundant on
graphene compared to Si/SiO; surface and that their number varies on the surface
significantly. The difficulty in nucleation has been unambiguously demonstrated
by real-time QCM technique, which showed a nucleation delay period of 5-10
cycles at shorter precursor pulses [VI]. The sparseness of the nucleation centers
manifests itself also in the visibly larger crystalline sizes on graphene covered
areas, as the reaction of precursors with nucleated ZrO, is more favorable
compared to the reaction with a graphene surface. Consequently, as the regions
of ZrO, are very limited at initial growth periods, one might expect a very small
recorded mass increase on graphene-covered QCM sensor compared to the
uncovered one. After 10 cycles, the QCM frequency change per cycle of graphene
covered sensor was less than 1 Hz, compared to 13 Hz-change on the surface
without graphene. Even after 100 cycles the frequency change per cycle for
2-2-2-5 s cycle on graphene covered surface reached only 65% of the frequency
change per cycle on QCM surface without graphene. The nucleation delay was
reduced when longer (5-2-5-10) pulse lengths were used [VI], which resulted in
more than 30%-increase in the frequency change per cycle compared to the
process with shorter pulse lengths. However, as can be seen from the SEM image
(Figure 49d), the deposited layer is obviously still discontinuous.

From a cross-section of the sample it can be seen (Figure 50c), that the
thickness of the ZrO, deposited using longer cycles is overall larger compared to
the film deposited on graphene using shorter cycle times (Figure 50b), reaching
in some places the thickness of the film deposited on the bare Si/SiO, substrate
(Figure 50a), which was estimated to be =24 nm. The uniformity of the thickness
of the film deposited on graphene was however significantly inferior compared
to the film on bare Si/Si0O, substrate. Noteworthy, the continuous layer of HfO,
deposited on mechanically exfoliated graphene [V] was achieved already for 11
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nm-thick films. It is known, however, that in terms of structural quality the
exfoliated graphene is superior to CVD-synthesized graphene, and thus the
opposite behavior would be expected. The reason for the better coverage achieved
on the exfoliated graphene could be due to lower purity of the surface of the
exfoliated graphene. Whereas efforts were undertaken to ensure that the trans-
ferred graphene is free from PMMA residues, the exfoliated graphene was used
in the as-cleaved state, and could possibly be contaminated by the glue from the
Scotch tape. Another reason could be the slightly higher temperature used to
deposit ZrO, (190 °C) compared to the temperature used to initiate the growth of
HfO; layer on the exfoliated graphene (170 °C).

It can also be assumed that the high nonuniformity of the ZrO, growth is a
result of the graphene transfer procedure. For example, the areas covered with
PMMA residues, contaminated from etchant or received some structural damage
are expected to have a higher number of nucleation sites, which will result in better
coverage compared to pristine graphene sheet. For that reason, the ZrO, deposition
was also carried out on the “as-synthesized” graphene on copper foil and nickel
film substrates. For a valid comparison, the ALD was conducted on the same
graphene-covered foil/film, parts of which were used for obtaining transferred
graphene samples mentioned above. The resulting ZrO; films on non-transferred
graphene (Figure 51) show similar trend as the ZrO, films on graphene before
transfer, i.e., the film is discontinuous, and the coverage density varies signi-
ficantly over the substrate, which indicates that the considerable variation of the
nucleation density on the graphene is not a result of the transfer procedure. It can
be speculated that the observed behavior is related to the variation of the graphene
physisorption strain. It has been shown that the applied strain to graphene
enhances its reactivity [355]. The strain levels can differ depending on the
crystallographic orientation of the underlying metal surface [362] or conformity
of the transferred graphene to Si/SiO, substrate. Considering that graphene
synthesized on nickel compared to copper is significantly stronger bound to the
catalyst [II], the effect of the substrate on the ALD for nickel is expected to be
more pronounced. In addition, in case of graphene synthesized on nickel films,
the variation in the film density over a graphene sheet might be a result of variation
in the number of graphene layers as the thicker areas might be less affected from
the substrate and as a result, be less reactive. Furthermore, as the growth of
graphene layers also strongly depends on the orientation of the nickel grains [I],
the grains with deficient graphene coverage would be better covered with ZrO,
layer.

The Raman spectroscopy measurements were performed to determine the
effect of the ZrO, deposition on graphene. As has been demonstrated in [VI] the
graphene’s characteristic bands were present in Raman spectra after graphene
transfer from both nickel films and copper foils confirming, that graphene transfer
was successful. The 2D and G bands were well discerned in the spectra also after
ALD deposition with both shorter and longer cycle times, indicating that no
dramatic changes were introduced to the graphene structure. The strong scattering
from the mass sensor electrodes, however, hindered in-depth analysis of Raman
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spectra of graphene before and after ALD deposition. To gain a more detailed
insight on the changes introduced to graphene by ALD, the Raman spectra were
also recorded from graphene transferred to the Si/SiO, substrates, which were
covered with ZrO; layer simultaneously with the mass sensors.

C

Figure 49. SEM images of (a) the QCM sensor, (b) Si/SiO, substrate, (c) graphene
transferred from Ni-film to Si/SiO», (d) graphene transferred from copper-foil to Si/SiO,
substrate after deposition of ZrO, using 100 ALD cycles. The cycle times were (a—c)
2-2-2-5s, and (d) 5-2-5-10 s.
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Figure 50. Cross-sectional SEM images obtained after ALD of ZrO; on (a) a bare Si/SiO,
substrate, (b) Si/SiO, substrate covered with graphene transferred from nickel films, (c)
Si/Si0; substrate transferred from copper. The cycle times were (a—b) 2-2-2-5 s, and (c)
5-2-5-10s.

a

Figure 51. SEM images of ZrO; deposition after 100 ALD cycles on (a) FLG on Ni film
(cycle times 2-2-2-5 s), and (b) SLG on copper foil (cycle times 5-2-5-10 s).
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Figure 52 presents Raman spectra before and after ZrO, deposition with cycle
times 5-2-5-10 s, on graphene transferred from copper foil. The spectrum before
deposition features the G band at 1587 cm ™" and the 2D band at 2684.9 cm™'. The
2D band has a single Lorentzian profile and is roughly 3.6 times more intense
than the G band— both are hallmarks of SLG. As has been shown above, the high
Ip/Ig ratio as well as single-Lorentzian profile of 2D band can be present even in
multilayer graphene, if the layers are misoriented with respect to one another, but
in this case the G band is redshifted and the 2D band is blueshifted compared to
the position of these bands in SLG. The positions of the bands are well in
accordance with the position of the bands reported for CVD synthesized SLG
transferred to Si/SiO; substrate [336]. It should be noted, that positions of the G
and 2D bands are upshifted in comparison with mechanically exfoliated SLG,
which is believed is due to be due to p-doping from the contact with water as well
as PMMA during transfer process [336]. The widths of the G and 2D bands were
19.8 cm™' and 36.2 cm™, respectively, somewhat higher than the values reported
for SLG (=15 cm™' and =30 cm™', respectively). The small increase of the
linewidth of the bands can be a sign of the slightly increased disorder. This was
partially confirmed by the presence of low-intensity D band. The broadened
linewidth of the bands can be due to strain variation in graphene within the laser
spot area [363] as well as due to contaminants from the transfer process [364].
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Figure 52. Raman spectra of graphene transferred from copper: (a) before and (b) after
ALD deposition of ZrO,. The spectra were normalized by the intensity of the 2D band.
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After deposition of ZrO,, the most noticeable change in the spectrum is the
blueshift of the G and 2D bands by 10.1 cm™ and 14 cm™, respectively. The
blueshift of both the G and 2D bands indicates p-doping and/or compressive
strain of a graphene sheet. It has been shown that the G band is more sensitive to
doping [245], and the 2D band is more sensitive to strain [236]. By taking into
account the significantly larger shift of the 2D band compared to the G band, it
can be concluded that the shift of the bands is mainly a result of compressive
strain. This is in accordance with the results obtained after deposition of HfO, on
mechanically exfoliated graphene [V]. It should be noted, that with the increasing
strain the upshift of the 2D band is roughly two times the upshift of the G band
[236]. Here, the Awap/Awc of 1.4 could indicate that though the strain contribution
is more significant, the smaller contribution from p-doping could also be present.
The increase of charge carrier concentration should also manifest in the change
of relative intensity of the G and 2D bands, as the intensity of the 2D band
decreases with both hole and electron doping. Indeed, the intensity ratio of the
2D band to G band dropped to = 2.5, indicating an increase in hole doping. How-
ever, no significant decrease of the G band linewidth, which usually accompanies
the shift of G band in the case of doping, was observed in the sample. This can
be attributed to the fact, that doping-related narrowing of the band competed with
the disorder-induced band broadening. On the increased amount of disorder
denotes a slight (1.8 cm™") broadening of the 2D band after ALD process. Most
probably, the small increase in a disorder is a result of the increased local strain
variation in graphene due to the reduction of the distance between graphene and
substrate as the water molecules trapped there during transfer procedure are
removed after heat treatment accompanied the ALD process.

Most importantly, the D band intensity is not increased after the ALD process,
confirming the results obtained on mechanically exfoliated graphene, namely, the
water-based ALD process does not create defects in the graphene lattice. A
similar trend was also observed after ZrO, deposition on graphene transferred
from nickel film (Figure 53). The effect of the deposition on the doping and strain
levels of graphene grown on nickel film was more difficult to evaluate because
of inhomogeneity of the graphene thickness, which varied principally between 1—
3 layers over the sample. The variation in the number of layers affected the
position of the G and 2D bands considerably obscuring strain and doping-related
frequency shifts. The graphene synthesized on nickel film initially had higher Ip/Ig
ratio indicating a higher number of structural defects compared to the graphene
synthesized on copper, but again no additional defects were formed during the
deposition process. The more abundant defects in graphene synthesized on nickel
films is apparently a reason why the zirconia crystallites are smaller in size
compared to graphene synthesized on copper foils, where due to lower defect
density, the nucleation density is also lower allowing the crystallites to grow
wider.

108



3450 2D

2760

2070

1380

Intensity, a.u.

690

T T 1
1500 2500 3000

Raman shift, cm'1

Figure 53. Raman spectra of graphene transferred from nickel film: (a) before and
(b) after ALD deposition of ZrO,. The spectra were normalized by the intensity of the 2D

band.

109



CONCLUSIONS

In this study pristine and functionalized FLG- and MLG-based structures were
prepared and characterized using various spectroscopy (EDX, EBSD, XPS,
pRaman) and high-resolution microscopy (HR-SEM and FIB, HR-TEM, STM)
methods.

First, the synthesis of FLG and MLG by CVD on Ni catalyst has been

introduced. The synthesis has been conducted on both Ni-foils and thin Ni-films
and the properties of the prepared graphene sheets have been compared with the
SLG obtained by either CVD or micromechanical exfoliation of natural graphite.
The peculiarities of graphene synthesized on Ni by CVD are as follows:

Decreasing the thickness of nickel films allows reducing the amount of
dissolved carbon in them and through this the number of obtained graphene
layers.

The growth of graphene on polycrystalline nickel substrates is dependent on
the surface orientation of the nickel grains. As a result, areas uncovered by
graphene might still be present on the nickel substrate while the majority of
the substrate is already covered with MLG.

MLG synthesized on polycrystalline nickel is characterized by a variety of
stacking order between the graphene layers presented in the sheets. Moreover,
the Bernal-stacked and rotationally faulted graphene layers could coexist in
the same domain.

If the rotation angles in synthesized MLG are larger than the critical angle
(~13°), the Raman spectrum even of MLG becomes similar to the spectrum of
SLG, showing narrow symmetrical 2D band, the intensity of which is
noticeably higher than that of G band. This demonstrates that the conclusion
on the number of graphene layers in the synthesized graphene samples cannot
be made only based on these spectral features alone.

There is a relationship between the rotational disorder of graphene layers and
the surface orientation of the nickel substrate. This holds promise by using a
substrate with favorable orientation (roughly between (001) and (111)) for
synthesizing MLG with rotational disorder over a whole substrate, which is of
great interest because it might exhibit charge transfer properties similar to
SLG.

MLG growth on polycrystalline nickel substrate is accompanied by pronoun-
ced morphological changes of the nickel substrate, which should be taken into
account while elaborating graphene synthesis on nickel.
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Further, the electrochemical properties of the synthesized MLG sheets on nickel
have been tested and the possibility of their subsequent functionalization using
electroreduction of various diazonium salts has been examined:

e The CVD-grown graphene on nickel can be used as electrochemically passive
supporting material for exploring new electro-catalytically active materials.
The use of the CVD-grown MLG for this purpose is advantageous because
significantly larger samples can be obtained, and the manufacturing costs are
much lower than for high-grade HOPG crystals with the same surface area.

e The surface of the CVD-grown graphene can be modified with aryl groups
using electrochemical reduction of diazonium salts without the need to
transfer graphene sample to another substrate.

Finally, the feasibility of the chloride-water ALD of gate dielectric of a transistor
structure on top of non-functionalized graphene has been studied:

e The two-temperature process, where the growth is initiated at low temperature
and proceeded at the higher temperature has been demonstrated to be
advantageous for the obtaining the dielectric film of higher quality. Still, as
has been demonstrated by in situ QCM measurements even at low temperature
(190 °C) there is a delay in the nucleation of the oxide layer on graphene,
making it much more challenging to achieve growth of continuous oxide layer.

e The latter is caused by the facts that the nucleation sites are not only at deficit
on graphene but their density varies on the surface considerably as well.

e The deposition of dielectric films with the chloride-water ALD processes
leads to a compressive strain of graphene but does not generate structural
defects in the honeycomb lattice.

111



SUMMARY IN ESTONIAN

Grafeenil pohinevate struktuuride kompleksne nanoskoopiline
karakteriseerimine

Antud doktorito0 raames valmistati ja karakteriseeriti puhtal ja funktsionali-
seeritud kujul mone- ja mitmekihilisel grafeenil pohinevaid struktuure, kasutades
erinevaid spektroskoopia (EDX, EBSD, XPS, pRaman) ja korglahutus-
mikroskoopia (HR-SEM pluss FIB, HR-TEM, STM) meetodeid.

Esiteks, juurutati monekihilise ja mitmekihilise grafeeni siintees keemilise

gaasifaasis sadestamise (CVD) meetodil nikkelkataliisaatoril. Siintees viidi 1dbi
nii nikli fooliumitel kui ka Ohukestel sadestatud kiledel, ning valmistatud
grafeenikihtide omadusi vorreldi grafiidi mikromehhaanilise 10hestamise teel voi
CVD meetodil saadud iihekihilise grafeeni omadustega. Nikkelkataliisaatoril
CVD meetodil siinteesitud grafeeni eriomadused on jargmised:

Nikkelkilede paksuse vdhendamine voimaldab vdhendada neis lahustunud
stisiniku kogust ja selle kaudu vihendada siinteesitavate grafeenikihtide arvu.
Poliikristallilistel nikkelalustel sdltub grafeeni kasv nikli kristalliitide orien-
tatsioonist. Selle tagajérjel vGivad mdned aluse alad jddda katmata isegi siis,
kui suurem osa sellest on juba kaetud mitmekihilise grafeeniga.
Poliikristallilise nikli pinnal siinteesitud mitmekihilise grafeeni kiles esinevad
grafeeni monokihtide erinevate pakmetega alad. Seejuures saavad tihes mitme-
kihilise grafeeni domeenis eksisteerida koos nii korrapdrase Bernal’i, kui
rotatsioonilise korrapératu pakmega kihtide alad. Need viimati mainitud alad
olidki enamlevinumad.

Kui podrdenurk grafeenikihtide vahel on suurem kui kriitiline nurk (~13°),
siis ilmneb mitmekihilise grafeeni ramanhajumise spektris kitsas ja siim-
meetriline 2D riba, mille intensiivsus {iletab méargatavalt G riba intensiivsuse.
Sellised G ja 2D ribad on teatavasti iseloomulikud iihekihilise grafeeni
spektrile. Seega ei tohiks hinnata grafeeni néidistes monokihtide arvu tiksnes
G ja 2D ribade pohjal.

Kihtide rotatsioonilise korrapératuse ja nikli kristalliitide orientatsiooni vahel
on olemas seos. See lubab sobiva orientatsiooniga (ligikaudu (001) ja (111)
vahel) aluse kasutamisel siinteesida laiapinnalist mitmekihilist grafeeni, milles
valdavalt esineb kihtidevaheline rotatsiooniline korrapératus. Kihtidevahelise
rotatsioonilise korrapédratusega grafeeni siintees pakub suurt praktilist huvi,
kuna selline mitmekihiline grafeen voiks evida iihekihilisele grafeenile
sarnaseid laenguiilekande omadusi.

Mitmekihilise grafeeni kasvuga poliikristallilisel nikkelalusel kaasneb mérgatav
aluspinna morfoloogia muutus — seda peab grafeeni siinteesi viljatéotamisel
Ni-alustel kindlasti silmas pidama.
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Edasi testiti Ni-alusel siinteesitud mitmekihilise grafeeni elektrokeemilisi omadusi
ning uuriti selle pinna kasvujédrgse funktsionaliseerimise vdimalusi, kasutades
erinevate diasooniumsoolade elektroredutseerimist. Neis uuringutes selgus:

Nikkelkataliisaatoril CVD-kasvatatud mitmekihilist grafeeni saab kasutada
elektrokeemiliselt passiivse alusmaterjalina elektroodide elektrokataliiiitiliselt
aktiivsete materjalide uurimiseks. CVD-kasvatatud mitmekihilise grafeeni
eeliseks on suhteliselt lihtne suurepinnaliste objektide valmistamise vdimalus
ning tunduvalt madalamad tootmiskulud, kui sama pindalaga kvaliteetsete
HOPG-aluste valmistamisel.

Nikkelalusel CVD-siinteesitud grafeeni pinda saab modifitseerida ariiiil-
riihmadega, kasutades ariilildiasooniumsoolade elektrokeemilist redutseeri-
mist, ning sellise elektroodi valmistamiseks pole grafeeni vaja tile kanda uuele
alusele.

Viimases osas uuriti transistorstruktuuri paisudielektrikkile kasvatamise voimalust
funktsionaliseerimata grafeeni pinnale ALD meetodi abil, mille raames selgus
jargnev:

Kahetemperatuurne ALD protsess, mille puhul metalloksiidi kasvu initsieeri-
takse madalamal ja jétkatakse korgemal temperatuuril, voimaldab saada
korgema kvaliteediga dielektrikkilet, kui seda voimaldab kumbki itheastme-
line protsess. Siiski, nagu néitasid in situ kvartskristallmikrokaalumise (QCM)
meetodil tehtud mootmised, siis isegi madalal temperatuuril (190 °C) esineb
grafeeni pinnal oksiidkile nukleatsiooni viivitus, mis teeb keeruliseks pidevate
ohukeste oksiidkihtide kasvatamise.

Viimane on tingitud asjaolust, et grafeenile on iseloomulik mitte ainult
nukleatsioonitsentrite vdhesus, vaid ka nende tiheduse tugevalt ebaiihtlane
jaotus iile grafeeni pinna.

Dielektrikkilede sadestamine grafeenile, kasutades metallkloriid-vesi ALD
protsessi, pohjustab kiill lateraalsete pingete tekkimist grafeenis, kuid ei
genereeri struktuuridefekte selle heksagonaalses vores.
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