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ABSTRACT

INFLUENCE OF Ni THIN FILM STRUCTURAL PROPERTIES OVER
GRAPHENE GROWTH BY CVD

This thesis work focused on the effect of polycrystalline Nickel (Ni) TM thin
film structure on the growth graphene by chemical vapor deposition (CVD). TM films
were deposited by magnetron sputtering technique on Si/SiO; substrates. To grow 1-2
layer graphene on Ni thin film catalyst by methane decomposition thermal CVD method
was carried out using various growth parameters.

To reduce the TM film surface roughness and grow larger size graphene layers
on Ni film, Si/SiO; substrates were coated by a thin Al,O3 buffer layers and Cr adhesive
layers by magnetron sputtering. Ni film crystal structure and surface roughness, which
affected the number of graphene layers, were examined by X-ray Diffraction (XRD)
and Atomic Force Microscopy (AFM) techniques, respectively. The thickness and
columnar structure of the films were measured from Surface Profiler and Scanning
Electron Microscopy (SEM) images. Ni films were annealed at 800 °C, 900 °C and 950
°C in order to improve their crystal quality and to evaluate the effect of the crystallinity
on graphene growth at atmospheric pressure. Samples were studied using XRD and
AFM also to assess their crystal quality after the annealing process. It was observed that
the calculated grain sizes depended on the film thickness and the annealing temperature.
Surface roughness of the films was increased by increasing film thickness. A sole thin
Al,O3 buffer layer reduced the surface roughness significantly. However, sole Cr
adhesive layer or Cr/Al,O3 buffer layers did not reduce the surface roughness, but
increased the crystallinity of Ni films in (111) direction.

Argon, Hydrogen or a mixture of these two gases was added to methane during
graphene growth at ambient pressure by CVD. The Raman spectroscopy was utilized in
order to determine the number of the layers and quality of graphene growth over the Ni
catalyst film.



OZET

Ni INCE FiLM YAPISAL OZELLIKLERININ CVD iLE GRAFEN
BUYUTMESI UZERINE ETKISI

Bu tez, polikristal Nikel (Ni) ge¢is metalinin yapisal ozelliklerinin Kimyasal
buhar biriktirme (CVD) teknigi ile grafen biiylitmesi iizerine etkisine odaklanmistir.
Filmler manyetik sactirma yontemiyle Si/SiO; alttaglar iizerine biiyiitilmistiir. Ni ince
film katalist lizerine 1-2 katman grafen biiyiitmek i¢in metan dekompozisyonu termal
kimyasal buhar biriktirme teknigi ¢esitli parametrelerle ¢aligildi.

Yiizey piiriizliliiglinii azaltmak ve Ni film {izerinde daha biiyiik boyutlarda
grafen katmanlar1 biiyiitmek i¢in Al,O3 ve Cr tampon katmanlari manyetik sagtirma
yontemiyle kaplanmistir. Biiyiitiilen grafenin katman sayisini etkileyen Ni film Kristal
yapisi ve yiizey purizliligi X-isim1 Kirinmmi (XRD) ve Atomik kuvvet mikroskobu
(AFM) teknikleri ile incelendi. Yiizey profili ve Taramali Elektron Mikroskobu (SEM)
goriintiilerinden kolumnar yapiya sahip filmlerin kalinligi gézlemlenmistir. Ni filmler
kristal kalitesini arttirmak ve kristalinite etkisini degerlendirmek igin 800 °C, 900 °C
and 950 °C sicakliklarda atmosferik basing altinda tavlandi. Ornekler tavlandiktan
sonraki kristal kalitelerini degerlendirmek i¢cin XRD ve AFM ile tekrar incelenmistir.
Hesaplanan tanecik boyutlarinin film kalinligina ve tavlama sicakligina bagli oldugu
gbzlemlenmistir. Ince bir Al,O3 tampon katman tek basina yiizey piiriizliiliigiinii 6nemli
Olglide azaltmistir. Tek basina Cr tampon katman veya Cr/Al,O3z tampon katman
plirtizliiligii azaltmamus, fakat (111) yonelimin kristalinitesini arttirmastir.

Argon, hidrojen ya da bu iki gazin karisgmi ortam basincindaki CVD ile
biiylitme siiresince metana eklenmistir. Ni kataliz film tlizerinde biiyiitiilen grafenin

katman sayis1 ve kalitesi Raman Spektroskopisi ile belirlenmistir.
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CHAPTER 1

INTRODUCTION

Graphene is a wonder material of the early 21% century due to its unmatched
excellent properties and a great number of potential applications. Graphene is a zero-
gap semiconductor and shows metallic character. Some of graphene’s attractive
properties are that it has high charge mobility, ballistic transport, transparency in visible
region, mechanical strength and flexibility. It also has high in-plane sound velocity
which leads to very high thermal conductivities [1]. The optical phonon frequency of
graphene is one of the highest property among all materials [2]. Also, the main property
of single-atom-thick makes graphene very promising especially in nanoelectronics
research area.

Graphene is seen by many to have a potential to replace Si in the field of
electronics. Therefore, controllable production of graphene with known number of
layers is of extreme importance. Large number of studies has been done on a wafer
scale and high quality mono layer graphene production and characterization. One of the
compelling production techniques is Chemical VVapor Deposition (CVD). It can be used
to grow graphene over few hundred nm thick films grown on Si substrates or over thin
foils of Ni, Cu and Au films. CVD is a vapor-phase process which relies on thermal
cracking of carbon elements from a precursor hydrocarbon gas on transition metal
substrate.

This study focused on the influence of crystallinity, surface roughness and the
concentration of interface boundaries of Ni catalyst on the formation of graphene layers
grown by CVD. A uniform thickness and grain boundary free surface of Ni (111) single
crystal provides a smooth surface for uniform, high quality and single layer graphene
formation. However, the rough surface of polycrystalline Ni, which rich in grain
boundaries, causes the formation of multilayer graphene [3, 4]. So, the aim of the
present study was to reduce surface roughness, grow grain sizes and increase the (111)
crystal direction of Ni thin film. For that purpose, we deposited Al,O3 as oxide/metal
structure, Cr as metal/metal structure and Cr/Al,O3; as metal/oxide/metal buffered



structures. Then, graphene growth was carried out using different growth parameters of
CVD.

This thesis consists of six chapters. The first one provides general information
about graphene and content of the thesis. The first part of Chapter 2 gives information
about carbon and carbon nanostructures classified according to their dimensionality;
their structure, discovery, types and growth methods with details. In the second part of
Chapter 2, history and related literature about graphene, its properties and production
methods are described in detail. In Chapter 3, thin film and graphene deposition and
characterization techniques are presented. Chapter 4 includes Ni thin film crystal
structure; annealing and its effects are described. Also, thickness calibration of films
and their characterization results are given and discussed. In Chapter 5, the production
of graphene and their identification results are discussed. The conclusions of this study

are presented in Chapter 6.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Carbon

The element carbon found in every living organism is detected in abundance in
the universe, in the sun, stars, comets, and in the atmosphere of the planets. It is the
fourth most abundant element in the solar system, after hydrogen, helium, and oxygen.
Carbon unites with hydrogen, nitrogen, oxygen and other elements to turn out more than
ten million different compounds and isomers, but it can combine easier with itself to
form polymorphs (or allotropes) [5]. Carbon has three naturally occurring isotopes,
with 2C and 3C being stable, while **C is radioactive. There are several allotropes of
carbon with different physical properties, some known since ancient times
(graphite, diamond) and some discovered ten to twenty years ago (nanotubes, graphene)
[6]. Only two polymorphs of carbon are found on earth as minerals: natural graphite and
diamond [5]. Carbon can also occur as an unordered binding of atoms; this is called
amorphous carbon. The electron configuration of carbon element is shown in the Table
2.1, there are four electrons in the valance band of carbon and their electronic wave
functions can easily mix with each other because the 2s and 2p energy levels have
smaller energy difference compared with the binding energy of the chemical bonds [7].
The mixing results hybridization of carbon and variety of structural forms that has
different atomic hybrid configurations: sp® (tetragonal), sp? (trigonal) or sp (digonal).

Table 2.1. The electron configuration of a ground state carbon atom.

Shell First
Element K L lonization
Symbol | Z 1s 2s 2Py 2py 2p, | Potential (eV)
C 6 2 2 1 1 11.26




Depending on nanoscale range (<100nm) of carbon allotropes in different spatial
directions low-dimensional carbon nanomaterials can be divided into four categories:
zero-dimensional (0D), one-dimensional (1D), two dimensional (2D) and three-
dimensional (3D) [8, 9].

In recent years, carbon nanostructures have been a focus of many theoretical and
experimental study of nanotechnology. Recently, there has been a great deal of attention
in graphene which is the two dimensional allotropic form of carbon since the famous
discovery by isolating a single layer with the help of scotch tape in 2004 [10]. Before
dealing with graphene, in this work the popular allotropes of carbon with categories of

different dimensionality are examined.

2.1.1. Carbon Nanostructures

2.1.1.1. Three Dimensional Carbon Nanostructures

2.1.1.1.1. Graphite

Figure 2.1. The crystal structure of hexagonal single crystal graphite

Graphite has been used for ages in a range of purposes from lubrication to use as
a pencil, and is recognized as a carbon polymorph first in 1855 [5]. Each sp-hybridized

carbon atoms combine with three other sp*hybridized atoms to form a series of



hexagonal structures containing two atoms per unit cell in each layer and all located in
parallel planes are shown schematically in Figure 2.1. This structure has a very small in
plane nearest neighbor distance of 1.421 A, an in plane lattice constant of 2.462 A, and
an interplanar distance of ¢/2 3.354 A [11].

N
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Figure 2.2. The stacking patterns of AA, AB and ABC stacking between graphene
layers [12, 13]

A single layer of graphite is called graphene which has remarkable electrical,
thermal, and physical properties. So, graphite is the 3D form of graphene. The carbon
atoms in different graphene layers bond each other with weak Van der Waals forces
[14]. The stacking of the graphene layers is arranged in many ways. Figure 2.2 shows
that hexagonal AA stacking occurs when carbon atoms of the two layers have exactly
identical lateral positions. On the other hand, the A and B atoms on consecutive layers
are on top of one another and this structure is called Bernal AB stacking which is the
most abundant type [12]. The most complex type is ABC stacking has a rhombohedral
arrangement, which can be found in three or more layered graphene structures. The
third C layer over the Bernal cell has the same orientation relative to the second layer
but with a shift of 2a/3+ b/2 [12]. In addition, turbostratic graphite occurs when
graphene layers stacked with ~30° interlayer rotation and these layers have minimum
interaction [15, 16].



Graphite is the most stable form of carbon at room temperature and atmospheric
pressure [5, 17]. Graphite is opaque to the visible spectrum and electrical conductor
with zero gap in contrast to diamond [5, 9, 17]. The delocalized electrons can move
readily in-plane, but cannot easily move from one layer to another. As a result, graphite
has anisotropic electronic conduction [5, 11].

There is a type of synthetic graphite or carbon product which is produced by
using gaseous precursors. It is called pyrolytic graphite. Its production is based on the
thermal decomposition (pyrolysis) of a hydrocarbon gas with Chemical Vapor
Deposition process. The most common precursors to produce carbitic materials by using
CVD are methane (CH,) and ethylene (C,Hg) [5]. Industrial production of pyrolytic
graphite was first carried out in 1950’s [5]. Its main use is in the different form of
coatings, deposited on substrates such as molded graphite, carbon fibers. As such, it is
part of a composite structure and is not as readily identifiable as other forms of carbon.
It is similar, in this respect, to CVD diamond and diamond-like carbon (DLC) [5].

2.1.1.1.2. Diamond
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Figure 2.3. The crystal structure of diamond

Diamond which is an allotrope of carbon is sometimes found in combination
with other type of carbon allotropes, such as some diamond-like carbon (DLC)
materials produced by low-pressure synthesis, which are actually the mixtures of
microcrystalline diamond and graphite. The studies in the related area have also

revealed the existence of both cubic and hexagonal diamond (Lonsdaleite) which is a



polymorph of diamond first identified in 1967 [18]. There are series of polytype of
diamond (4H, 6H, 8H, 10H) and these have structure between cubic and hexagonal.
Discovery of the carbon composition of diamond was in 1797 [5]. Diamond is
the hardest known natural mineral due to its strong covalent bond that consists of sp®
hybridization between its atoms. It has a FCC crystal structure and occurs from
tetrahedrally bonded carbon atoms, which also known as diamond structure. Hence, it is
electrically insulator. Also, it is thermally highly conductive, transparent to the visible
spectrum and has high optical dispersion, unusually high index of refraction [5].
Because of its excellent physical properties diamond has many uses in industry.
Industrial production of diamond by CVD was carried out in 1992 [5]. The known
forms of diamond are natural diamond, high-pressure synthetic diamond, CVD (vapor-

phase) grown diamond.

2.1.1.2. Two Dimensional Carbon Nanostructures

2.1.1.2.1. Graphene

Graphene, a single sheet of graphite with a honeycomb (hexagonal) lattice
structure of sp® bond carbon atoms, is a rising star early of the 21% century, because of it
is truly two-dimensional crystalline material and has unmatched excellent properties. It
was the only missing member of carbon nanostructure family until experimental
isolation in 2004 [10]. In recent years, the scientific interest generated by graphene due
to its exceptional electronic and mechanical properties shows that it can be the next
generation of electronic material. The subject of this work is to control the production of
graphene with a known number of sheets, so in the next section the detailed discussion
of properties of graphene will be given, in order that its structure is well understood.

Besides graphene, researchers are also paying attention to graphene derived
materials. Among those, the most attractive two-dimensional ones are graphane (CH)
and graphyne (C-C=C-C) that have similar structures as graphene.



2.1.1.2.2. Graphane

Graphane, a wide gap semiconductor, is a two-dimensional hydrocarbon and has
the same honeycomb lattice structure as graphene with formula CH. It was theoretically
calculated that it would form in 2003 [19].
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Figure 2.4. Schematics of adding hydrogen converts graphene (a) into graphane (b) [20]

In contrast to graphene, graphane has sp® hybridized orbital with the calculated
C-C bond length of 1.52 A is similar to the diamond and is much greater than 1.42 A
characteristic of sp? carbon in graphene [21]. As seen from Figure 2.4 (b), all carbon
atoms of A-sublattice can bond to hydrogen atoms at the same side of the plane and B-
sublattice atoms bond at the other side of the plane. This type of conformation is called
chair-like, and hydrogen atoms also can alternate in pairs, so called boat-like
conformation. 3D graphane can exist in different stackings of 2D graphane layers at
pressures up to 300 GPa [22]. It is possible to transform graphene sheet that is highly
conductive semimetal into an insulator by exposing graphene to atomic hydrogen
(Figure 2.4) [23]. This is a distinction between graphene and graphane can be used in
application areas such as graphene based nanoelectronics and hydrogen-fuel
technologies [24]. Graphane provides means to rich science and number of

technological applications [21].



2.1.1.2.3. Graphyne

Graphene contains sp and sp? bonded carbon atoms and unlike graphene, it does
not have hexagonal structure (Figure 2.5). It has acetylene bonds which connect
benzene rings (C—-C=C-C) [25].
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Figure 2.5. The structure of a 2D graphyne layer [25]
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The theoretical studies showed that graphyne has Dirac cone-like band structure
around the Fermi level like graphene [26]. Electronic, optical properties and transport
behaviors of graphyne are theoretically studied [25, 27]. The theoretically reported
properties of graphyne, makes it is a viable studied competitor of graphene and
promising materials for nanoelectronics and energy storage applications. However, bulk
graphyne has not been experimentally obtained yet, so far only nanoscaled-graphyne

structures were demonstrated experimentally [26, 28].

2.1.1.2.4. Carbon Nanowalls (CNWs)

Carbon nanowalls (CNWs) are vertically aligned graphene sheets standing on a
base, have 2D wall structure with large surface areas, sharp edges and similar properties
as graphene [29]. They were accidentally discovered during the growth of carbon

nanotubes in 2002 using microwave plasma enhanced chemical vapor deposition
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(MPECVD) [30]. CNWs can exist either in pure forms or in a composite form of other
carbons [31]. CNWSs have typical lateral dimensions of several micrometers [32] and

its thickness ranges from a few nm to a few tens of nm [33].

SEM MAG: 135.86 kx
SEM MAG: 135.86 kx Date(midly): 100510 Fyrkaind Ustav AV CR

Figure 2.6. Scanning electron microscopy image (1.6 x 1.6 um) of CNWs [34]

Their growth mechanism is similar to that of carbon nanotubes when they are
grown using chemical vapor deposition (CVD) technique. Similarly, their synthesis
methods can be based on different CVD techniques such as, microwave plasma
enhanced chemical vapor deposition (MWPECVD) [31], radio frequency plasma
enhanced chemical vapor deposition (RFPECVD) [35, 36] (RF inductively coupled
plasma (ICP) and RF capacitively coupled plasma (CCP)), Hot-wire chemical vapor
deposition (HWCVD) [37], Electron beam excited plasma-enhanced chemical vapor
deposition (EBEPECVD) [38]. HWCVD enables to grow at large scales easier than the
MWPECVD and RFPECVD methods. CNWSs have many application areas such as,
field emission material due to vertical alignment [39, 40], catalyst support due to high

surface area [29], batteries [41], capacitors [42].
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2.1.1.3. One Dimensional Carbon Nanostructures

2.1.1.3.1. Carbon Nanofibers

Carbon can also form a tubular microstructure called carbon fiber. Thomas
Edison made the first carbon fibers on record in 1879 while he carbonized cotton thread
to produce a filament for a light bulb. His effort was not entirely successful and Edison
eventually replaced the fiber by a tungsten wire [5, 43]. This kind of carbon material
consisting of fibers of about 5-10 um in diameter was reported first by Hughes and
Chambers in 1889 [44]. Carbon nanofibers (CNFs), which are also known as carbon
filaments or filamentous carbon, have diameters vary from a few to hundreds of
nanometers, while their lengths range from less than a micrometer to several
millimeters. CNFs did not actually attract much attention of the academic community
until the 1980s when their extraordinary physical and chemical properties were found.
Their potential applications, such as catalysts, catalyst supports, gas storage materials,
electrodes for fuel cell, probe tips, and polymer additives have been searched since then
[45, 46].
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Figure 2.7. Schematic representations for CNFs: (a) platelet-type CNF, (b) fishbone
type CNF, (c) ribbon-type CNF, (d) cup stacked-type CNF [47]
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CNFs are composed of stacked and curved graphene layers to form a quasi-one-
dimensional filament. CNFs are cylindrical or conical nanostructures. As shown in
Figure 2.7, there are mainly four types of CNFs. The first one is fishbone or
herringbone CNFs (f-CNFs or GNF-H), their graphene layers stacking obliquely with
respect to the fiber axis. The second one is platelet CNFs (GNF-P), their graphene
layers being perpendicular to the axis. The third one is ribbon CNFs (GNF-R), and their
graphene layers are parallel to the growth axis [45, 48, 49]. The last one is cup stacked
CNFs, their sidewalls composed of angled graphene sheets. These morphological
structures only provide stacking modes of the graphene sheets, which help to account
for the growth mechanism of CNFs. CNFs are grown mainly by CVD from the catalytic
decomposition of certain hydrocarbons over small metal particles such as iron, cobalt,

nickel, and some of their alloys [5, 43, 45].

2.1.1.3.2. Carbon Nanotubes
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Figure 2.8. Schematic representations of singlewall nanotube (SWNT) and multiwall
nanotube (MWNT) [50]

Carbon nanotubes were discovered in 1991 [51], they are rolled up into tubular
structures by sp?-bonded graphite sheets and capped at both ends of the tube with a half
of fullurene molecule with diameters as small as 0.4 nanometer and very large aspect
ratio. There are two different types of carbon nanotubes. Namely, multiwall nanotubes
(MWNTSs), discovered by lijima [51], made of 4-24 concentric cylinders of graphene

layers with interlayer spacing close to that of the interlayer distance in graphite (0.34
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nm) [50] and a diameter typically of the order 1020 nm and the successive production
of single-wall nanotubes (SWNT) [50, 52] made of single layers of graphene cylinders
with typical diameter of the order of 1 nm [8].

There are also three types of SWNT with respect to the orientation of the
hexagon relative to the axis of the nanotube. These are chiral, armchair and zigzag
nanotubes [53, 54]. Chirality and diameter of tube defines its electronic band structure.
Hence, CNTs can be semiconductors or metals with different size energy gaps, although

graphene is a zero-gap semiconductor [54].

Figure 2.9. Schematic structures of SWNTSs with different chirality. (a) A (10, 10) arm-
chair nanotube, (b) A (12, 0) zigzag nanotube, (c) The (14, 0) zigzag tube,
(d) A (7, 16) chiral tube. The cross-sections of the first two illustrations
have been highlighted by the bold red lines showing the armchair and
zigzag character, respectively [55]

There are four types of CNTs. The hexagons under each structure represent the
first Brillouin zone of the graphene sheet in reciprocal space and the vertical lines
represent the electronic states of the nanotube. For the arm-chair nanotube (Figure 2.9

(a)), the center line crosses two corners of the hexagon, resulting in a metallic nanotube.
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For the zigzag nanotube (Figure 2.9 (b)), the electronic states cross the hexagon corners,
but a small band gap can develop due to the curvature of the nanotube. In Figure 2.9 (c),
a semiconducting zigzag tube is illustrated. The hexagon under that represents the states
on the vertical lines; miss the corner points of the hexagon so that there is a gap at K
point in reciprocal space. As shown in Figure 2.9 (d), semiconducting chiral tube
illustrates the extreme sensitivity of nanotube electronic structures to the diameter and
chirality of nanotubes [55].

One of the most significant property of CNTSs is that they are ballistic conductors
along their tube axis and very good insulators perpendicular to the tube axis [56]. The
other main physical properties of CNTSs are high tensile strength, high aspect ratio, high
thermal conductivity, and high surface area [53]. Excellent mechanical, electronics and
well defined atomic structural properties of CNTs makes them desired in many
technological applications such as reinforcing agents in composite materials, sensors,
field emission devices, flat panel displays, energy storage, electrochemical devices and

electronic devices [57].

2.1.1.4. Zero Dimensional Carbon Nanostructures

2.1.1.4.1. Fullerene

Buckminsterfullerene Cg, Corannulene 1

Figure 2.10. An illustration of Buckminsterfullerene and its fragment Corannulene [58]

The new era in carbon nanomaterials has begun with the structure of a Ceo
molecule is called Buckminsterfullerene and it was discovered in 1985 by laser

vaporization of graphite target [59], and led to the Nobel Prize in chemistry in 1997

14



[55]. Family of fullerene, cage-like molecules, which are considered to be one of the
major allotropic forms of carbon contain 60, 70 or 82 carbon atoms and these combine
both sp® and sp® bonds [5]. They are closed spheres composed of pentagons and
hexagons. These pentagons and hexagons are the reason of its curvature shape so
resembles a soccer ball. A bowl-shaped fragment of buckminsterfullerene is called as
corannulene (COR) [58, 60]. This novel aromatic hydrocarbon CyHio was first
synthesized in 1966 by Bart and Lawton [61]. Fullerenes are very strong and elastic.
Pure fullerenes are not conductor but when they are doped with alkali metals their
conductivity becomes as high as metals.

Other than C60, some of the isomers of fullerene are C70, C76, C78, C80, C84
[62], C90, C100 [63], C122-C130, C162-C180 [64].

2.1.1.4.2. Carbon-Encapsulated Metal Nanoparticles

Carbon-Encapsulated Metal Nanoparticles (CEMNPs) are zero-dimensional
carbon-metal composite nanomaterials firstly reported in 1993 [65]. The polyhedral
metallic core is entirely encapsulated by the multilayer-graphitized carbon shells that
isolate the particles magnetically from external environment and protect them against

corrosion and magnetic coupling between individual particles [8].

2.1.1.4.3. Nanodiamond

Cubic structure of diamond, “nanodiamond” contains a variety of diamond-
based materials including pure-phase diamond films, diamond particles, and their
structural assemblies [8]. In 1987 nanodiamond (ND) particles found in meteorites with
size of interstellar diamond particles ~5 nm [66] and the length scale at nanoscale of

approximately 1-100 nm [8].
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2.1.1.4.4. Onion-Like Carbons

A very interesting transformation between carbon forms at the nanoscale is
carbon onions. When they are observed first time after annealing nanodiamond particles
at around 1300 to 1800 K, they transform to carbon onions in 1992 [33, 67]. Carbon
onions or onion-like carbons (OLCs) consist of concentric quasi-spherical graphitic
sheets. Generally outer diameters are vary between 10 nm and lupm, also inner
diameters vary between 0.7-1 nm (~Cgp) [33]. Carbon Onion is an important member of
fullerene family and has many applications in areas of conductivity catalyst and nano-
compound materials.

Yet all this structures have the same carbon atoms, but have different
arrangements of atomic structures and the only missing member of this family was 2D

graphene which is the mother of all graphitic forms.

2.2. Graphene
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Figure 2.11. Hexagonal structure of graphene

The concept of two-dimensional graphene, dates back to 1947 was clarified by
P.R. Wallace theoretically [68]. B. Lang carried out of the earliest experimentally trial
of synthesizing single or few layer graphene through thermal decomposition of ethylene
on Pt surface at 1975 [69]. However, the researchers could not realize the importance of
that type of structure at that time. Also, in 1999, another trial of synthesizing graphene

on faceted Ni (755) surface were reported [70]. Single layer graphene was isolated first

16



from Highly Oriented Pyrolytic Graphite (HOPG) by mechanical exfoliation method
using ‘Scotch tape’ in 2004 [10], whereas 2D Graphene was regarded to be thermally
unstable and the atomic single layer tended to role or fold in order to reach the lowest
potential energy state, therefore could not freely exist [71, 72]. Discovery of intrinsic
ripples in third directions [73] explained the reason why the atomic layer graphene
could be observed [6]. The intrinsic ripples are believed to prevent graphene from
rolling and to help suppress the thermal fluctuation. After isolation of graphene
Novoselov et. al. explored its physical [10, 74-76] and chemical properties [77]. After
experimentally realized by Konstantin Novoselov and Andre Geim it went on to win the
Nobel Prize in 2010 [78], as it is the first truly two-dimensional crystalline material.
Graphene has extraordinary properties, such as; high charge mobility, transparency,
mechanical strength and flexibility etc., and, there is also an extra quantum confinement
of the electrons due to the lack of a third dimension. A 2D material, graphene attracts

great interest for research in material science due to its unique electronic properties.

2.2.1. Electronic Structure of Graphene: Tight Binding Approach

Carbon has four electrons in its valence level with a configuration of 2s® 2p? and the
energy of these sublevels is so close that their orbitals hybridize. Graphene is composed
of single-atomic layer of sp? bond carbon atoms with closely and strongly packed in a
hexagonal lattice structure (Figure 2.12 (b)).

Figure 2.12Figure 2.12 (a) shows the electron orbitals in graphene, the number
of sigma (o) bonds in carbon atoms with sp" hybridization given by (n+1), so in
graphene, each carbon atom has three c-bonds with other neighbor carbon atoms. The
remaining p, orbital has only one electron and, this p, orbital overlaps with the p, orbital
of a neighbor carbon atom to form a n-bond. In a finite graphene sheet p, electrons are
contribute to one conducting electron per carbon atom, which result in the weak Van der
Waals force between graphene layers in graphite. Then, n-bonds are hybridized together
to form the n-band and n*-bands. These bands are responsible for most of the unique

electronic properties of graphene.
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Figure 2.12. (a) Schematic of sp? hybrid C-C bond structure containing in plane o-bond
and perpendicular w-bond [13], (b) unit cell and, (c) Brillouin zone of
graphene are shown as the dotted rhombus and the shaded hexagon, and
the red vectors show the nearest-neighbor vectors [3].

In 1946, Wallace theoretically calculated the band structure for a single graphite
layer using a tight binding approximation [68]. With reference to this approximation,
the graphene honeycomb lattice is composed of two equivalent sublattices of carbon
atoms. In Figure 2.12 (b), each atom in one sublattice is shown as A and the other atoms
in the other sublattice B. The unit cell which includes two atoms is displayed as a dotted
rhombus in Figure 2.12 (b), and the first hexagon Brillouin zone (BZ) of graphene as a
shaded hexagon in Figure 2.12 (c), can be constructed by using a Wigner-Seitz cell
method. Shown a=1.42 A is the carbon-carbon bond length accordingly; the unit vectors

in real space can be expressed as following:

=) amal )

The reciprocal lattice vectors can be calculated as following:

b, =2_”(l ‘/5)1 b, =2_"(l’_ﬁ)

a \3’ 3 a \3 3

Using the tight binding approximation energy dispersion relations can be calculated
along the perimeter of the dotted triangle connecting the high symmetry points T', K,
and M (the center, the corner, and the center of the edge of the hexagonal Brillouin
zone, respectively, Figure 2.12 (c)). Corners of first BZ are K and K" and their positions

in momentum space are given by

K= (2_7;’3\2/ga)’ k' = (z_Z'_B\Z/ga)

To approximate the low energy electronic property just one may consider the p,

electrons only hop to the nearest neighbor atoms and constructing Bloch wave functions
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for two inequivalent carbon atoms A and B in the unit cell, Hamiltonian including only
p, states can be calculated. Resulting electronic structure of graphene can be

approximated with the following eigenvalues expression as a function of ky and ky:

\/§k k.,a k.a
E(kx; ky) = i)/\/l + 4COS< 2xa> cos <%> + 4 cos? <%>

where y (=2.7¢V) is the nearest neighbor hopping (overlap) energy and E. and E. refer

to the conduction and valence n-bands of the electrons. Wallace calculated linear energy
dispersion relation near Fermi level when the band structure close to one of the K or K"
corner points as k=K+q, with |q| « |K] [68].
E,(q) = tvrlq| + 0[(q/K)?]

where q is the momentum measured relatively to the K points and Fermi velocities of
charge carrier ve reach the value 1/300 of the speed of light c. As seen Figure 2.13, this
dispersion leads to linear energy versus wave vector relation at all the six corners of the
BZ. As a result of that near the Fermi level, the low energy quasiparticles can be

described by the Dirac-like Hamiltonian:

. 0 ky — ik,
H_<kx+iky 0 )—hvpa.lc

It gives us the following relation:
d*E
axz) =%

Therefore, the electron effective mass expressed in

o (TE -
mo= di?

will be zero. It indicates that near these six points at the Fermi level, the electrons and
holes behave as zero-effective-mass Dirac fermions and they cannot be described by
independent Schrodinger equations. Instead, the electrons and holes are described by
Dirac’s equation for spin half particles [13]. Therefore, the six corners of the Brillouin
zone, K and K" are called Dirac points, and the electrons and holes at these points are

named fermions [12].
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Figure 2.13. A plot of the energy versus momentum dispersion relation for graphene
shown throughout the BZ and the inset shows the energy dispersion
relations along the high symmetry axes along the perimeter of the triangle
shown in Figure 2.12 (c) [3].

Sublattice atoms A and B have one each = electron, so there are two w electrons
which fully occupy the lower w-bonding energy band in a unit cell. Hence, the density
of states at the Fermi energy is zero, and graphene is a zero-gap semiconductor [3].

Zero-gap property gives most of the unique and attracted aspects to graphene.

2.2.2. Vibrational Properties of Graphene

By considering the vibration modes of the crystal in thermal equilibrium,
phonon dispersion of graphene is obtained. The phonon dispersion is very similar to its
electronic band structure which discussed in the previous section (Figure 2.13). Despite,
graphene is a 2D material, the two sublattices A and B atoms can vibrate in all three
dimensions. There are two out-of-plane modes (atomic vibrations are perpendicular to
the graphene plane) and four in-plane phonon vibration modes. Out-of-plane modes are
acoustic (ZA) and optical (ZO). Traditionally, the directions of the vibrations are
considered with respect to the direction of the nearest carbon-carbon atoms and,
therefore, the phonon modes are classified as longitudinal (L) or transverse (T)
according to vibrations parallel with or perpendicular to, respectively, the A-B carbon-
carbon directions. So, in-plane modes are classified transverse acoustic (TA), transverse
optical (TO), longitudinal acoustic (LA) and longitudinal optical (LO) [79].
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Figure 2.14. The dispersion relation of out-of-plane modes (a) and in-plane modes (b) of
graphene are obtained using the second-nearest-neighbor model for
graphene. The vertical axes are the phonon frequency, while the horizontal
axes are the momentum space on the graphene lattice [80]

The dispersion relation of the vibration modes of graphene as a function of the

in-plane reciprocal vector k and the corresponding K, T', and M points of the Brillouin
zone are shown in Figure 2.14. In the Figure 2.14 (a), one represents the out-of-plane
modes; gray surface corresponds to the ZO (optical) mode, whereas the pink surface
shows the ZA (acoustic) mode. The dispersion is quadratic at the I' point. This is
congruent with the experimental data, but it is unusual for acoustic modes [80]. The in-
plane modes are shown in the Figure 2.14 (b). The dispersion have cone shape at the K
and K' points. At these points, because of the presence of the in-plane modes the
phonon density of states does not vanish. The gray surface corresponds to the optical
modes; TO and LO, whereas the pink surface shows the acoustic modes; TA and LA.
The transverse modes have slightly lower frequency than the longitudinal modes. The
dispersion is linear at the I' point. The optical phonon frequencies of graphene, wo (~0.2
eV-1600 cm %), are one of the highest among all materials [2]. Vibrational properties of
graphene provide to understand some other graphene features. These features are optical
properties include phonon-photon scattering (e.g. in Raman scattering which will be
discussed in next chapter), electronic properties include electron-phonon scattering and
high in-plane sound velocity, close to cpy = 20 km/s [1], which leads to very high

thermal conductivities.
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2.2.3. Other Properties of Graphene

Graphene has linear dispersion, and this significant feature leads to other
subfeatures. The first one is electrons and holes belonging to the same branch of the
dispersion curve are described by a pseudospin quantum number (o) that is parallel to
the electron momentum, but opposite to the hole momentum. This independence
‘chirality” means that because of the inability to transform one type of dispersion into
another an electron hopping from K to K" is not allowed since the pseudospin is not
conserved. This conservation rule gives rise to the ballistic transport observed in
graphene and CNTs as well [13].

The second subfeature is ‘tunability’ or ambipolar electric field effect. The gate

voltage induces a surface charge density,

|
nzeeot—g
e

with a shift of the position of Fermi energy level. Here, €y and € are permittivities of free
space and SiO,, respectively, e is the electron charge, t the thickness of SiO,, layer
(<300 nm thick on which graphene is visible under optical microscopesope [81], since,
in this case, even a single layer adds to the optical path of reflected light to change the
interference color with respect to the empty substrate [82]). As a zero band gap
semiconductor, graphene has no charge carrier at Ef=0, between two branches.
However, without the necessity of doping, the Fermi level can be moved into the
conduction or valence bands by applying an external electric field. This allows
conduction by changing the concentrations of either holes or electrons as high as 10*°
cm 2, with room temperature mobilities of up to 20000 cm?V's™* [83-85] which
exceeds the intrinsic mobility of any other known semiconductors. Minimizing impurity
scattering is make less loss of energy, so carrier mobilities higher than 200000
cm?V's* were achieved in suspended graphene at electron densities of 2x10' cm™ at
room temperature [85-88]. The band gap of graphene also depends on its shape, size
[89] or layer number [90]. The zigzag GNRs are always metallic while armchairs can be
either metallic or semiconducting. The energy gap of armchair GNRs can be tuned and
scales inversely with the width [91, 92]. The band gap of graphene bi-layer FET can be
tuned by application of a potential difference and its optical response can be changed

with a magnetic field [93].
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Moreover, observations show the electron-phonon scattering and temperature
also limited the mobility, but below 300 K the dominant scatterings belong to phonons
[85]. Another effect of limiting the mobility is the dominant electron-phonon scattering
of the substrate for graphene on SiO; substrates [87].

Another subfeature of graphene’s unique electronic structure is it exhibits very
high transparency. One or two layer of suspended graphene film show white light
absorption of 2.3 and 4.6%, respectively with a negligible reflectance (R), less than
0.1% [74]. The transparency of the graphene layer decreases with the increase of
thickness. Each graphene layer adds light absorption of 2.3%. Just as graphene has high
transparency, it has also high flexibility. It can be intact [94] under bending conditions.
Especially, its high flexibility and transparency enables it to be used instead of ITO for
photovoltaic device technology [94]. Low cost, high conductivity, transparency,
chemical and mechanical stability of graphene make it suitable for transparent and
flexible electrode [12].

Graphene has many other features. One of them is that it regards as

mechanically the strongest material due to the in-plane o-bonds [95] and it shows a
breaking strength of 42 N/m and Young’s modulus of E=1.0 £ 0.1 TPa [12, 96].
Graphene morphologically has high specific surface area that theoretically was
predicted (>2500 m?g™) in 2004 [97], but experimentally this value is not reached yet.
This high surface areas lead to using as gas and energy storage applications.
Some experiments were shown that in contrast to traditional semiconductors, the
particles that are governed by the Dirac equation obey the Klein tunneling [98]. So, the
transmission probability increases with increasing barrier height. In the case of
graphene, the chirality discussed earlier also leads to a varying transmission probability
depending on the angle of incidence to the barrier [99].

Graphene exhibits a very high sound velocity due to very strong in-plane
bonding. This large sound velocity is responsible for the extraordinary high room
temperature thermal conductivity up to 5300 W/m K [100], that is useful in many
applications such as, better thermal contact with SiO, than other carbon nanomaterials
[101]. Also, high thermal conductivity facilitates the diffusion of heat to the contacts
and allows for more compact circuits.

In addition discovery of Quantum Hall Effect, enhanced Coulomb interaction
[102] of graphene and other unmatched scientific and industrially applicable properties

make it a promising material for electronic circuits [80, 100, 103] such as, high-
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frequency oscillators, transparent flexible touch screens, solar energy processing panels
[94, 104], and yet light-weight material applications including hydrogen visualization
templates for TEM, components of satellites and aircraft technology [105], high
electron mobility transistors [106], intersubband infrared detectors, quantum cascade
lasers [107], giant magnetoresistance (GMR) [108], light-emitting diodes [109], and
spin-valves [110] and so on.

2.2.4. Graphene Production Methods

2.2.4.1. Exfoliation and Cleavage

Graphite is formed by overlapping graphene layers. It is possible to extract
graphene flakes from a graphite sheet, if weak Van der Waals bonds can be broken by
using mechanical or chemical energy [111]. By exfoliation and cleavage techniques

single or few layer graphene flakes can be obtained.
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Figure 2.15. Schematic representation of using Scotch tape. (a) pressing the tape on
bulk graphite, (b) peeling a thin layer of graphite, (c-d-e) folding the tape
over and pressing it against itself, the graphite was spread over two and
more areas of the tape, (f) the thinned layer of graphite over the tape [112]

A research group at the University of Manchester succeeded in separated few
and single layer graphene flakes with dimensions of up to 10 pm from HOPG sheet of 1
mm thickness by mechanical exfoliation (repeated peeling) method using ‘Scotch tape’
in 2004 [10]. To obtain 5 pm deep mesas (of area 0.4 to 4 mm?) the HOPG sheets was

subjected to a dry etching in oxygen plasma and then these mesas were pressed into

24



photoresist and baked. The HOPG was cleaved from the resist. As seen from Figure
2.15, Scotch tape was used to repeatedly peel flakes of the graphite mesas. The obtained
thin flakes were then released in acetone and captured on the surface of a Si/SiO, wafer
[10]. These single and few layer graphene (FLG) flakes could be identified from the
contrast difference in an optical microscope [10].

Many studies focus on also producing graphene either from graphite or graphite
oxide powder and using different solvents [113-116], from potassium-graphite
intercalation compound (GIC) by sonication [117] and from partially reduced graphene
oxide (GO) nanosheets by ultra-sonication [118, 119]. These methods have some
drawbacks such as oxygen, therefore, some researchers use another liquid exfoliation
processes without oxidization to produce larger scale of graphene layers with higher
quality [120, 121].

Exfoliation and cleavage are very reliable and easy techniques. However,
graphene flakes obtained by these methods have just as a lot of defects, also are limited
in small sizes and randomly placed. For applications of graphene in electronics large-

area and high quality synthesis of graphene are needed.

2.2.4.2. Thermal Decomposition of SiC

Thermal Decomposition of SiC technique relies on heating SiC and sublimating
Si in ultrahigh vacuum (UHV), generally to temperatures between 1000 °C and 1500 °C
for a short time (1 to 20 minutes) [111]. The remaining carbon rich surface is graphitic
in nature and shows similar electronic properties with the isolated graphene sheet [13,
122]. There are two polar faces of SiC perperdicular to c-axis. Graphene, grown on
these two polar planes, shows different growth behaviors and electronic properties [13,
123].

A recent study has revealed that the epitaxial graphene can be synthesized on
SiC at low temperature (750 °C) [124] and ambient pressure [125]. This technique is
cost effective to the industry and attracts much interest as this process may be a viable
technique in post-CMOS age [13]. On the other hand, there are some issues to be solved
such as controllable thickness uniformity, repeated production of wafer-scale graphene
and interface effects with the SiC substrate [111, 126]. In addition, it can also be used

other substrates to thermal decomposition such as a single crystal Ru (0001) [127, 128]
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and single crystal transition metal surfaces; including Ir, Ni, Co, Pt, etc. [111, 129].
However, Sutter et. al. concluded that the first graphene layer grown on Ru (0001) has
very low electrical conductivity because, strongly bond to the Ru (0001) surface.
Because of the out-of-plane 7 orbitals of graphene, interactions between graphene and a
substrate or between graphene layers should influence the electronic structure of
graphene [13]. Hence, the choice of production technique is important to obtain large

area, single layer and high quality graphene layer.

2.2.4.2. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a vapor-phase process which relies on the
chemical reaction of a vapor near or on a heated surface. The process patented first in
1880 and is very suitable to the deposition of carbon on metal surfaces [5]. As seen
from Figure 2.16, to synthesis single layer graphene, this technique is performed by
placing transition metal substrates like Ni [130-132], Cu, Ir [133], Pt [134, 135], Ru
[127, 136] or Co [137] in a gas phase carbon source precursor (CHy4, CoH; etc.) in the
CVD furnace to temperatures between 800 °C and 1100 °C. Then, by thermally cracking
of Carbon elements on transition metal substrate desired graphene layers are obtained.
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Figure 2.16. Shematic representation of CVD set up for the synthesis of graphene [103]

CVD technique in synthesis of graphene has drawn much attention because it

can produce wafer scale graphene in economical way compared with the previous two
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methods. In this work CVD technique utilizes to growth single and few layer graphene
on sputtered polycrystalline Nickel (catalyst) thin film substrate. Hence, this method

will be examined in detail in next chapter.

2.2.4.3. Other Methods of Synthesis Graphene

There are other methods to synthesis single or few layer graphene. One of them
is radio frequency plasma enhanced chemical vapor deposition (PECVD) technique
which succeeded in synthesis graphene first in 2004 [138]. The process used Si, W, Mo,
Zr, Ti, Hf, Nb, Ta, Cr, 304 stainless steel, SiO,, and Al,O3 as substrates and a carbon
source gas CHy in a H, environment [139]. There is no need to use catalyst on substrates
in this procedure. It is proposed that the thickness of graphene sheet depends on a
balance between C diffused species and etching caused by atomic hydrogen, in PECVD
process. Also, the interaction between the plasma electric field with their anisotropic
polarizability causes vertical orientation of grown sheets [140].

To synthesis large area, high quality single layer graphene, molecular beam
deposition technique is maybe the most appropriate one due to the layer-by-layer
growth mechanism. In this technique, a carbon gas source such as ethylene is broken
down at 1200 °C using a thermal cracker and deposited on a nickel substrate and
graphene layers were produced at 800 C. The most important differences between MBE
and CVD are the number of graphene layers produced are independent of cooling rate
and carbon does not absorbed into the bulk of the Ni [141].

Moreover, wet chemical synthesis methods also attract attention. Among them
the most common one is Hummers method [142]. However, oxidation affects the
electrical and thermal conductivity of graphene obtained by these kinds of methods.

The other, recent highly attractive method is unzipping CNTs. Unzipping methods
varies widely and one of them is that suspending CNTs in H,SO,4 and then treating them
with KMnO,4 to peel off graphene sheets and reducing chemically from oxygen,
electrically offgrade graphene nanoribbons (GNRs) are obtained [143] (Figure 2.17 (a)).
In Figure 2.17 (b), there is another unzipping method is that the MWCNTSs are partially
embedded in a polymer film and using KOH solution the polymer is peeled off from
substrate then exposing to Ar plasma the outer part of MWCNT is etched [92]. The last

process is calcination to remove polymer. Used MWCNT verify the diameter and layer
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number of resulting GNRs. Also, exposure time to Ar plasma identify the layer number

of graphene nanoribbon [92].
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Figure 2.17. lllustration of various CNT unzipping methods [144]. (a) [143], (b) [92],
(c) [145] (d) [146]

An alternative unzipping method is that alkali metal atoms are intercalated
between open ended MWCNT layers and Li,C intercalation compounds, or lithium
carbide are produced [145]. Then exfoliation with acid treatment open along their axis
and completely unwrapped nanotubes (ex-MWNTSs) are obtained [145]. Moreover,
using metal nanoparticles as nanoscalpers such as iron and nickel, MWCNTSs can be cut
to obtain GNRs [146] (Figure 16 (d)).
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CHAPTER 3

EXPERIMENTAL TECHNIQUES

This study aimed controllable production of graphene with known number of
layers by investigating the effect of thickness and surface structure of sputtered Ni thin
films on layer numbers of graphene. Direct Current Magnetron Sputtering (DCMS) and
Radio Frequency Magnetron Sputtering (RFMS) are employed for the deposition of the
several samples of various thick of polycrystalline Ni catalyst films, thin Al,O3; buffer
films and Cr adhesive layers under the Ni catalyst film on Si/SiO; substrates.

Surface roughness properties, crystal structures, and thickness of the films were
investigated by Atomic Force Microscope (AFM), X-Ray Diffractometer (XRD),
Surface Profiler and Scanning Electron Microscope (SEM), respectively. These films
were annealed at 800 °C, 900 °C and 950 °C in CVD furnace. And a set of samples were
studied again using these techniques to assess their crystal quality after annealing
process. Then the CVD growth of graphene was carried out using Ar, H, and CH,4 gases
exactly at annealing temperature. The Raman spectroscopy technique was utilized in
order to determine the number of the layers, the size and quality of graphene growth
over Ni catalyst films.

This chapter involves experimental techniques about the study. Firstly,
preparation of samples including sample cleaning and thin film deposition was
explained. Then characterization techniques were employed. Lastly, the growth

technique of graphene films and their characterization techniques were explained.

3.1. Thin Film Preparation

3.1.1. Substrate Cleaning

SiO; substrates were subjected to a cleaning process prior to films growth to
prevent samples from contaminations. First, they were rinsed in acetone, cleaned in an

ultrasonic bath in the order of acetone during 15 minutes. Then the substrates were
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rinsed with acetone, ethanol and de-ionized water respectively, 30 second in each.
Nitrogen flow was used for dry up during 30 seconds. Also, spin coater was used for
dry up during 4 minutes with 5000 rpm prior to introducing them into the growth
chamber of sputter or CVD. Before the deposition of certain thick Ni, Al,O3 and Cr
films their thickness, power and time relations were calibrated by depositing several
films. After the substrate cleaning process and before thin film growth a little drop of
photoresist was placed on a corner of Si/SiO; substrates for thickness measurement after
film growth. After the deposition, the photoresist was removed in an ultrasonic bath in
acetone for a few minutes. Then, the cleaning proceeded under the flow of acetone,
ethanol and de-ionized water respectively, for 30 seconds in each. To dry the sample a
spin coater was used for 4 minutes with 5000 rpm again. The deposited films were kept

under nitrogen in desiccators.

3.1.2. Thin Film Deposition: Magnetron Sputtering Technique

Figure 3.1. ATC AJA Orion 5 UHV Sputtering System in the Department of Physics at
IZTECH.

Magnetron sputtering (MS) is a physical vapor deposition (PVD) technique
which deposits physically removed target atoms onto a substrate. The growth system
(Figure 3.1 AJA ATC Orion 5) is controlled by a computer and was evacuated down to

the base pressure of about 1.9-2x10”" Torr using mechanical and turbo pumps. There are

30



some magnets located under target and these magnets increase the ionizing probability
by holding the electrons close to the target area.

A potential difference is created between the target and the substrate. The target
was held at the negative voltage (as a cathode). In the deposition process firstly, Ar
atoms are ionized by colliding with electrons and these ions are accelerated away from
the negatively charged electrode. Ar plasma starts to form at a Ar background pressure
of 10 Torr. Positively charged, energetic Ar® ions are accelerated towards the
negatively charged cathode target material by electric field. These Ar" ions strike and
erode the target material via momentum transfer. The ejected target material is in the
form of neutral particles and they are either individual atoms or clusters of atoms and
molecules. These neutral particles are not affected by electric or magnetic field and they
travel in a line of sight strike the substrate surface, if they don’t encounter with other
particles on their way. Existing Ar* ions can recombine with removed electrons and
return to their ground states by releasing photons within the visible range of EM
spectrum which give the glowing appearance of the plasma. Around the target, there are
additional free electrons confined by the magnetic field the neutral Ar atoms collide
with an electron and turns to an Ar” ion. These electrons sustain the formation of ions
and the continuation of the plasma following a closed-path ExB cycloidal drift loop
[147].

In this study, the deposition of Ni and Cr thin films was carried out by DC
magnetron sputtering (DCMS), whereas deposition of Al,O; was carried out by RF
magnetron sputtering (RFMS) technique.

3.1.2.1. DC Magnetron Sputtering

DCMS technique owes its name to the DC power supply that was used for
plasma discharge. During DCMS process, ion-induced secondary electrons are
generated on the target material. Electron emission increases almost linearly with the
ion velocity. Hence the cathode discharge voltage is high for DCMS to sustain the
plasma. Secondary electrons can be also removed from insulator target material and
some positive charges may build up on the insulating target where they cannot be
discharged when Ar" ions strike it. The positive charging prevents positive Ar* ions to
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hit the target due to repulsive coulombic force. Therefore, DCMS is used for conducting

target materials.

3.1.2.2. RF Magnetron Sputtering

Charge built-up problem which is observed in insulator targets can be solved by
RFMS. DC sputtering occurs when electrons and ions follow the alternative switching
of the anode and cathode at frequencies less than 50 kHz. The relatively heavy ions
cannot follow these rapid polarity switches; while the electrons can follow the switching
and neutralize positive charge build up at these frequencies. Hence, the oscillation of
secondary electrons in a RF plasma increases their chance of colliding with Ar atoms.
RFMS requires a large DC voltages around 10%*V and high switching frequencies. The
low discharge voltages lead to significantly lower deposition rates for an RF magnetron
discharge compared to a dc sputtering process under the condition of constant discharge
power [148].

3.1.2.3. Film Deposition Process

After the substrate cleaning, mentioned above, was done, substrates placed
firstly preparation chamber when two chambers has the same pressure on the order of
107 Torr, substrate was installed in the growth chamber. Then system was evacuated
down to the base pressure of about 1.9-2x10™ Torr. The substrates were cleaned by RF
bias for 10 minutes (~10 A/min) at 15 watts and the targets were always pre-sputtered in
order to remove any contamination and oxidation of the surface. In our system, 9,95
sccm Ar gas flow corresponding to ~7 mTorr of deposition pressure was used
for both DC and RF sputtering. DC and RF sputtering can be done with the
maximum powers of 500 W and 300 W, respectively. Our system also has a halogen
lamp based heater to heat the substrates during deposition up to 850 °C. Some of Ni
films were deposited at a substrate temperature of 450 °C. In the next chapter, the

deposition conditions studied on this work will be given in detail.
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3.2. Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is one of the most common and useful surface
analysis technique on an atomic scale, which was developed in 1986 [149]. Its
principles are based on a combination of Scanning Tunneling Microscopy (STM) and
stylus profilometer (SP). AFM basically, consists of a sharp tip, a cantilever,
piezoelectric scanner, photodiode, detector and feedback electronics.

AFM images are obtained by a measurement of the force on a sharp tip which
moves over the surface interacting with the sample by means of long range Van der
Waals forces and repulsive forces. The trace of the movement of tip is obtained by
determining the deflection and torsion of the tip. Considering two identical inert gas
atoms and their behavior with the distance between them, interactive forces between tip
and surface atoms are explained. Induced moments cause an attractive interaction
between atoms when they closer to each other and Van der Walls interaction or London
interaction is observed [150]. Then, the total energy of the system would be

A
" RS
where R is the distance between two atoms and A is an empirical constant. Electrostatic

AU =

energy of the system changes if the atoms continue to get closer and charge
distributions overlap. Pauli Exclusion Principle causes this overlap energy gives
repulsive contribution to the interaction when the atoms get a certain distance. To fit
experimentally an empirical repulsive potential of the form of B/R™?is added to the total
energy expression of the system. A = 4e0® and B = 4e01? where the € and o are also
experimentally measured parameters. This energy is called Lennard-Jones potential. By
differentiating this energy with respect to the distance, the force between two atoms can
be written as follows
S U, o3 ,0N\71.,
F(r) = 247"[2 (;) - (;) ] f
Using the forces between tip and surface atoms, the sample surface is analyzed
with two modes of AFM which are Contact mode and Tapping mode. In contact mode
the tip and sample surface atoms contact each other, whereas, in tapping mode tip
oscillates at a fixed frequency and during scan of the surface amplitude is changed by

oscillation frequency which detected by amplifiers. To not damage the sample surface
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and obtain better resolution in small areas (< 40um) we used tapping mode and optical

detection method.
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Figure 3.2. The optical detection system from the software Nova of MNT-MDT

In this work, AFM surface characterization was performed in semicontact
(tapping) mode using commercial Scanning Probe Microscopy instrument (Solver Pro 7
from MNT-MDT, Russia). And as seen in Figure 3.2, a laser source and a four-quadrant
photodiode are used. DFL refers the difference signal between top and bottom halves of
the photodiode and LF refers left and right. The laser beam is struck on the center of the
cantilever and the reflected signal that has the intensity proportional with the signal
comes from all four segments of the photodiode. The deflection or torsion of the
reflected beam is detected by photocurrents that are created by all quadrant of the
photodiode when the laser beam hit to the photodiode. Each quadrant of the photodiode
creates the individual photocurrents and deflection and torsion of cantilever can be
characterized with Alz= [(I1+12)-(I3+14)] and Alz= [(11+14)-(12+13)], respectively.

This current difference is input signal of feedback which keeps tip and surface
distance is constant. Firstly, operator determine the surface relief height using
Mag(Height) curve that obtain by applied voltage to the z-electrode of the piezoelectric
scanner. Then, the scanner generates a mechanical stress and tip-surface separation
changes proportionally to the applied voltage. Topographical image of the surface is
obtained by the trace of the tip movement about the changing tip-surface separation.
During all the measurements, HA_NC silicon tips with a curvature radius of 10 nm and

force constant of 12 N/m were used.

34



Figure 3.3. HA_NC etalon probe from NT-MDT [151]

3.3. X-Ray Diffractometer (XRD)

The diffraction of X-rays occurs by interference between the waves scattered by
the individual atoms and the incident waves. This is the most common crystalline
structure determination technique. An incident X-ray beam hits an atom and oscillates
its electrons with the same frequency. As seen in Figure 3.4 atoms in a crystal are
arranged in a regular pattern, and in a very few directions we will have constructive
interference, if so combining waves are in phase and well defined x-ray beams leave the

crystalline at certain directions.
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Figure 3.4. Representation of incoming and diffracting X-rays from different lattices

The crystalline properties of sample are obtained by using Bragg’s law:

2dsinf=nl

35



where d is interplanar lattice spacing, 6 is the angle of incidence relative to the
planes, n is an integer and A is the wavelength of the x-ray radiation (Figure 3.4).
The interplanar distance between planes of atoms is a function of the Miller indices (h,
k, I). The lattice parameter and the interplanar spacing dn« for cubic, hexagonal and

tetragonal structures are calculated by the following equations:

. 1 h?+k2+1?
Cubic — = >
Ahrr a
1 4 (h%+Kk2+1? 12
Hexagonal > = —( > ) + =
dpr 3 a c
1 h?+k? 12
Tetragonal s =—— 1t
dhrl a c
Furthermore, by means of Scherrer’s equation;
KA
T =
B cos 6

grain sizes of the crystals in deposited films can be estimated z is the mean grain size of
the crystalline domains and K is a dimensionless shape factor typically about 0.9. B is
the FWHM of the diffraction peak (in radians) and 6 is the diffraction angle
corresponding to the XRD peak (Figure 3.4). The intensity, position and FWHM of the
diffraction peaks are used to determine crystalline structure and quality of the sample.
The FWHM is calculated by the following formula and is shown in Figure 3.5.

1
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Figure 3.5. Ideal FWHM of a XRD peak
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As seen Figure 3.5, FWHM represents how sharp that peak is, hence smaller
FWHM means better crystallinity and bigger grain sizes. The peak position and FWHM
both give us information about the strain in a crystal structure. A diffraction peak
shifted towards left or right refers a uniform strain in the thin film. If the diffraction
peak was both shifted and broadened, then the non-uniform strain is present within the

grown film.

Table 3.1. The calculated peak list of Ni using formula of a cubic crystal structure

d (A) 20 (degree)
Ni(111) 2.0346 44.49
Ni(200) 1.7620 51.85
Ni(220) 1.2459 76.38
Ni(311) 1.0625 92.94
Ni(222) 1.0173 98.44

In this study, most of the XRD @ - 26 scans were performed by a PANanalytical
X-Pert Pro MRD (multi-purpose X-ray diffraction) X-ray diffractometer, operating with
a Cu-K, X-ray source (A=0.15406 nm) and adjusted to 45 kV and 40 mA Ni filter at
Nanoboyut Research Laboratory at Anadolu University. Some of the XRD
measurements were performed the old version of the same system assisted with X Pert
HighScore Software at IZTECH. All the XRD 8 - 26 scans were performed in the 30-
100° and 30-90° 26 ranges.

3.4. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) gives the magnified image by scanning
the surface with a high energy beam of electrons. The first such microscope is
constructed by Dennis McMullan in 1951 [152]. An electron gun produces the electron
beam and the beam is directed to the sample by electromagnetic fields and lenses. When
the beam strikes the sample and interacts with the electrons of the sample, secondary
electrons (SE), backscattered electrons (BSE), characteristic X-rays, specimen current
and transmitted electrons are ejected from the sample. Different types of detectors

collect and convert these signals into a 2-dimensional image on the screen. This image
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includes information about sample such as, secondary electrons that are the most
valuable for showing morphology and topography, backscattered electrons illustrate
contrasts in composition in multiphase samples, diffracted backscattered electrons that
are used to determine crystal structures and orientations of minerals, energy dispersive
X-ray spectroscopy (EDX) characteristic X-rays that are used for elemental analysis and
continuum X-rays, produced by inelastic collisions of the incident electrons with
electrons in discrete orbitals of atoms in the sample, visible light (cathodoluminescence-
-CL), and heat.

As a non-destructive analysis technique of SEM was taken with Quanta FEG
250, at I'YTE for this thesis work. By placing our Nickel samples cross-sectional on
holders by means of a conductive band, we observed the thickness and the difference of
their structure after annealing carried out to the films. In addition, energy dispersive X-
ray (EDX) analysis was also used to analyze near surface (about 2 microns in depth)
elements and estimate their proportion at different position by Oxford Aztec X-Act

detector.

3.5. Chemical Vapor Deposition (CVD)

As mentioned in the previous chapter, CVD is a vapor-phase process which
relies on thermal cracking of carbon elements from a precursor hydrocarbon gas on
transition metal substrate, and desired carbon source is obtained. The formation of
graphene takes place in two different mechanisms; direct deposition or dissolution-
segregation.

Direct deposition occurs by adsorption of thermally decomposed hydrocarbon on
metal surface (on Cu [153, 154]). On the other hand, if temperature dependently
dissolved carbon atoms, which turn out a solid solution with metal substrate, are
supersaturated during cooling or increasing the carbon concentration (on Ni [3, 154-
156]) induces segregation of carbon atoms [154, 155]. Then the carbon atoms
precipitate as single layer graphene or multilayer graphite on the surface of the
substrate. Segregation refers to one or more components of solid solution congregate on
free surface without phase transformation, whereas precipitation refers to a perturbation
such as fluctuations with phase transformation. Generally, precipitation occurs in

advance of segregation process [155].
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Figure 3.6. CVD growth system at Physics Department, CNL Lab, IZTECH

In 1974, Blakely et. al. [130] studied on segregation mechanism of carbon to a
Ni (111) surface and realized from their Auger spectroscopy measurements single layer
graphene could be grown on a Ni (111) surface. During graphite growth researches,
decomposition mechanism of carbon containing gases began to be used in 1960s [157,
158]. Transition metals catalyze the dehydrogenation of aliphatic hydrocarbons such as
CH, and C,H,. Nickel has higher dehydrogenation ability and carbon solubility [159].
Also, Banerjee et. al. concluded that the graphite films grown on Ni substrate have
higher degree of crystallinity compared to porcelain, copper and platinum [155, 157,
158].

In this work, all these properties are the reasons to choice Ni as substrate to grow
on graphene layers. Figure 3.7 shows the difference between direct deposition and
dissolution-segregation process using two different metal substrates, Cu has negligible

carbon solubility as compared with Ni at the same temperature [154].
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Figure 3.7. Schematic representations of the possible distribution of C isotopes on
different metal substrates and their growth mechanisms. (a) Graphene with
randomly mixed isotopes refers to surface segregation and/or precipitation.
(b) Graphene with separated isotopes refers to surface adsorption. (c)
Combined growth from surface adsorption and precipitation [154]

Using the fact that C** and C* isotopes have different Raman spectroscopy G-
band frequency due to the mass differences (Figure 3.8), Li et. al. [154] switched the
labeled methane gases with these isotopes and realized that the graphene growth on Ni
has randomly distributed carbon isotopes due to the dissolution-segregation-
/precipitation mechanism (Figure 3.7 (a)), but the graphene growth on Cu has spatial
distributions of carbon isotopes (Figure 3.7 (b)), due to the direct adsorption
mechanism. Also, the composition of these two process shows in Figure 3.7 (c).

Ni or Cu surface once covered by single layer graphene (1-LG) the catalytic
activity and carbon species reduces due to reduced hydrocarbon decomposition and
could not carry on graphite growth so, the growth of 1-LG is self limiting [153-155].
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Figure 3.8. Raman spectra from graphene composed of C* (blue), C*? (green) and from
the mixture of both (red) [154].

CVD process involves basically three stages except heating the system from
room temperature to desired annealing and growth temperature. Annealing stage is done
to increase crystallinity and grain sizes of the Ni films under Ar and H, gas flow, then
exposure to CH, as carbon source under Ar and H; flow is done. Methane decomposed
and its carbon atoms dissolve in Ni substrate by the following reaction [160]:

CH, = C(s) + 2H,(g)

The atoms in face centered cubic Ni crystal can move via vacancy motion. We
can describe the diffusion mechanism in solutions, if there is no interaction between
solute and solvent atoms, by Adolf Fick’s first law of diffusion [161]:

- dc(x)
J=-D 0x

J is the flux or quantity per second, of diffusing matter passing normally through a unit

area under the action of a concentration gradient and D is called diffusivity. This
coefficient must be constant at fixed temperatures if there is no composition of two or
more gases [161]. The time dependent concentration of carbon atoms in Ni can be

obtained from this law as following:

dc(x,t)  aj(x) _ Dazc(x)
at  oax 92%x

Assuming there is no initial carbon and changing concentration of carbon atoms inside

the Ni film the boundary conditions can be identify as c(t,0) = C; and c(0,x) =0

where C; is the surface concentration. At the Ni-SiO, interface (x=I) there is no flux,
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dc(x,t

8 _
dx

The solution for the concentration distribution of carbon atoms inside the Ni film is

described by [155]:
c(x,t) 4 (=" <—D(2n + 1)n2t> <(2n + Dr(x — l)>
=1 cos

C. _%n=02n+1exp 472 21
As can be seen from the result, carbon concentration in film increases with its thickness
and also the temperature and when the temperature reaches 550 °C then the
concentration will be same for the same thick substrate [155]. So, to diffuse always
carbon atoms in bulk Ni, the suggested temperature is at least 900 °C. Temperature
dependence of lor 2-LG growth is relied on used substrate and which mechanism
expects. Some researchers use low temperatures (500-700 °C) to avoid diffusion to the
substrate [162], whereas, some use high temperatures (850-1150 °C) to raise carbon
dissolution and segregation [128] to growth of 1lor 2-LG

The last stage is cooling and formation of graphene layers on Ni via segregation

process.
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Figure 3.9. lllustration of carbon segregation mechanism and effect of cooling rate on
Ni substrate
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Raman spectra of Ni surface, which deposited with different cooling rates, verify
that, the cooling rate specify the layer number of grown graphene as shown in Figure
3.9 [159]. Cooling carries out either under Ar or Ar and H; flow in this work. Then,
most of the studies carry out with Ar and H, the annealing, to clean and crystallization
of the Ni, and cooling stages, to avoid of remethanization [103, 155, 160, 163].

In this work, an oven (Lindberg/Blue TF55035C Split Mini tube Furnace),
which is pictured in Figure 3.6, composed of a horizontally mounted quartz tube with
outer diameter of 2.54 cm and length of 60 cm and quartz boat, equipped with various

gas lines and mass flow controllers was used to carry out graphene growth.

3.6. Raman Spectroscopy

Raman spectroscopy is the most useful method to identify information about
sample and can be used to study solid, liquid and gaseous samples. Sir Chandrasekhara
Venkata Raman has got the Nobel Prize in Physics in 1930 for his work on the
scattering of light and for the discovery of the effect named after him as Raman Effect.
Incoming monochromatic light is scattered from an atom or molecule by interacting
vibration modes of the crystal atoms. Most photons are elastically scattered and called
Rayleigh scattering, so scattered and incoming photons have the same kinetic energy.
Just inelastic scattered photons contribute to Raman Effect. In such that way, energy of
the scattered photons is shifted up or down in comparison with the energy of incoming
photons. This shift provides information about vibrational, rotational and other low
frequency transitions in molecules. The interaction between the light and the material
includes both incoming photon-electron and electron-phonon interactions.

Monochromatic laser light with frequency v, excites molecules and transforms
them into oscillating dipoles. Induced electrical dipole moment of the crystal can be
determined by the laser beam which creates an oscillating electromagnetic wave with
electrical vector E and molecular polarizability tensor of the atom a, following:

P=aE
Polarization vector represents the displacement between positive and negative charges.
Assuming the polarizability of the material modulates by the vibration of the lattice, the

polarization description can be expanded as
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P=E, (Olo +a, sin coqt)sin ot

P=E, (oco sinw,t +1/ 2, Cos(a)0 -, ) -1/2¢, Cos(co0 + o, ))
where o, is the frequency of the atomic vibration coupled to the incoming light. Due to

the interaction molecules start to vibrate with a characteristic frequency and a phonon
can be emitted or absorbed or about 99.99% of all incident photons can be scattered
elastically. The last description of polarization involves this three different ways for
scattering. The first term belongs elastic scattering with no shift of light frequency. The
second term refers inelastic scattering by a down-shift, this Raman frequency is called
Stokes and the third term refers an up-shift which is called Anti-Stokes.
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Figure 3.10. Theoretically calculated phonon dispersion of the six types of vibration
modes as a function of Ej.r in the graphene [164] where o=out-of-plane
and i=in-plane modes

To figure out the Raman Effect on graphene it is essential that understanding
electron—phonon coupling and phonon dispersion of graphene meaning the frequency as
a function of wavelength. As mentioned in previous chapter, phonon dispersion is
quadratic at I' point for out-of-plane modes of graphene (Figure 2.14 (a)), but it is linear
for in-plane modes (Figure 2.14 (b)). Figure 3.10 shows the dispersion relation of
graphene with following surface cuts along the lines I'-K-M-TI" in the Brillouin zone.
The excitation of only one phonon process is known first order Figure 3.11 (a)),

whereas, two phonons which have equal wave vector magnitude but opposite signs
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(Figure 3.11 (d)), or one phonon and one defect (Figure 3.11 (b) can be excited and this
process is known as second order scattering. There are three most prominent peaks in
the Raman spectra of 1-LG. One of them is G band that is the only first order Raman
scattering appearing at ~1582 cm™, using laser excitation at 2.41 eV (514 nm
wavelenght). As seen from Figure 3.10, iTO and iLO modes are doubly degenerate at I’
point where phonon wave vector is about zero g~0, and according to Group Theory, the
degenerate phonon modes are Raman active modes [164]. In Figure 3.11 (a), the first
order Raman process is shown at I' point, an electron around K absorbs the photon
energy and inelastically scattered by a phonon. This process is responsible from Raman
G band of graphene. The other prominent peaks are D appearing at ~1350 cm™ which is
induced by disorder and G' at about 2700 cm™, using laser excitation at 2.41 eV (514
nm wavelenght). As seen from the phonon dispersion (Figure 3.10) iTO branch is non-
degenerate at K point, but iLO and iLA phonon branches coincide at K point by doubly
degenerating. 2" order-one phonon process, one elastic scattering of defect scattering
and one inelastic scattering event by emitting or absorbing an iTO phonon, comprise D
band (Figure 3.11 (b)), thus this band gives information about defects. 2" order two
iITO phonon process (intervalley process) comprises G' band (Figure 3.11 (d)) by
scattering iTO phonons to opposite directions (w;’ = 2wp). In Figure 3.11 (c), also
there is D' band process with one iLO phonon and one defect scattering (intravalley
process) appearing at ~1620 cm™. The G~ Raman band is also shown near ~2450 cm™
which can also be explained by the DR Raman model with an intervalley process but

involving one iTO and one LA phonon.

Figure 3.11. First order (a), and second order scattering processes (b,c,d) [164]
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There is a discontinuity in the derivative of the dispersion relation, which known
as Kohn anomaly. Only optical phonons at K and I" points can be coupled to the Fermi
level electrons. The phonon branches exhibiting the Kohn anomaly at the K and T’
points are those associated with the Raman G' band and G band, respectively. In real
part of dielectric function expression there is a singularity on Fermi surface for q=2ke.
However, this singularity is so small in reciprocal space and taking the Fourier
transform the Gibbs phenomena causes an oscillation of the expression. These
oscillations are called Kohn anomalies and appear as vertical tangent in the plot of the
w?(q) [165]. So, the slope of the branches at K and I points also describes the electron-
phonon coupling [166]. There is such a cusp at K point, seen Figure 3.10. Wirtz et. al.
say that for graphene grown on a Ni (111) surface, a total suppression of the Kohn
anomaly occurs: the highest optical branch around K becomes completely flat. This is
due to the strong hybridization of the graphene n-bands with the Nickel d-bands which
lifts the linear crossing of the n-bands at K [167].

Double Resonance (DR) Raman process can be appeared when phonon wave
vector of D and G' band is not zero at K point, because they could couple to the
electronic states, such that q=2k. Thus, the wave vector of phonons depends on the
wave vector of excited electrons. This dependence cause the dispersive behavior of D
and G' bands (shifting of Raman peak positions due to laser frequency).

The Fermi level movement from the Dirac point induces rise in the frequency
and decrease in the width of the G band of 1-LG, appearing in Raman spectra around
1580 cm™, and these changes are ascribed to the dependence of the electron-phonon
process.

DR Raman process (Figure 3.11 (b, c, d)) is also used to get information about
stacking and layer number of graphene. The G' band has only one main DR process for
1-LG at room temperature, thus 1-LG exhibits a single Lorentzian peak with a FWHM
of ~24 cm™ which depends on the production method (Figure 3.13 (a)) [164]. In the
case of 2-LG with AB-Bernal stacking, there are two conduction and two valance bands
of m electrons of each layer. The bands are parabolic near K point. There are eight
possible DR Raman processes (Figure 3.12) [168].
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Figure 3.12. Electronic structure of 2-LG near Dirac points [155]

According to Group Theory and density-functional theory calculations, just four
of these eight possible scattering processes on the left of the Figure 3.12 are degenerate
and Raman active [164, 168]. These four different degenerate processes lead up to four
different Raman peaks in the G' band spectrum [169]. The Raman spectra of a 2-LG is
fitted with four Lorentzians 2D1g, 2D1a, 2D,4 and 2D, each with a FWHM of ~24 cm™
(Figure 3.13 (b)) and 2D;, 2Da are more intense ones [82, 164]. In the case of 3-LG,
using the same Group Theory the number of allowed Raman peaks in the G' band is
found fifteen. Experimentally, it is shown that minimum six Lorentzians each with a
FWHM of ~24 cm™ (Figure 3.13 (c)) is used to fit the G' band spectrum.
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Figure 3.13. G' spectra for graphene as a function of as a function of the number of
layers with 2.41 eV laser energy for (a) 1-LG, (b) 2-LG, (c) 3-LG, (d) 4-
LG, (e) HOPG, (f) turbostratic [164, 170]

The numbers of allowed Raman peaks in G' band for AB-stacked 4-LG is shown
three (Figure 3.13 (d)). For HOPG, the G' band describes with two peaks, 2D; and 2D,
Y4 and %2 of G peak (Figure 3.13 (e)) [82]. Looking Figure 3.13, we can see that the
splitting of peaks opens up from 1-LG to 3-LG, but then the intensity of high frequency
side of the G' band reduces with adding up more layers. It should be remembered that
this layer number and G' band splitting relations just valid for the case of AB-Bernal
stacking. For example, turbostratic graphene where graphene layers are stacked
uncoupled has single Lorentzian due to the absence of an interlayer interaction between
the graphene layers but has a larger linewidth (FWHM of ~45-60 cm™) than 1-LG has.
So, the electronic structure of turbostratic graphite is described in the same way as 1-
LG. Also, the intensity ratio of G' and G band (/1) of turbostratic graphite is lower
and the frequency of G' band is shifted to upper than 1-LG [164]. The difference
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between the single layer and the misoriented bilayer G' Raman spectra is the frequency

of the peak, which for the misoriented bilayer is up-shifted and broadened in line width.
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CVD grown graphene films on SiO,/Si substrate (a). Raman spectra of the

same layer numbered graphene films derived by the microcleaving of

HOPG for comparison (b). The excitation wavelength is 532 nm [131]

Type of stacking and FWHM of G' peak are related to production method. There

are lots of reports about the relation among line shape and FWHM of G' band, and

stacking order which are confirmed with AFM and electron diffraction measuments
[131, 155, 164]. First off all line shape of CVD grown graphene G' band is not distorted

like AB stacked graphene or HOPG graphene. The difference of line shapes between
CVD grown and HOPG are shown in Figure 3.14.
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Figure 3.15. Raman spectra has the intensity ratio of Ig/lg: <1 (a) and both Ig/lg <1 and

I/l >1 (b) [3]
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According to J. Kong et. al. for CVD growth graphene, both 1-LG and 2-LG has
maximum G’ band FWHM of ~43 cm™ [155]. The lineshape change and broadening is
not observed for CVD growth graphene due to the misorientation between layers.
However, according to A. Reina et. al. a single Lorentzian profile of the G’ band
(~2700 cm™) show a sharp line width on the order of ~30 cm™ [131]. A. Reina et. al.
also conclude that 2-L and 3-L graphene can show maximum FWHM of ~30 cm™ with
undistorted G’ band line shape. Gomez De Arco performed Raman measurements of
graphene on Ni (111) substrate, and with a single Lorentzian shape G’ band spectra
from ten different sample are shown in Figure 3.15 (a) [3]. All spectra of G’ band have
FWHM of 25 — 55 cm™ and Ig/lg ratio is less than one, which are considered for 1-L
and 2-L graphene. Figure 3.15 (b) shows that G’ band intensity which increases from
bottom to top by up-shifting. When the Ig/lg:>1 the layer number of graphene is more
than 2-L with FWHM >50 cm™. According to Gomez De Arco, if graphene films are
transferred to SiO, substrate the single Lorentzian G’ band line shape can has ~30 cm™
width and Ig/lg'<1 which is in accordance with A. Reina et. al. and J. Kong et. al. also
[3].

Considering all these reports, all Raman spectra of various numbered layer
graphenes were fitted by the least squares method to the minimum number of peak
components to obtain a coefficient of determination above 0.99 [155]. Only one
Lorentzian peak is enough for 1 or 2-LG, but more than 2-L four or more peaks are
necessary to fit the G' band spectrum of graphene which is on Ni substrate [3]. As
regards to line shape of G' band is analyzed with the change of layer number.

To sum up, for CVD growth 1-L graphene, peak intensity ratios are Ip/lg in the
range 0.05<lp/1g<0.3 [131]. The Ip largely comes from graphene edges which are
mostly on Ni grain boundaries. Sharp line width (~30-83 cm™), line shape and fitting
the G' band with one single Lorentzian peak refers 1-L or 2LG [164]. However,
turbostratic graphite shows the same signs and it is difficult to differentiate turbostratic
from 1-L or 2LG when Raman measurements performed on Ni substrate. So, to
conclude layer number we will use the intensity ratio of Ig'/Ig<1. Reported Ig'/lg values
varied over a wide range of FLG [16]. Also, Ig'/lg values of FL-CVD-graphene were
reported to split into two regions (the high and low Ig'/lg values refer to turbostratic
stacking and AB stacking, respectively). For 2-LG and multilayer graphene, there are
frequency up-shifts of G and G' bands and FWHM of G' band increases [3, 131].
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CHAPTER 4

Ni THIN FILM STRUCTURE

In previous chapter the formation of single and few-layer graphene by CVD was
explained in detail. The effect of Ni film structure with the help of high temperatures
investigated in this work is reported in this chapter. Ni has a high carbon solubility and
it causes dehydrogenation of carbon atoms from CH, precursor diffuse into the Ni film.
After dissolution of carbon in the film, Graphene grows on Ni by precipitation at the
cooling stage. Therefore, Ni film surface has the role of both a catalyst and support.
Uniform segregation of diffused carbon atoms onto Ni catalyst surface creates

honeycomb lattice structure of graphene sheets.

(a) (c)
CH,
SLG SLG SLG
A J; 4 »
: C 2
: & : ¢
€ & c
Carbon solution in Ni {111)
(b) (d)
CH,
Multllayer
Si6 = graphene S1E
*a A x
11 e i |‘
¢ ¢ R c
} ----- > . Grain boundary t:Jf
C - 5 ] polycrystalline Ni
e
Carbon solution in
polycrystalline Ni

Figure 4.1. Representation of graphene growth (a) on Ni (111), and (b) on
polycrystalline Ni. After growth by CVD optical image of (a) graphene/Ni

(111) and (d) graphene/polycrystalline Ni [3]

Concentration of carbon atoms in Ni film affects the precipitation and

segregation processes on the surface. Figure 4.1 (a-b) show the single layer graphene on
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Ni (111) film which has smooth surface with almost no grain boundaries. Figure 4.1 (c-
d) show a single layer graphene formation on smooth parts of a polycrystalline Ni
surface and multilayer graphene formation in grooves where grain boundaries intersect.
There are 3D insets in Figure 4.1 (c) and (d) that show graphene layer formation on
(111) crystalline and polycrystalline Ni surfaces, schematically [3]. At grain boundary
regions of transition metals the existence of impurities and vacancies activates these
regions for interaction and gathering impurities. Hence, as seen from the Figure 4.1 (b)
and the inset of Figure 4.1 (d), the grain boundaries have higher concentration of carbon

atoms and form multilayer graphene by breaking segregation uniformity.
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Figure 4.2. Cross sectional schematics of asgrown film structures with thickness less
than 1um and the different columnar structures which depend on deposition
temperatures (Tg). Tq below about 0.2-0.3T, (a), deposition temperature
T4>0.2-0.3 Try (b) and T4 > Tr, (€) [173].

Refractory metals tend to have different structures depend on the deposition
temperature (T4) about melting point (Tn) in K. Figure 4.2 (a) occurs at deposition
temperatures below about 0.2-0.3 T, [173]. In this study Ni which has melting point of
1728 K, was deposited at room temperature (300 K) and it is below 0.2 Tn. This
temperature corresponds to cross sectional SEM micrographs of Ni films, which is also
seen from Figure 4.3. Semiconductors tend to be amorphous when T4< 0.5T,, and have
type Figure 4.2 (a) structure when 0.5T < Ty < 0.9T,. Face centered cubic materials
such as Ni tend to have Figure 4.2 (c) structure when T4 >0.2-0.3 T, Figure 4.2 (c)
occurs when T4 > Tr,,. During or after deposition, heating of these metals with structures
(@) and (b) evolve toward structure (c) (Figure 4.2). During segregation process carbon

atoms accumulate on both inter-plane and planar boundaries.
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Figure 4.3. Cross sectional SEM micrographs of asgrown polycrystalline Ni3 film (a)
which has thickness of about 200 nm and asgrown Ni9 film (b) about 450
nm thick.

In this study, to grow large size graphene layers on Ni film the aim must be
reduce grain boundaries and depth of the grooves, and also increase the average grain
sizes of Ni films to increase the intensity of smooth parts on the surface without
boundaries. Hence, films were annealed after the deposition and before graphene
growth by CVD. Initial grain sizes of Ni catalyst film specify the nucleation distribution
of layers and the number of layers. Thus, to control the resulting graphene layers
morphology, it is essential to control polycrystalline Ni grain morphology. However,
the main problem is dewetting of Ni film. To reduce dewetting effect the thickness of
Ni films were increased, and Alumina (Al,O3) buffer and Cr adhesive layers were

deposited by magnetron sputter.

4.1. Nickel Crystal Structure

To figure out the interaction between graphene and Ni substrate surface and the
effects of substrate on growing graphene layer, it is essential to investigate the crystal
structures. Ni has close-packed fcc lattice structure similar to the hcp structure. The
nearest neighbor distance is 1.421 A, which is very close to the characteristic distance
of Ni (111) surface ay;/v6 = 1.44 A where measured lattice parameter for fcc nickel
ay; = 3.52 A [174]. The in plane lattice constant of graphene is 2.462 A, which is also
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very close to distance between Ni atoms in different layers measured on top view of Ni
(111) a = 2.49 A [175]. This lattice match is sufficient to allow continuous growth of
graphene films on the surface of the Ni (111) films [164].

There are three possible arrangements of the graphene layer matching threefold
symmetry on top of the close-packed Ni (111) surface (Figure 4.4) [132, 174, 175].

graphene/Ni(111)

: i ,,,t y = - vtdo
” .............. ’ “..dll ...i .............. b'..it......d .'. .............. ‘...t....a.‘
& & i -
{4 , { o, ¢ d,
£ ] " o
} { d { d
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Figure 4.4. Three possible arrangements of the graphene layer on 1%, 2" and 3" Ni
layers with ball model on the top. The blue balls indicate the Ni atoms and
the black ones carbon atoms [175]. On the bottom line, cross sectional
view of Ni layers and carbon atoms of graphene layer [174]

Table 4.1 shows the calculated the interface/surface nickel spin magnetic
moment (m), energy for three possible arrangements of the graphene layer on Ni (111)
surface (AE) and equilibrium distances. dp is the distance between the graphene layer
and the Ni (111) surface, and the d; and d, distances are between the first three layers of
the nickel substrate. Figure 4.4 (a) shows fcc-hcp model that carbon atoms are located
hollow sites of Ni atoms above the 2" and 3™ Ni layer fcc-hep structure overlapping of
the graphene m-orbitals and Ni d-bands [176]. As seen from the Table 4.1 the carbon
layer in this model floats at 3.050 A over the 1% Ni layer. The graphene n-bands change
significantly due to the overlapping [174]. There is top-hcp model in Figure 4.4 (b), in

which carbon atoms of A-sublattice are located just above the interface Ni atoms of the
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1% layer, while the B-sublattice atoms are located either in the hcp hollow sites of Ni
atoms of the 2" layer. Figure 4.4 (c) represents top-fcc model, in which carbon atoms of
A-sublattice are located just above the interface Ni atoms of the 1% layer, while the B-
sublattice are located in the fcc hollow sites of Ni atoms of the 3" layer. Also, in Figure
4.4 (c), the two nonequivalent carbon atoms are indicated as C1 and C2. The distances
between top Ni layer and these two carbon atoms are shown in the Table 4.1 as do. The
most possible model is top-fcc which has no energy difference, whereas fcc-hcp and
top-hcp models have 62 meV and 66 meV energy differences, respectively. The
electronic structure of graphene will not be strongly modified by the nickel surface in
fcc-hep configuration due to the high distance between graphene and top Ni layer (is
3.050 A).

Table 4.1. Calculated values for atomic structure of the three graphene/Ni (111)
interface models and for the clean Ni (111) surface [174]

Ni (111) fcc-hep top-hcp top-fcc
do (A) 3.050/3.050 | 2.113/2.120 | 2.122/2.130
di (A) 2.006 1.975 2.034 2.011
do (A) 2.029 1.999 2.015 2.014

AE (eV) +0.062 +0.066 0.000
m (ug) 0.716 0.673 0.514 0.553

4.2. Thickness of Ni Films and Buffer Layers

Before carrying out Ni film growth, Ni thickness was calibrated for various DC

powers and given time of growth. SEM was used to measure the thickness of Ni films

(Figure 4.6).
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Figure 4.5. Representation of the layer structure of deposited films with their thickness

Seven different Ni thin films were deposited onto Si(500-550pum)/SiO5(1pum)
(100) substrates by DC sputtering. The substrate cleaning and film deposition were
carried out as given in detail in Chapter 3. These seven Ni films were deposited under
9.95 sccm Ar gas with a substrate rotation of 40 rpm at room temperature. To
monitorize the thickness of first six Ni films, the films were placed cross sectional on
the stubs by means of Al grounds, whereas thickness of NiW1 film was measured by

Surface Profiler. The parameters of film deposition process are given in Table 4.2.

Table 4.2. Deposition parameters of Nil, Ni2, Ni3, Ni4, Ni5, Ni6 and NiW1 films

Sample ID | Pressure Power Time | Thickness

(mTorr) (Watt) (min) (nm)
Nil 3.0 20 120 ~100
Ni2 3.0 30 120 ~160
Ni3 31 35 128 ~200
Ni4 3.0 40 120 ~230
Ni5 3.0 40 110 ~200
Ni6 31 25 120 ~130
NiWw1 7.0 100 120 ~500
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Figure 4.6. Cross sectional SEM micrographs of Nil, Ni2, Ni3, Ni4, Ni5 and Ni6 films

57



The thicknesses of Ni films were ranging from 100 nm to 230 nm. Under the Ni
films there were Si/SiO; substrates which have 500 um and 1 pum thick, respectively.
The relation of power and thickness was set up by fixing all time parameters at 120 min
(Figure 4.7). Then, almost linear relation was observed from Figure 4.7 at lower

powers. However, increasing power led thinner films than expected.

500
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Figure 4.7. Relation between DC power and thickness of sputtered Ni films

Then, eight different Ni films were deposited with different parameters which
are shown in Table 4.3. Nil2 and Nil4 samples were deposited onto Si/SiO»(100)
substrates by DC sputtering. For Ni10 sample Al,O3 buffer layer was deposited firstly
and then Ni film was deposited on the top. To estimate the thickness of Al,O3, four
samples were deposited during different time intervals at 150 watt and two samples at
120 watt RF power at room temperature. Surface Profiler was used to measure their
thickness from the step between Al,O3 and substrate film (Figure 4.8). Figure 4.9 shows
the thickness versus time relation of six different samples which are AlO-1, AlO-2,
AlO-3, AlO-4, AIO-5 and AlO-6. Using that relation Al,O3 buffer layers were grown

with known thickness.

58



Data XY Chart
T 150.00

100.00

T y -50.00
0.0 125.0 2500 3750 500.0

Figure 4.8. Surface Profiler step height measurement of AlO-2 sample (~55 nm)
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Figure 4.9. Thickness versus time relation of Al,O3 films
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Also, SiO, substrates which were thinner than 1 um were obtained on Si by wet
oxidation. The thickness of oxidized SiO; is shown in Figure 4.10 by cross sectional
SEM image. Ni7, Ni8, Ni9, Nill and Nil3 samples were deposited onto these 230 nm
thick SiO; substrates. Ni7, Ni8 and Ni9 films had Al,O3; buffer layer. Nil3 and Nil4
films were deposited by heating the substrate to 450 °C, whereas other films were
deposited at 26-27 °C. The deposition parameters and thicknesses are shown in Table
4.3.

~HV [spot] WD [ mag O [det| pressure |
5.00 kV | 2.0 [12.6 mm | 100 000 x |ETD | 1.10e-5 mbar |

Figure 4.10. Cross sectional SEM micrograph of SiO; substrate that has 230 nm thick

HV ’spot WD mag O | det pressure m

1 i
10.00 kV| 5.0 ‘9 8 mm | 100 000 x | BSED | 1.01e-5 mbar IYTEMAM

Figure 4.11. Cross sectional SEM micrographs of asgrown Ni7 (a), and Ni9 (b) films
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Table 4.3. The deposition parameters of Al,O3 buffer layers and Ni films. (*) indicates
the deposition temperature was 450 °C.

Sample | pressure LA;;:: E:::Z: Tir’pe Thickness| Ni Power Tin.1e Thickness
ID (mTorr) (Watt) (min) [ (nm) (Watt) |(min) (nm)
Ni7 7.7 120 60 ~30 20 120 ~100
Ni8 7.7 120 120 ~56 20 120 ~100
Ni9 7.7 120 120 ~56 40 260 ~400
Ni10 7.7 120 120 ~56 40 260 ~400
Nil1 7.3 - - - 40 260 ~400
Nil12 7.3 - s = 40 260 ~400
Ni13* 7.7 - = = 20 120 ~100
Ni14* 7.7 - - - 20 120 ~100

Then, four different Ni films were deposited with different parameters which are

shown in Table 4.4. For Nil7 and Nil8 samples Cr adhesive layers deposited firstly.

However, for Nil5 and Nil6 films both Al,O3 buffer layers and Cr adhesive layers were

deposited, respectively. Then Ni films were deposited onto top of all films. To estimate

the thickness of Cr, four Cr films deposited with different DC powers during 10 minutes

at room temperature. Then, Surface Profiler was used to measure their thickness from

the step between Cr and the substrate film (Figure 4.12). Figure 4.13 shows the

thickness versus time relations of five different films which are Cr1, Cr2, Cr3, Crl1 and

Cr13.
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Figure 4.12. Surface Profiler step height measurement of Cr4 sample (~50 nm)
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Figure 4.13. Thickness versus power relation of Cr films. All samples
deposited during 10 minutes at room temperature.
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For power of 40 watt and 20 watt, seven films which are Crl, Cr4, Cr5, Cr6,
Cr7, Cr8, Crl4, and three samples which are Cr3, Crl0 and Crl2 were deposited,
respectively, during different time intervals. The thickness versus time relations of these

films are shown in Figure 4.14.
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Figure 4.14. Thickness versus time relations of Cr films
Ni18 and Ni16 films were deposited by heating the substrate to 450 °C, whereas
Ni17 and Ni15 films were deposited at 26-27 °C. Also, all samples deposited under 9.95

sccm Ar gas with 40 rpm. The deposition parameters and thickness of the films are

shown in Table 4.4.
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Figure 4.15. Cross sectional SEM micrographs of asgrown Nil15 (a), and Nil16 (b) films

Table 4.4. The deposition parameters of Cr adhesive layers, Al,Oz buffer layers and Ni
films. (*) indicates the deposition temperature was 450 °C.

Cr Al,O4
sample Buffer _ . Buffer . _ Ni _ _
D Pressure| Layer | Time [Thickness| Layer | Time [Thickness| Power | Time [Thickness
(mTorr) | Power |(min)| (nm) Power | (min) [ (nm) |(Watt)|(min)| (nm)
(Watt) (Watt)
NI15 69 | 40 ~10 | 150 | 60 | ~40 | 100 | 80 | ~400

~10 150 60 ~40 | 100 ( 80 | ~400
~10 - - - 100 | 80 [ ~400
~10 - - - 100 | 80 | ~400

B I R~

4.3. Effect of Annealing on Ni Thin Films

The formation of single or multilayer graphene correlates to different factors
including the abundance of defects and grain boundaries on the polycrystalline Ni
substrate. The percentage of layer number or size of CVD grown graphene are limited
by the grain size of crystalline Ni obtained after thermal annealing of Ni thin film.
Annealing of Ni films at sufficient temperatures causes grain boundary motion and

change of average grain size. As mentioned above, grain growth leads to evolution from
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the grain structures represented in Figure 4.2 (a) and (b) to that of Figure 4.2 (c). The
change of average grain size with time in bulk materials is described by following

d? — d§ = cotexp (— %)

where d is average grain radius at t = 0, d is average grain radius during time t, Q is
activation energy for grain boundary motion, k is Boltzmann constant at the temperature
T [173, 177]. Grain growth processes are examined by grain boundary engineering
(GBE). The relation of temperature and activation energy depends on material.
Figure 4.16 shows the cross sectional SEM micrographs of Ni3 sample and thickness of
films which are asgrown and annealed at 800°C and 900°C.

To decrease the excess energy, system tends to minimize interfacial area
between itself and the substrate. This diffusion driven process is called dewetting [178].

(b)

Figure 4.16. Cross sectional SEM micrographs of Ni3 film and thickness of films which
are asgrown (a) and annealed at 800 °C (b) and 900 °C (c).

Ni films were annealed at 800 and 900 °C under 150 sccm Ar envirenment
during one hour. Asgrown Ni3 film was about 200 nm thick (Figure 4.16). Annealing at
900 °C caused the film cluster by the effect of dewetting and their average thickness
reached about 750 nm, but annealing at 800 °C caused the average thickness of particles
just reached about 210 nm. Increasing temperature increased the dewetting effect. Nil
film was about 100 nm thick. As seen from XRD 6 - 26 scan of asgrown and annealed
at 800 and 900 °C Nil films (Figure 4.17), increasing annealing temperature led to
polycrystalline Ni has mostly (111) orientation by correlating the change of average

grain size with time and temperature expression which mentioned above.
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Figure 4.17. The relation between annealing temperature and the (111) orientation
intensity of Nil film

Figure 4.17 shows that 20 peak of Ni (111) is at 44.49° and calculated average
grain sizes increasing with annealing temperature (Table 4.5). However, graphene
growth could not perform at 800 °C. Thus, graphene growth temperature was chosen as
at least 900 °C.

Table 4.5. Average grain sizes and 20 values of asgrown and annealed Nil films

20 (degree) B (0) T (nm)
Nil annealed at 44.49 0.003036 60
900 °C
Nil annealed at 44.46 0.002959 51
800 °C
Nil asgrown 44.45 0.004567 22

However, increasing annealing temperature increased excess energy of the
system and as mentioned increased the effect of dewetting. During annealing larger

grains grow and smaller grains shrink (Figure 4.18). So, total grain boundary area
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decreases if thickness of the film (d) is increases. This causes reduction of the excess

free energy of grain boundaries by decreasing energy of the system.

erjium e

IYTEMAM

10 um
IYTEMAM

(d)

Figure 4.18. Top view of a normal grain growth. Large grains tend to grow larger and
small grains tend to shrink and disappear; (a) and (b) [173]. Asgrown Nil5
sample (c), and annealed Ni15 sample during 60 minutes at 900 °C (d)

This procedure is known as Normal Grain Growth and valid for the case of
2d<h where h is the film thickness. To relax the internal stress and to prevent the
accumulation of crystallographic flaw, hillocks and holes are built during deposition
and also bulk diffusion occurs [179]. It was seen that dewetting caused some holes on
the deposited film (Figure 4.18). The grain boundaries on the side of the holes appear

brighter; this means yq, excess energy per unit area of grain boundary is much more on
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these sides (Figure 4.18). In ideal case, considering all boundaries have the same ygp,
energy change with in-plane grain boundary motion and change in grain size by surface
and boundary energy minimization is described by following [173]
AFgp = Ygp (3 - E)
dy d

The growth rate is d(d)/dt proportional to the average boundary energy per unit volume
E = Bygp/d, where B is the geometric constant, and the portion is mobility of grain
boundary motion M = Myexp(—Q/kT) [155]. Considering slower thermal annealing
favors the formation of crystalline Ni (111) grains with less grain boundaries for
polycrystalline Ni samples [3], in this work slow annealing rate of 28 °C/min performed
for all experiments.

Grain sizes increases with annealing time. After a certain time, grain growth
saturates. In this work all annealing processes were performed during 60 minutes.
However, for some samples annealing was carried out also in 30 minutes, but XRD
measurements showed us 60 minutes annealing makes better crystallinity of Ni (111).
Besides the annealing time, as mentioned film thickness affects the grain sizes during
annealing, when growing grain sizes reach the value about h, growth slows and finally
stop. There are some slowdown mechanisms. One of them is thermal grooves which
causes the pinning of grain boundaries (Figure 4.19 (c)) [155]. Grain sides composed
from finite curvatures which can be considered arcs of circles (Figure 4.19 (b)). These
arcs can be considered as equator sides of a catenoid. There is relation between film

thickness h and the curvature radius r, so the grain sizes, as following [155]
_h
2r
where the angle 6 at grooves with respect to the surface normal. Formation of grooves
depends on grain boundary surface tension. Under the critical angle 6y, boundaries
move by increasing their length and area, contrarily, above the critical angle 6,
boundaries move without pinning from the groove. Thus, growth stops when grain
curvature radius exceeds the value of /4/26.. Grain size and thickness relation of the

samples will give in next section.
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Figure 4.19. Schematic representations of grains. (a) top view of finite curvatures, (b)
cross sectional view of grain boundaries like arcs of circles and catenoid
like shape of curvatures (c) cross sectional view of a groove [155]

To reduce the boundary area and dewetting of Ni film we inspired from previous
study on CNT growth by CVD [180] and we deposited Nickel catalyst thin films on to
Si/SiO,/AlL 03 substrates by magnetron sputtering. Alumina (Al,O3) is an electrical
insulator, porous material, it has high thermal conductivity and generally better than
SiO, as a support layer for hydrocarbon CVD process [181]. It prevents the interaction
between substrate by forming metal silicide between substrate and the catalyst metal
particles [182]. Metal on buffer layer has much less mobility [180]. Al,O3 buffer gave
better results for density of CNTs on the surface of samples. Porous feature is important
to grow vertical carbon nanotubes. However, in this study, to improve the crystal
quality of Ni (111), prevent dewetting by decreasing mobility of Ni and obtain smoother
surfaces thin Al,O3 layer should be deposited because of its porous structure. The
interfacial stoichiometry and the interfacial energy on the interface between Al,O3 and
Ni have important role on dewetting [183]. In this study, the effect on Ni film structure
of buffer layer, and its indirect effect on grown graphene were observed. Besides

metal/oxide structure, we used Chromium buffer layer as metal/metal structure. Cr is
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also a transition metal with electron configuration of 1s% 2s% 2p°, 3s?, 3p°, 3d°, 4s’. The
3d orbital is actually half filled and stable. However, the electron configuration of Ni
ends with 3d® 4s?, so 4s sub shell is filled first rather than the 3d sub shell. 4s is lower
energy level than 3d. Ni is un-filled and un-stable, more effective to form cluster due to
internal forces when excess energy increased. Thus, in this study, Cr was used as
adhesive layer to decrease the effect of dewetting.

4.4. XRD Results

During annealing the system tends to minimize its energy to become equilibrium
and grain growth. In fcc lattice of Ni, (111) orientation has the lowest surface energy,
because it is the closest packed face. However, related to excess energy, which depends
on deposition conditions system can be textured in different directions. XRD 6 - 260
measurement results were analyzed by regarding calculated characteristic Ni 26 peak
positions, which were given in Table 3.1, and FWHM values of the peaks. Also, X-Pert
HighScore Peak Search software was used to analyze the results of XRD measurements
by comparing the Powder Diffraction File (PDF) is a database of X-ray powder
diffraction patterns maintained by the International Center for Diffraction Data (ICDD).

Before examining the crystal structure of Ni films, to consider as background,
XRD 6 - 20 measurement results of two different SiO, substrates are shown in Figure
4.20. Some XRD 6 - 26 measurement results of Ni films had the characteristic peaks of
SiOy, due to their thickness and dewetting of Ni by annealing process. Thinner films or
some samples, which were under the effect of dewetting, had more intense SiO, peaks

than the thicker films, because the incident angle of X-ray is about 15°.
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Figure 4.20. XRD 6 - 26 measurements for 230 nm thick SiO; and 1pum thick SiO,
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According to XRD 6 - 20 measurement of two substrate (Figure 4.20), for 1um

thick substrate there are lots of peaks, for 230 nm thick substrate there are three peaks
which are correspond to Kz (0.139 nm), K, (0.1540 nm), Ky, (0.1544 nm), Lo (1.333
nm), Lg (1.304 nm). The most important peaks are at 20=43.25° for red line, and

26=44.3° for black line, because these two peaks are very close to characteristic Ni
(111) peak position at 26=44.5° and NiO peak is at 20=43.3°. Their contributions were

regarded when analyzing XRD 6@ - 20 measurement results of all Ni films.
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Figure 4.21. XRD 6 - 26 measurement results for Nil, Ni2 and Ni3 samples (a), and
Ni4, Ni5, Ni6 samples (b) with both asgrown (light lines) and annealed at
900 °C (dark lines) cases

For all Ni1-6 films, 1pm thick SiO; substrates were used. Thus, there was a little
contribution from substrate at 20=43.25° for all XRD results (Figure 4.21). However,
considering the shifting of the peak positions and arising intensity it can be concluded
that that there was also contribution from NiO which has the peak at 20=43.3°. As seen
from Figure 4.21, all of the asgrown samples are grown along the [111] direction and
nearly well-defined (111) peak appears at 260=44.5°. When these samples were annealed
at 900 °C, intensity of (111) peak of Ni1-2-5 samples increased, significantly. The other
films preserved their polycrystalline structures. To texture in (111) direction of the film,

power and thickness should be low as soon as possible.
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Figure 4.22. XRD 6 - 20 measurement result of Al,Os film annealed at 900 °C

Ni7, Ni8, Ni9 and Nil0 samples were deposited with Al,O3; buffer layer.
Annealing of the films caused dewetting of the Ni particles, so XRD results of these
annealed films involved more Al,O; peaks than asgrown films. To consider as
background for analyzing XRD 6 - 26 measurement results of buffered films, Figure
4.22 shows the XRD @ - 26 result of Al,Os film annealed at 900 °C. There are three

main peaks and all of them are close to characteristic Ni film peaks (Figure 4.22).
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Figure 4.23. XRD 6 - 26 measurement results for Ni7 and Ni8 samples with both
asgrown and annealed at 900 °C cases

In Figure 4.23, the light lines refer to asgrown and the dark ones annealed at 900
°C cases of Ni7 and Ni8 films. Ni (111) peak is at 44.5° and the second peaks of
annealed samples are at 43.9° refer to Al,Os (Figure 4.23). Also, around Ni (200) peak
and (220) peak there are Al,O3 peaks. It was difficult to decide which crystal system
these Al,O3 peaks belong, because there are lots of peaks which already close to cubic
Nickel peaks. The interference of two or three characteristic peaks made so broaden
XRD peaks. To calculate the grain sizes these peaks were fitted by considering the
contributions of substrates and NiO as well. In Figure 4.30, calculation of peak position
is shown for Ni7 sample. And for all samples this calculation was performed in detail.
Ni (111) peak was more intense in XRD result of annealed Ni7 film. This means the

thinner buffer was more effective to increase (111) orientation of Ni film.
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Figure 4.24. XRD 6 - 26 measurement results for Ni9 and Nill (a), and Nil0 and Nil2
(b) samples with both asgrown and annealed at 900 °C cases

230 nm SiO; film was used as substrate for Ni9 and Nill films, whereas for
Nil0 and Nil2 1um thick SiO, was used (Figure 4.24 and Table 4.3). The thicker SiO,
substrate made the crystal go toward more crystallinity. Ni9 and Nil0 samples had
Al,O3 buffer layer shown in blue lines, but Nill and Nil2 films were non-buffered
films shown in black lines (Figure 4.24). Annealed Nill was a good example to see
NiO peak, because it had no buffer layer, and congruently the second peak at 43.3°
refers to just NiO. Asgrown films had polycrystalline structure, and annealing increased
texturing in the (220) direction mostly for all four samples, so crystal structure changed.
There was also up shifting of the peak positions due to annealing. The reason of this
situation was not NiO, because NiO peak at 20 = 75.6°. Ni9, Ni10, Nil1l and Nil12
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samples were ~400 nm thick. The amount of shift and broadening of the peaks show the

degree of the strain. The strain was calculated by the formula

&= P
4tan @

where B is the full width of diffraction peak at half of the maximum intensity and 0 is

Bragg's angle. According to the formula shifting can be observe more obvious to the
higher Bragg’s angle values.

Strain caused by energy accumulations due to mismatch between film and
substrate. Increasing thickness means extra energy released by the formation of lattice
defects. Annealing also gives extra energy to the system and this energy was assumed to
release by stretching of the cubic lattice parameter of the FCC structure. This case
corresponds to orthorhombic crystal structure. So, strain was reduced by releasing extra
energy. The same effect was also assumed to be the increase in grain size. It was seen
that increasing thickness caused decreasing of strain in the films by decreasing lattice
constant. This strain reducing by annealing was 52% and 38% for Ni9 and Nil10; 44%
and 31% for Nill and Nil2, respectively. As result, Al,O3 buffer was more effective to

reduce strain.
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Figure 4.25. XRD 6 - 26 measurement results for Nil3 and Nil4 films with both
asgrown and annealed at 900 °C cases
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Figure 4.26. XRD 6 - 20 measurement results of 30 nm thick Cr film; asgrown (black
line) and annealed at 900 °C (red line) cases

Ni13 and Nil4 deposition were performed by heating the substrate to 450 °C,
and this caused mostly texturing in (200) direction of the film, which was completely
separate from non-heated deposited films. Also, there was no considerable effect of thin
or thick SiO; substrate on crystallinity of deposited Ni films.

Characteristic Cr peak is at 26=44.2° (Figure 4.26). When the film annealed at

900 °C, the contribution of Cr substrate was observed on XRD spectrum.
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Figure 4.27. XRD 6 - 26 measurement results for Nil15 (a) and Nil6 (b); asgrown and
annealed at 900 °C during 30 minutes and 60 minutes

Asgrown Nil5-16-17-18 samples, which were deposited at higher pressure than
Nil-6 samples, had more intense formation of crystalline Ni (111) grains (Figure 4.27
and Figure 4.28). The structure of Nil5 was Si(500um)/ SiO,(1pum)/ Cr(10nm)/
Al;03(40nm)/ Ni(400nm) and it was un-heated deposited case of Nil6 film (Table 4.4).
The structure of Nil7 was Si(500um)/ SiO(1um)/ Cr(10nm)/ Ni(400nm) and it was
un-heated deposited case of Nil8 film (Table 4.4). Nil6 (Figure 4.27 (b)) and Nil8
(Figure 4.28 (b)) were deposited by heating the substrate to 450 °C, so also (200)
direction textured in asgrown films more than un-heated deposited films. This
observation was compatible with Nil3 and Nil4 films which were also deposited by

heating the substrate. But, non-buffered Ni13 and Nil4 films had no more intense (111)
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peaks by contrast with Nil6 and Nil8 films. So, only Cr buffer could not prevent the
effect of heating on texturing in (200) direction (Figure 4.28 (b)).
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Figure 4.28. XRD 6 - 26 measurement results for Nil7 (a) and Nil18 (b); asgrown and
annealed at 900 °C during 30 minutes and 60 minutes

However, when annealing was performed during 60 minutes, Cr buffer
prevented texturing in (200) direction, and the XRD peak intensity of (111) direction
was more than (200) by contrast with Ni13 and Nil4 films (Figure 4.27 (b) and Figure
4.28 (b)). When Ni7-10 films with Ni15-18 films were compared the effect of Cr
adhesive layer was more than Al,O3 buffer layer on direction of the crystal.

Buffer and adhesive layers affected the formation of (111) direction comparing
with Ni9 and Nil0 films which had just Al,O3 buffer, and with Nill and Nil2 films

79



which were non-buffered samples. Annealed Ni9-12 films textured in (220) direction,
but Ni15-18 were in (111) direction mostly.

For un-heated deposited films, 30 min annealing increased the polycrystalline
quality in all directions (Figure 4.27 and Figure 4.28 (a)). So, increasing annealing time
allowed obtaining mostly texturing in (111) direction which is more suitable to grow

graphene on it.

4.4.1. Calculation of Ni (111) Grain Sizes

Average grain sizes of the crystallites in (111) directions were calculated via X-
Pert HighScore software and also Origin Data Analysis and Graphing software by

Scherer’s formula:

k2
te B cos 6
Figure 4.29 (a) shows the calculated profile of asgrown Nil film, which had not

buffer layer, by Origin Data Analysis and Graphing software. The asgrown Nil film has
fcc structure, it grows along the [111] direction and a well-defined (111) peak appears at
20=44.5°. In Figure 4.29 (a) background was subtracted to fit correctly due to the noisy
experimental profile. The characteristic peak of Ni (111) was at 26=44.52° with FWHM
of 0.78° and the calculated average grain size of Ni (111) was 22 nm which was also
compatible with the calculated grain size by X-Pert HighScore Peak Search software.
After annealing the sample at 900 °C grain size increased to 59 nm.
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Figure 4.29. Fitted XRD peak of asgrown (a) and annealed at 900 °C (b) Ni1 films by
Origin Data Analysis and Graphing software. Red lines refer to calculated
profile and the background was subtracted

Figure 4.30 (a, b) show calculated profile of asgrown Ni7 film, which had Al,O;
buffer layer, by X-Pert HighScore Peak Search software and Origin Data Analysis and
Graphing software, respectively. Figure 4.30 (c, d) belong to annealed at 900 °C case.
As seen from Figure 4.30 (c), there is distortion on the left side of the peak. The reason
for this could be that oxidized of the film due to XRD measurement of this sample
could not perform right after the annealing. Hence, the shapes of peaks which had
distortions were explained considering all factors, such as oxidization, substrate and
buffer layers. The incident angle was enough to get information from buffer layer and
even substrate. All XRD 6-26 scans were analyzed by fitting of the peaks, to be sure
about about grain sizes of Ni films.

In Figure 4.30 (b), vertical green line refers to cubic NiO (200). Ni7 film has
Al,O3 buffer layer which has 26 peak around 43-44°as well, and congruent 43.9°. Also,
dewetting of Ni particles by annealing caused X-ray more exposed to Al,O3 buffer and
SiO; substrate than asgrown case. The vertical purple lines refer to rhombohedral Al,O3
(113). There are lots of calculated peaks of various types Al,O3 crystal structure very
close to purple line at 26=43.9°. So, there were more than a few Al,Os crystal structures
on the surface. Characteristic peak of Ni (111) at 20=44.5° congruent cubic Ni (111)

shown by coincident vertical red lines. NiO peak was at 20=44.3°,
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Figure 4.30. Fitted XRD 6 - 260 measurement results of asgrown (a, b) and annealed Ni7
sample (c, d). Their potential NiO and Al,O3 peaks calculated by X-Pert
HighScore peak search software (a, c). Blue line refers to calculated
profile and green line is background. Their potential NiO and Al,O3; peaks
calculated by origin data analysis and graphing software (a, c)

Figure 4.30 (c) and (d) show that experimental and Lorentzian fitted profile
around 26=44° and calculated peak positions, FWHM and average grain size of Ni (111)
by Origin Data Analysis and Graphing software. Experimental profile of asgrown film
was quite noisy unlike annealed film, so qualities of fits (R?) were 0.991 and 0.999,
respectively. (111) direction 20 position of asgrown Ni7 film was at 260=44.50° with
0.55° FWHM and the calculated average grain size was 31 nm. 26 position of annealed
sample was at 26=44.51° with 0.25 FWHM, and average grain size of Ni (111) was 69
nm by this method.
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Figure 4.31. Fitted XRD @ - 26 measurements of Nil18 film. The dark blue line indicates
asgrown Ni18 film, the light blue line indicates annealed at 900 °C during
60 minutes of Nil18 film.
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Figure 4.32. Fitted XRD @ - 26 measurements of Nil6 film. The dark blue line indicates
asgrown Ni16 film, the light blue line indicates annealed at 900 °C during
60 minutes of Nil16 film.
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XRD 6 - 26 measurement results of Nil8 film, which has 10 nm thick Cr
adhesive layer, were analyzed by fitting the two of Ni (111) peak at 26=44.5° and Cr
(110) peak at 20=44.2° (Figure 4.31).

Figure 4.31, Cr (110) peak is at 26=44.2°. However, for Ni15 and Ni16 films the
intensity of Al,O3 peaks are dominant than Cr peaks. Also, as mentioned before SiO,
substrate had a peak at 26=43.25° besides NiO. All calculated grain sizes of Ni (111) are

shown in Figure 4.33.
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Figure 4.33. Calculated grain sizes of Ni (111) for all samples

Denser graphene grows on Ni thin film which has bigger Ni (111) grains.
Graphene growth temperature, which is exactly same with annealing temperature, is
important for grain size as deposition conditions of the film. Among Nil-6 samples,
asgrown and annealed at 900 °C Ni4 samples had bigger (111) grains, which was the
thickest film deposited at 3.0 mTorr pressure (Table 4.2). On the other hand, annealed at
950 °C Ni4 sample had smaller (111) grains. This means that increasing temperature
caused excess energy that led to change of the film structure. Between Ni7 and Ni8
samples, there was no such obvious difference, but again it can be concluded that from
asgrown grain sizes the thinner buffer was better for crystallinity of the film. For Ni9
and Nil0 films, that had Al,O3; buffer and 400 nm thick Ni films, increasing
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temperature gave the better grain sizes unlike non-buffered films of Nill and Nil2.
Ni13 and Ni14 films, were deposited by heating the substrate to 450 °C, had obviously
(200) direction, but they had also (111) grains which can be limitedly growing by

temperature.

4.5. AFM and SEM Results
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Figure 4.34. SEM micrograph (a), AFM topographic image (b), and 1 dimensional grain
analysis of the line on topographic image (c) of asgrown Nil film

SEM micrographs of asgrown (Figure 4.34 (a)) and annealed at 900 °C Ni1 films
(Figure 4.35 (a)) were in conformity with AFM topographic images (Figure 4.34 and
Figure 4.35 (b)). The polycrystalline Ni surface acquired a multigrain-like appearance
after thermal annealing. Grain sizes were grown by annealing and due to the effect of

dewetting larger particles formed on the surface.
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Figure 4.35. SEM micrograph (a), AFM topographic image (b), 1 dimensional grain
analysis of the line on topographic image (c), and cross sectional SEM
micrograph (d) of annealed Ni1l film at 900 °C

As understand from Figure 4.34 and Figure 4.35 (c), the height of the Ni
particles raised by annealing about 67 times of asgrown case. However, this does not
mean that grain sizes also increased in that way. The calculated average grain sizes,
which had same direction, increased almost 2 times (Figure 4.33). To verify that also

EDX measurement of the films were performed.
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Spectrum 6

Spectrum 4
ﬁ Spectrum 5
+

IYTEMAM

(b)

Element Wt% Atomic % Oxide Oxide %
Spectrum 4

O 38.97 61.61

Si 25.78 23.21 SiO; 55.14

Ni 35.25 15.18 NiO 44.86
Spectrum 5

O 52.96 66.58

Si 46.31 33.17 SiO; 99.08

Ni 0.73 0.25 NiO 0.92
Spectrum 6

O 52.91 66.57

Si 46.24 33.14 SiO; 98.92

Ni 0.85 0.29 NiO 1.08

Total: 100.00 100.00 100.00

Figure 4.36. SEM micrographs of annealed Nil film at 900 °C (a-b). Spectrums show
the regions that EDX performed and the table shows the percentage
distributions of the elements.

As expected, larger grains are nickel particles (spectrum 4) and the ground is
SiO; with full of little Ni grains (spectrum5 and 6). This was also explained why so
sharp SiO, peaks showed up in the XRD spectra (Figure 4.36). So, the first aim was
deposition thicker and smoother Ni films to reduce the effect of dewetting and growth

widely graphene on.
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Figure 4.37. SEM micrograph (a), AFM topographic image (b), and 1 dimensional grain
analysis of the line on topographic image (c) of asgrown Ni4 film

Among Nil-6, Nil film was the thinnest and Ni4 film was the thickest ones. For
both of asgrown and annealed cases, if film thickness increased the mean Z (mean
height of the Ni particles) and surface roughness (RMS) increased (Figure 4.37 and
4.38).
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Figure 4.38. SEM micrograph (a), AFM topographic image (b), and 1 dimensional grain
analysis of the line on topographic image (c) of annealed Ni4 film at 900 °C

As seen from Table 4.6, there was relation between the RMS, mean Z values and
the thickness of films. However, the same relation non-existence for the films that
annealed at 900 °C. All topographic images of asgrown samples performed 2um scale,
whereas for annealed samples 40 pm scale performed, that is the maximum scanning

scale which we can use is it.
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Table 4.6. Surface roughness (RMS), average height of particles (mean Z) and thickness
of Ni films of asgrown and annealed at 900 °C Ni1-6 films.

ASGROWN ANNEALED

Sample ID Thickness RMS Mean Z RMS Mean Z
(nm) (nm) (nm) (nm) (nm)
Ni1 ~100 2.2 10.7 209.5 0.73
Ni2 ~160 3.9 19.8 288.4 0.94
Ni3 ~200 45 19.9 295.3 0.89
Ni4 ~230 5.8 22.5 297.1 0.87
Ni5 ~200 4.8 21.7 312.1 1.09
Ni6 ~130 2.8 13.6 211.2 0.79

AFM and SEM images of Ni7 film are shown in Figure 4.39. There is no

difference between Ni7 and Ni8 films. However, it can be seen from Table 4.7, Ni7

film, which had thinner Al,O3 buffer layer, has lower surface roughness and mean Z

height of the particles for both asgrown and annealed cases. This was conformity with

XRD results. In previous section, it was concluded that thinner buffer was more

effective to decrease dewetting, and also to texture in (111) direction more intensely.
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Figure 4.39. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Ni7 film. AFM topographic image
(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni7 film at 900 °C

As seen from Figure 4.38, Ni7 and Ni8 films have different phases. To figure out

these phases EDX measurement was performed on these films after annealed at 900 °C.
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Figure 4.40. Electron image of annealed Ni7 film at 900 °C. The bottom line shows
weight percentages of Ni, Si, O and Al elements according to EDX results

Considering EDX results, it can be understood the lightest parts of the film are
Ni (spectrum 13) and light parts are thinner Ni film (spectrum 16) than the lightest
parts. The darkest parts are SiO, substrate (spectrum 14) which show up due dewetting
of Ni film and dark parts are thinner Ni film (spectrum 15) than light parts (spectrum
16). Also, 30 nm Al3O; film under the Ni film, which shows up all parts except for the
lightest Ni film part which is the top of the film, is seen. So, as expected the Ni element
which has the largest atomic number is the brightest part in EDX image.
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Figure 4.41. Electron image of annealed Ni7 film at 900 °C. The bottom line weight
percentages of Ni, Si, O and Al elements according to EDX results

EDX results of Ni7 and Ni8 films were not different except Al weight
percentages. Ni8 had 56 nm Al,O3 film, whereas Ni7 had 30 nm Al,O3 film. So, it was
very convenient with getting high Al percentage from Ni8 film.

Figure 4.42. SEM micrographs of annealed at 900 °C Ni1 film (a), and Ni7 film (b)
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When Nil film, which was deposited 100 nm Ni thick under 3 mTorr pressure,
and Ni7 film, which was deposited also about 100 nm Ni and 30 nm thick Al,O3 buffer
layer, buffer prevented dewetting of the Ni film, considerably (Figure 4.42). Thus,
roughness of the surface and mean height of the Ni particles were reduced by depositing
buffer layer.

Nickel films of Ni9 and Ni10 samples were deposited thicker than Ni7 and Ni8
samples. They had 56 nm thick Al,O3 buffer and 400 nm thick Ni (Table 4.3). Raising
thickness of Ni film caused bigger particles on the surface, whereas average grain size
did not change, significantly (Figure 3.43). However, surface roughness and mean
height of particles on the surface of annealed Ni9 sample were reduced, dramatically
(Table 4.7). Ni9 and Ni10 samples were pretty well similarly about AFM and SEM

images.
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Figure 4.43. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Ni9 film. AFM topographic image
(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni9 film at 900°C
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Figure 4.44. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Nill film. AFM topographic image
(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni11 film at 900°C

Ni films of Nill and Nil2 samples were deposited thicker than Ni7 and Ni8
samples. They were not buffered, directly deposited on the SiO, substrate and about 400
nm thick (Table 4.3), contrary to Ni9 and Nil0 films. Nill and Nil2 films had very
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similar structures about AFM and SEM results. Raising thickness of Ni film caused
bigger Ni particles on the surface, whereas average grain size did not change,
significantly. However, surface roughness and mean height of particles on the surface of
annealed Nill and Nil2 films were almost twice more than Ni9 and Ni10 films, which
were buffered (Figure 4.44). So, Al,O3; buffer was effective in reducing the RMS and
mean height values of the film.
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Figure 4.45. SEM micrographs of asgrown Nil3 (a), and Nil4 films (b). Ni13 (c), Nil4
(d) after annealed at 900 °C

Ni13 and Nil4 films were deposited by heating the substrate to 450 °C by
magnetron sputter. Their RMS and mean height values of asgrown cases were obviously
more than other 100 nm thick films such as Nil, Ni7 and Ni8 (Table 4.7). However, in
annealed cases, Nil3 and Nil4 seemed smoother than the buffered films, Ni7 and Ni8
(Figure 4.45).

97



Table 4.7. Surface roughness (RMS), mean height of particles (mean Z) and Ni film
thickness of asgrown and annealed at 900°C Ni7-14 films

ASGROWN ANNEALED
sample 1D | | CKNeSS "RMS [ MeanZ | RMS | Mean Z

M em) | em) | om) | um)

Ni7 ~100 13 97 | 1195 | 508.1
Ni8 ~100 20 | 100 | 1266 | 5314
Ni9 ~400 | 125 | 499 | 388 | 285.2
NiL0 ~400 | 120 | 433 | 444 | 2988
Nill 400 | 124 | 494 | 729 | 4393
Ni12 ~400 | 126 | 494 | 766 | 4403
Ni13 ~100 56 | 218 | 1285 | 4237
Nil4 ~100 73 | 268 | 1025 | 442.2
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Figure 4.46. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Nil15 film. AFM topographic image
(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni15 film at 900 °C

99



Section

Plane, ym

(b)

Section

Figure 4.47. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Nil16 film. AFM topographic image
(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni16 film at 900 °C

In asgrown cases, RMS values of Nil6 and Nil18 films were lower than Nil5 and
Nil7 films which were unheated deposited cases of Nil6 and Nil8 films, respectively,

but any relation between mean height values of these films was not observed (Figure
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4.46 and Figure 4.47). However, in annealed case, mean height values of Nil6 and Nil8
films were lower than Nil5 and Nil7 films, but there was no certain relation between
RMS values of these films (Figure 4.46 and Figure 4.47).
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Figure 4.48. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Nil7 film. AFM topographic image

(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni17 film at 900 °C

102



Section

Height, nm
100 150 200 250 300 350 400

Plane, pm

(b)

700

600

500

Vi | il

I \ LA

| \ ‘ 1 1
v"\ f u‘ "‘ I\‘ 1 [‘ " \ 1"\
ﬁ | ‘ y ‘ [ ‘ 1 ‘ \M

¥ i ‘ ‘ ‘ \l.‘ | n 1
(LRI R
AR "LJ‘ o

U 1

200 300 400
nm
Height, nm
200 250 300 350 400 450 500 550

100

Figure 4.49. AFM topographic image (a), and 1 dimensional grain analysis of the line
on topographic image (b) of asgrown Nil18 film. AFM topographic image
(c), 1 dimensional grain analysis of the line on topographic image (d), and
SEM micrograph (e) of annealed Ni18 film at 900 °C.
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Table 4.8. Surface roughness (RMS), average height of particles (mean Z) and Ni film
thickness of asgrown and annealed at 900°C Ni15-18 films.

ASGROWN ANNEALED
sample 1D | | CKNESS TRMS T MeanZ | RMS | Mean Z

M om) | om) | om) | @m)

Ni15 ~400 615 | 2301 | 841 | 4315

Ni16 ~400 450 | 2567 | 952 | 4131

Ni17 ~400 741 | 2398 | 943 | 4375

Ni18 ~400 625 | 2380 | 895 | 386.7

The difference between Nil5 and Nil6 was that Nil6 film was deposited by
heating the substrate to 450 °C. Ni15 and Ni16 had Al,O3 buffer and Cr adhesive layers,
whereas Ni9 and Ni10 have only Al,O5 buffer layer. Ni18 was deposited by heating the
substrate to 450 °C, on the contrary Nil7 was not deposited by heating the substrate.
Nil7 and Nil8 films had only 10 nm Cr adhesive layers. In asgrown and annealed
cases, RMS and mean height values of Nil5, Nil6, Nil7 and Nil8 films were more
than Ni9 and Nil10 films, remarkably. These values were close to the values of Nill and
Ni12 which are non-buffered films. Ni9 and Nil10 films were the most smooth and thick
films which had only Al,O3 buffer layer.

In this chapter, also annealing was performed at 950 °C. XRD 6 - 20
measurements of these films carried out and their average grain size calculated. The
films were very rough, so performing of tapping mode AFM height measurements were
very difficult. Thus, not to damage the tips their AFM height measurements were not
carried out. In this study, only roughness and average grain size relations of the films
which annealed at 900 °C were compared from AFM height measurement results.
However, we sustained XRD @ - 20 measurements of the films that annealed at 950 °C,
but they were not represented. All calculated average grain sizes of the annealed films
both at 900 and 950 °C were given in Figure 4.33.
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CHAPTER S

SYNTHESIS OF GRAPHENE BY CVD ON
POLYCRYSTALLINE NICKEL AND
CHARACTERIZATION BY RAMAN SPECTROSCOPY

5.1. Graphene Growth Process by CVD

To grow graphene, sample preperation was carried out after deposition of
polycrystalline Ni films with various thickness and crystal structure onto SiO, and
buffered substrates by magnetron sputtering. Details of sample preperation and
deposition was mentioned in chapter 3 and chapter 4. Then the films were loaded inside

the quartz tube in CVD furnace.

Ar Ar+H,+CH,

< ><—> Ar
€

W

Temperature (°C)

Time

Figure 5.1. Heating, annealing, growth and cooling stages of graphene growth process
by CVvD

Figure 5.1 shows the process of graphene growth with three stages. First, Ar was
flown into the furnace while the temperature increased from the room temperature to

desired growth temperate. The heating rate was always 28 °C/min from room
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temperature (RT) to desired growth temperature. During catalyst preparation, also
known as pretreatment, just Ar or Ar and H, were flown through the tube to prevent the
oxidation contamination of samples. When the furnace reached the desired temperature
after waiting for a while growth was started by flow of CH,. At the beginning of the
cooling hydrocarbon source was shut off and the furnace was then cooled done to room
temperature under a certain cooling rate. The main stage of the process is cooling which
dissolved carbon atoms precipitate on the Ni film surface and bond eachother on the
surface creating honeycomb lattices. Formation of graphene on Ni film was explained in
detail in previous chapters. Various flow rates of gases and cooling rates were used for
polycrystalline Ni films in order to favor the formation of thin graphene films on under
ambient pressure by CVD. All the process parameters studied in this work were given in

Table 5.1. After the CVD process all samples denominated as GRP and its number.

Table 5.1. Growth parameters of graphene grown by CVD. RT indicates room
temperature (23-24°C).

Temperature | Ar H, CH, | Time |Cooling rate
METHOD | Stages (°C) (sccm) | (sccm) | (sccm) | (min) | ( °C/min)
1 900 150 - - 20
2 900 200 100 10 40
Method 1 3 900-RT 200 - - ~290 3 °C/min
1 800 150 - - 20
2 800 200 100 10 40
Method 2 3 800-RT 200 - - ~290 3°C/min
1 900 150 - - 20
2 900 200 100 20 40
Method 3 3 900- RT 200 - - ~290 3°C/min
1 900 150 - - 20
2 900 200 100 8 40
Method 4 3 900- RT 200 - - ~290 3°C/min
1 950 150 - - 20
2 950 200 100 10 40
Method 5 3 950- RT 200 - - ~290 3°C/min
1 950 150 - - 20
2 950 200 100 20 40
Method 6 3 950- RT 200 - - ~290 3°C/min

(cont. on next page)
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Table 5.1. (cont.)

1 950 150 - - 50

2 950 200 100 8 10
Method 7 3 950- RT 200 - - ~290 3°C/min

1 900 150 5 - 20

2 900 150 100 10 40
Method 8 3 900- RT 150 5 5 ~438 2 °C/min

1 900 150 - - 20

2 900 150 100 15 40
Method 9 3 900- RT 150 - - ~290 3°C/min

1 900 150 - - 20

Method 2 900 150 100 10 40
10 3 900- RT 150 - - ~219 4°C/min

1 900 150 100 - 20

Method 2 900 200 150 20 40
11 3 900-RT | 200 | 150 : ~87 | 10°C/min

1 900 150 | 100 : 20

Method 2 900 200 150 20 40
12 3 900-RT | 200 | 150 . ~58 | 15°C/min

1 900 150 100 = 20

Method 2 900 200 150 20 40
13 3 900- RT 200 | 150 - | ~175 | 5°C/min

1 900 100 | 200 i 20

Method 2 900 100 200 30 10
14 3 900- RT 200 50 - ~175 5°C/min

1 900 100 200 - 20

Method 2 900 100 200 30 10
15 3 900- RT 200 50 - ~438 2 °C/min

1 900 100 200 = 20

Method 2 900 100 200 30 10
16 3 900-RT | 200 | 50 - | ~-876 | 1°C/min

1 900 100 200 - 50

Method 2 900 100 200 30 10
17 3 900-RT | 200 | 50 - | ~876 | 1°C/min

1 900 100 | 200 i 50

Method 2 900 100 200 30 10
18 3 900-RT | 200 | 50 - | ~438 | 2°C/min
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As seen from Table 5.1, cooling rates of 1, 2, 3, 4, 5, 10 and 15 °C/min were
studied [131, 159, 184, 185]. The aim was to find medium cooling rate which gives
mono layer graphene [159]. Raman spectra of the samples, which were performed with
fast cooling rates, were yielded mostly multilayer graphene or graphite. An exception to
this trend was observed for Method1-10 which did not include H, in growth stage. Then
regarding a recent works on the effect of hydrogen to growing graphene residual
methods includes H; flow in all stages [160, 186]. Hydrogen sites yield diffusion and
segregation of carbon atoms. Graphene without a D peak in Raman spectra could be
grown on polycrystalline Ni with optimized hydrogen content. Eighteen Ni films were
used to grow graphene on by these methods. In next part when comparing Raman
spectra of films all methods were named by numbers, and these method numbers were

used instead of explain all process about mentioned sample in details.

5.2. Raman Spectroscopy Results

Due to large height difference in Ni films areal mapping of Raman spectra were
very difficult. Instead mapping, Raman spectra were just carried out single
measurements at visibly the densest areas on the Ni substrate. As mentioned before
Raman spectroscopy only can distinguish multilayer from 1 or 2-LG, but cannot
distinguish 1-LG from 2-LG [4]. In this study, layer number or stacking order of CVD
grown graphene layers were identified only via Raman spectrum results. The
measurements performed on the original Ni substrates they were grown with any further
processing. The graphene layers were not transferred on to SiO, for Raman and/or
optical measurements. Thus, Raman signals were observed from 1-LG if there is no
coupling between Ni substrate and graphene layer. All Raman spectra results carried out
by 514 nm (2.41eV) excitation with a 600 grooves/mm grating to see all three dominant
peaks of graphene in a single spectrum.

In chapter 3, the difference between AB stacking and turbostratic graphene was
explained (Figure 3.13). However, for CVD grown graphene G' band looks well-shaped
Lorentzian, which causes confusion to differentiate turbostratic graphene and 1-L or 2-L
graphene. Thus, G' band was fitted by a single sharp Lorentzian for 1 or 2-LG, or two
and more sharp Lorentzian for more than 2-LG. The FWHMs of G' bands were broaden

and up-shifted when the graphene layer number increases from 1-L to bulk graphite.
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However, if G' band of Raman spectrum has distorted shape, it is 2- or more layered AB
stacked graphene. In Figure 3.13 and Figure 5.2 (right), the evolution of the spectra of
AB stacked graphene at 514 nm excitation with the number of layers is shown. As it
was mentioned in Chapter 3, G' band of AB stacked 2-LG can be fitted by four peaks
which are named as 2D1g, 2D1a, 2D2a, 2D2g. These peaks come from different electron-
phonon scattering processes (discussed in Chapter 3 in detail). The two of them, named
2D1a, 2D5a, have higher intensity compared to the other two. Increasing number of
layers causes decrease in the intensity of 2D;g, 2D;a peaks hence for bulk graphite the
G' band have only two-components and up-shifts (Figure 5.2 (right)) [82, 172]. Thus,
Raman spectra can only provide to identify single layer from few (less than 5) layers for
AB stacking graphene. In this study, the intensity ratio of G band and G' band (lg/lg) in
Raman spectra was used to distinguish graphene layers. This ratio increases with

number of layers.

Raman shift (cm'1) Raman shift (cm'1)
2500 —— — : T
| D)514.5 nm Edge 514nm B
Graphite
2000 |- ' 1 f’/\ graphite
—~1500 ;
> 3 10 layers
< L2
= ==
® 1000 =
5 c 5 layers
£ L
£
500 JL 2 layers
1300 1350 1400 R 1 layer
Raman Shift (cm™) 2600 2700 2800

Figure 5.2. Comparison of the D band at 514.5 nm at the edge of bulk graphite and
single layer graphene. The fit of the D; and D, components of the D band of
bulk graphite is shown (left). Evolution of the spectra at 514 nm with the
number of layers. They are scaled to have similar height of the 2D peaks
(right) [82, 172]

Edges of graphene increases D and D' band intensities by breaking the symmetry

of the graphene. D band intensity can give information of defects in the structure and
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edges also. In Figure 5.2 (left), the difference of D band between 1-LG and bulk
graphite is shown. Increasing numbers of layers also broadens FWHM of D band.

——GRP1-Ni1-Method1] ' [ener=2r02% — 1 |

FWHM= 34.67
[Center= 2697.7/2708.5 R?=0.9982
FWHM= 27.6/33.4

R2= 0.9997

2500 2550 2600 2650 2700 2750 2800 2850 2900

Intensity (a.u.)

1500 1750 2000 2250 2500 2750
Raman shift (cm'1)

Figure 5.3. G' band Raman spectrum of GRP1 sample which was grown on Nil film by
Methodl. The inset shows the same result fitted with a single Lorentzian
peak. The green lines are the components of red line which is the fitted
profile. At the bottom, the whole range of the respective spectrum is shown.

The G' band Raman spectrum of GRP1 sample which was grown by Method1 on
Nil substrate and at the bottom the whole range Raman spectrum are shown in the
Figure 5.3 (a). As seen in the Figure 5.3, a fit can be made to the same G' band by two
or just one Lorentzian peak with given FWHM of each peak in the graphs. In such cases
the quality of fits (R?) and the intensity ratio of G band and G' band (lg/lg) were
compared. Therefore, it can be said that the Raman spectrum of GRP1 sample, which
had I/l ratio of 0.30 and FWHM of G' band of 34 cm™, belong to 1-LG [3].

110



—— GRP20-Ni1-Method3 ' [Center- 26902
[ Center= 2694.2/2703.9 f\ |5 .o
FWHM= 24.2/24.5

|R2=0.9998

2550 2600 2650 2700 2750 2800 2850

Intensity (a.u.)

Sy . -
1500 1750 2000 2250 2500 2750
Raman shift (cm'1)

Figure 5.4. G' band Raman spectrum of GRP20 sample which was grown on Nil film
by Method3. The inset shows the same result fitted with a single Lorentzian
peak. The green lines are components of red line which is fitted profile. At
the bottom, the whole range of the respective spectrum is shown.

The G' band Raman spectrum of GRP20 sample, which was grown by Method3
on Nil substrate, and at the bottom the whole range Raman spectrum are shown in the
Figure 5.4. When Method3 was used to grow graphene on Nil substrate, the FWHMs of
grown graphene layers decreased to a value ~28 cm™ with Ig/lg ratio of 0.34. As
mentioned in Chapter 3, G' band of Raman spectrum of graphene grown on a Ni
substrate the FWHM values ranged in 25 — 55 cm™ and lg/lg ratio is less than one [3].
A two-component fit with each component has FWHM of 24-30 cm™, it is signature of
2-L turbostratic graphene. It could be both 1 and 2-L turbostratic graphene, but
considering reported Raman measurements performed on Ni films the possibility of
being 1-LG more than that of turbostratic graphene. Raman measurements must be
combined with other technique in order to decide the number of layers.
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Figure 5. 5. G' band Raman spectrum of GRP119 sample which grown on Nil film by
Method10. The inset shows the same result fitted with two Lorentzians. The
green lines are components of red line which is calculated profile. At the
bottom, the whole range of the spectrum is shown.

GRP60-Method5 was performed at 950 °C on Nil substrate and the resulting
average values of grown graphene layers were similar with GRP1-Methodl, so
increasing temperature did not have any pronounced effect on number of layers affect
so much, but increasing CH,4 flow during diffusion of carbon atoms in Ni substrate led
to narrower FWHM values, one example was GRP20-Method3. When temperature
increased while CH,4 decreased (GRP88-Method7), it was difficult to locate 1 or 2-L

graphene.
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Figure 5.6. G' band Raman spectrum of GRP138 sample which grown on Nil film by
Method12. The inset shows the same result fitted with two Lorentzians. The
green lines are components of red line which is calculated profile. At the
bottom, the whole range of the spectrum is shown

Instead of increasing the CH,4 flow the cooling rate could be increased from 3
°C/min to 4 °C/min, in order to have narrower FWHM values. The lower intensity ratio
Ic/lc was seen from GRP119-Method10. The FWHM values for this growth was about
~27 cm™ with Ig/lg of 0.27 (Figure 5.6 (a)). These values were enough to say the
spectrum belongs to 1 or 2-L graphene. If the cooling rates were further increased to 15
°C/min and even with increase in the flow rate of CHs, FWHM increased to ~37 cm™
and intensity ratio of Ig/lg increased to 0.87 (GRP138-Method12, Figure 5.6 (b)). A fit
with two components one with very small intensity, one had a FWHM of ~37 cm™.
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Figure 5.7. G' band Raman spectrum of GRP1 (a) and GRP20 (b) samples which grown
on Nilfilms by Methodl1 and Method3, respectively. The green lines refer to
component of red line which is calculated profile. At the bottom, the whole
ranges of the spectra are shown

Looking at Figure 3.13 and Figure 5.2 (right), if G' band shape is not distorted,
looks like Lorentzian peak with broaden FWHM, the layers stacked turbostratic or just
not AB. In Figure 3.13, Raman spectra from few or multilayered graphene are shown.
As mentioned in Chapter 3, when the layer number of graphene is more than 2-L with
FWHM >50 cm™ and Ig/lg>1, G' band is fitted by more than four Lorentzian peaks, for
CVD grown graphene on Ni film [3]. Thus, as seen Figure 5.7, the line shapes of G'
bands look like distorted, but it is hard to decide exactly the stacking order and layer
number only from that spectrum. The peak shape also affects from detector converter of
the system.

The G' band Raman spectrum of GRP1 (Figure 5.7 (a)) had the ratio of Ig/la
2.53 and FWHM of 89 cm™. Six-component fit, which was the best fit using the least
number of components had the R? of 0.9997, refers to 3-L AB stacked graphene, but the
line shape did not look like in Figure 3.13 or Figure 5.2 (right). The line shape looks
like more Lorentzian with very broaden FWHM. On the other hand, in Figure 5.7 (b) G’
band Raman spectrum from GRP20 is shown, which has very attractive line shape of G'
band, because it does not looks like AB stacking, whereas well symmetric shaped. The

best fit using the least number of components was eight-component fit with R? of

114



0.9979, the ratio of Ig/lg 2.50 and FWHM of 65 cm™. So, there was no relation between
the ratio of Ig/lg and FWHM values for more than 2-LG which Raman measurements

of the CVD-grown graphene were performed on Ni film. All observed G' band Raman

spectra, which had FWHM >50 and Ig/lg>1 if layer number of graphene was more than

2-L, so G' band was fitted by more than three Lorentzian peaks.

—GRP21-Ni2-Method3|' o
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Figure 5.8. G' band Raman spectrum of GRP21 sample which grown on Ni2 film by
Method3. The red line is calculated profile. At the bottom, the whole range

of the spectrum is shown.

G' band of GRP21 which was grown on Ni2 film had FWHM of 27 cm™ and the
ratio of I¢/lg 0.25 (Figure 5.8). The conditions of Method3 gave the best results of 1-
LG, like for Nil film. Also, Method1 caused a little broaden FWHM of G' band spactra.
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Figure 5.9. G' band Raman spectrum of GRP47 sample which grown on Ni2 film by
Method4. The green lines are components of red line which is calculated
profile. At the bottom, the whole range of the spectrum is shown. The inset

shows the D' band of GRP47

When the CH, flow was decreased (Method4) on the contrary of Nil, 1 or 2-LG
grew on Ni2 film, but with broad FWHM values (38-56 cm™) (Figure 5.9). However, D

and D' bands, which indicate defects of the graphene layer, showed up, remarkably. For
Nil film, Method7 did not lead to grow 1 or 2-LG, but on Ni2 film 1 or 2-LG was

observed with average FWHM of 39 cm™. However, when cooling rate increased

(Method10), 1 or 2-LG was not observed by contrast with Nil film.
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Figure 5.10. G' band Raman spectrum of GRP33 (a) and GRP75 (b) samples which
grown on Ni2 sample by Methodl and Method6, respectively. The green
lines refer to component of red line which is calculated profile. At the
bottom, the whole ranges of the spectra are shown.

Gomez De Arco reported that when the layer number of graphene is more than
2-L with FWHM >50 cm™ and Ig/lg >1, G' band is fitted by more than four peaks, for
CVD grown graphene on Ni film [3]. However, G' band FWHM of GRP33 was 59 cm™
and Ig/le was 1.5 and fitted by three components (Figure 5.10 (a) with FWHM and
center positions of all components). Also, 1 or 2-LG was not observed on Nil film
when graphene growth performed by Method6, but on Ni2 increasing temperature and
CH, flow caused to grow 1 or 2-LG grown. GRP75 sample was grown by using
Method6 on Ni2 film and lor 2-LG was observed with broad FWHM (average 39 cm™).
In Figure 5.10 (b), there is another G' band Raman spectrum of GRP75 which has
FWHM of 52 cm™ and the intensity ratio Ig/lg of 1.7, also fitted by three components.
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Figure 5.11. G' band Raman spectrum of GRP22 sample which grown on Ni3 sample by
Method3. The green lines refer to component of red line which is calculated
profile. At the bottom, the whole ranges of the spectra are shown.

For Ni3 film, Method1-3 and 6 gave the narrowest FWHM of G' band and the
lowest Ig/lg ratio. However, on Ni3 film there were interesting G' band Raman
Spectrums which had line shape like AB stacked 4-LG. The AB like G' band line shape
was observed mostly from GRP22 and GRP34 samples which were grown by Method3
and 1, respectively. To being AB stacked 4-LG, G' band is fitted by three components.
In Figure 5.11, three-component fit is shown in the inset, but the intensities of
components decrease from left to right. However, in Figure 3.13, for 4-LG the
intensities of the components decrease from right to left. For GRP22, four-component
fit gave the best R? of 0.9985. The Raman spectrum of GRP22 had FWHM of 78 cm™
and Ig/lg ratio of 2.4. These values refer to more than 2 or multi layer graphene. Also,
in Figure 3.15 (b) which belongs to Raman spectra of multilayered graphene on Ni fim,
it is shown that increasing layer number caused the line shape of G' band distort, exactly

as Figure 5.11.
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Figure 5.12. Raman spectrum of GRP50 sample which grown on Ni5 substrate by
Method4. The green lines refer to component of red line which is
calculated profile

For Ni4, Ni5 and Ni6 films, mostly Methodl and 3 provided lor 2-LG with the
intensity ratio lg/lg of 0.2-0.6 and average FWHM of 32-37 cm™ when Raman spectra
analysis were carried out. GRP63 and GRP77, which were grown by using Method5
and Method6 on Ni4 film, respectively, had remarkable D and D' band intensities.
Raman spectrum of GRP50 sample, which was grown by Method4 on Ni5 film had also
remarkable D and D' bands (Figure 5.12). Also, GRP91 and GRP122 samples, which
were grown by Method7 and Method10 on Ni4 film, had more narrow FWHM and low
Ic/lc ratio. GRP64 and GRP65 samples, which were gown by Method6 on Ni5 and Ni6
films, respectively, had denser multilayer graphene than lor 2-LG.

To sum up for Nil-6 films, Methodl and Method 3 were more successful than
Method4, 5 and 7 to grow 1 or 2-LG on all six films. Thus, cooling rate of 3 °C/min was
more appropriate than 2, 4 and 15 °C/min rates. Too short and too long cooling rates did
not allow carbon atoms precipitate on the surface. The annealing and growth
temperature of 800 °C was low, so 1 or 2-LG did not grow by Method2. Reducing CH,
flow rate or increasing the growth temperature to 950 °C D and D' band intensities

increased, because diffused carbon atoms decreased and they could not well precipitate
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on to the Ni film surface. However, increasing CH, flow rates with the same other
conditions, 1 or 2-LG was much more observed on thicker films.
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Figure 5.13. Two different Raman spectra of GRP81 sample which were grown on Ni8
film by Method6. The green lines refer to component of red line which is
calculated profile in the insets. The inset (a) represent the G' band fit of
black spectrum and (b) refer to the G' band fit of blue spectrum.

On Ni7 and Ni8 films using Method3, the narrowest FWHM (30-52 cm™)
(which had the intensity ratio Is/lg<1) values and the lowest Ig/lg ratios were observed
from Raman spectra of the samples. If just growth temperature increased to 950 °C
(Method6), D and D' bands showed up intensely, and FWHM value of G' band
increased to ~58 cm™ for Ni7 film, whereas FWHM value of G' band was 33-45 cm™
for Ni8 film. When CH, flow rate reduced (Method4 and 5) or both CH, flow rate
reduced and growth temperature increased (Method7) 1 or 2-LG did not observed on
Ni7-8 films. Also, 1 or 2-LG did not grow on to Ni7-8 films when CH, flow rate and
cooling rate reduced (Method8). If CH, flow rate reduced, to observe 1lor 2-LG system
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should be cooled down faster (Method10). Observed lor 2-LG had the intensity ratio
lo/lg<1 with FWHM ~44 cm™ by that way. The intensity ratio Ig/lc of blue line is 0.25

and black line is 0.51. 1 or 2-component fit is signature of 1or 2-LG with the intensity

ratio lg/lg<1.
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Figure 5.14. G' band Raman spectrum of GRP68 and GRP69 (a) and GRP55 (b)
samples which grown on Ni9, Nil10 and Nil0 films; by Method5-5 and
Method4, respectively. The green lines refer to component of red line
which is calculated profile

Considering all observed Raman spectra, there were no remarkable differences
between Methods which were performed on Ni9 and Nil0 films. In Figure 5.14 (a),
observed G' band FWHM values are not so narrow. GRP55 and GRP54 samples had the
most intense D and D' bands which were grown by Method4. Also, there were no
remarkable differences between Methods which were performed on Nill and Nil2
films when their Raman spectra compared. However, on these films it was difficult that
to find 1or 2-LG when compared with Ni9 and Nil10 films.
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Figure 5.15. G' band Raman spectrum of GRP44 (a) and GRP73 (b) samples which
grown on Nil3 and Nil4 films; by Methodl and Method5, respectively.
The red lines refer to calculated profile

There were no remarkable differences between Methods which were performed
on Ni9 and Nil0 substrates when all observations from Raman measurements were
considered. Figure 5.15 shows Raman spectra from two different samples which were
grown on Ni13 and Ni14 films. The FWHM values were so narrow (26-31 cm™) when

the intensity ratio is lg/lc<1.
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Figure 5.16. Raman spectra of GRP24, GRP36, GRP40, GRP43, GRP51, GRP57,
GRP78 and GRP93 samples and G' band line shape distortion

As mentioned in Figure 5.11, more than 2-LG has distorted G' band line shape
(Figure 5.16). When fitting G' band of these spectra, the intensity of components were
not congruent with AB stacked multilayer graphene which is shown in Figure 3.13.
These observations of this study were exactly match the observations of L. M. Gomez
de Arco [3] when Raman measurement performed on Ni film (Figure 3.15 (b)).

For Nil15-18 films, different Methods were carried out which are Method11-18
given in Table 5.1. In these methods H, flow was used all CVD process stages. Also,
CH, gas was flew into last 10 minutes of annealing instead of 40 minutes. Annealing
performed during 1 hour and 30 minutes. Given Method11-18 were very effective on

producing 1 or 2-LG.
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Figure 5.17. Two different Raman spectra of GRP166 and GRP167 samples which
grown on Nil5 and Nil6 films by Method17. The green lines refer to
component of red line which is calculated profile in the insets. The inset
(@) represent the G' band fit of black spectrum and (b) refer to the G' band
fit of blue spectrum

The Raman spectra of GRP166 and GRP167 samples, which were grown on
Nil5 and Nil16 films by Method17, are shown in Figure 5.17. For these samples, one or
two-component fit were not well matched, so at least three peaks were used to fit of G’
band. The FWHM values were so broaden (45-60 cm™) when the intensity ratio was
le/lc<1. For GRP164 and GRP165 samples, which were grown on Nil7 and Nil8 films
by Method17, FWHM values were maximum 42 cm™ when the intensity ratio was
Ic/lg<1, and their G' bands were fitted at most by one or two component. When we
used Method18 to growth graphene on Nil15-18 films, 1 or 2-L.G was observed less than
Method17. If annealing time was decreased to 30 minutes, so using Method15 and 16 to
grow lor 2-LG on Ni15-18 films, observed FWHM of G' band reduced (35 cm™) when
the intensity ratio lg/lg<1. GRP148-151 samples were grown by speed up the cooling
rate to 5 °C/min, but neither 1 or 2-LG or multilayer graphene could not observe from

Raman measurements.
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Figure 5.18. Raman spectra of GRP138, GRP139 and GRP134 samples which were
grown on Nil, Ni12 and Nil2 films by Method12, 12 and 11, respectively.
The green lines refer to component of red lines which are calculated profiles

To decide the medium cooling rate to grow 1 or 2-LG different cooling rates
were performed. Even using very fast cooling rates like 15 °C/min (Method12), 1 or 2-
LG on Nil film, which was the thinnest nickel film, was observed (Figure 5.18 (a)).
Also the FWHM values of G' bands were narrow (~30 cm™). Using the same cooling
rate (Method12), 1 or 2-LG was grown on Nil2 film; this was thicker than Nil film.
However, on Ni15-18 films 1 or 2-LG were not observed when the growth carried out
using this fast cooling rate. When cooling rate slows down graphene was observed on
also Ni15-18 films.

5.3. SEM Results

To figure out the number of layers from contrast difference and Carbon element
weight percentage SEM and EDX analysis performed, respectively, after graphene
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growth by CVD on Ni films. However, EDX results did not provide reliable results due
to penetration problem. The carbon percentages were not compatible with the contrast.
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Figure 5.19. SEM images of GRP23 sample with 2500x (a), 10000x (b), 50000x (c) and
10000x (d) magnifications

SEM images of GRP23 sample which was grown on Ni4 film with Method3 are
shown in Figure 5.19. Figure 5.19 (b) and (d) have same magnification but different
contrasts. Especially from Figure 5.19 (c) the grain boundary regions are seen. As seen
if the grain sizes larger so we can grow larger size graphene on Ni garains. Some parts
of the film smoother, but some parts formed as islands away from each other. On and
between these islands the carbon accumulated more than smoother parts due to the
boundary grooves. This effect is seen from Figure 5.19 (a), darker parts like islands

away from each other on the left.
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Figure 5.20. SEM image of GRP28 sample with 2500x (a), 10000x (b) and 10000x (c,
d) magnifications

In Figure 5.20 SEM images of GRP28 sample, which was grown on Ni9 film
with Method3, are shown. Grain boundary grooves, which were deep and away from
each other caused accumulation of more carbon atoms and this effect is seen from left
of Figure 5.20 (a, b). Grooves had much more carbon atoms and looked darker from
smooth parts of the film. So, this is in accordance with the fact that, which was
mentioned at the beginning of the Chapter 4, 1 or few-LG can be grown mostly on
smooth parts of the film [3]. When grown graphene layers on Ni4 film (230 nm, Figure
5.19), and Ni9 film (400 nm, Figure 5.20) were compared, it can be concluded that the
thicker film less affected from dewetting of Ni and had smoother parts (Figure 5.20 (d)).
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Figure 5.21. SEM image of SEM image of GRP30 sample (a, b) and GRP31 sample (c,
d) with 10000x (a, ¢), 50000x (b, d) magnifications

GRP30 and GRP31 samples, which were grown on Nill and Nil2 films,
respectively, with Method3, are shown in Figure 5.21. These films had no buffer layers
and also their surface roughness and groove depths were greater than Ni9 and Nil0
films which had Al,O3 buffer layers. As seen their SEM images (Figure 5.21), these
films have much darker parts on the surface than Figure 5.20 because of the deeper
grooves. When SEM images of GRP28 and GRP30-31 samples, which were grown by
the same method, were compared, it can be concluded that the buffer effected the
surface roughness and groove depth and resulting number of graphene layer (Figure
5.20 (d) and Figure 5.21 (b, d)).
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CHAPTER 6

CONCLUSIONS

In this work, the aim was to identify the influence of Ni structural properties
such as crystallinity, surface roughness and interface boundaries on the formation of
graphene grown by CVD. To grow large area and single layer graphene on the Ni
substrate should be mostly (111) direction and as smooth as possible without deep grain
boundary regions. For that purpose, different deposition parameters were studied to
growth Ni and buffered Ni thin films with various thicknesses by magnetron sputtering
technique on Si/SiO; substrates. Both asgrown and annealed films examined by X-ray
Diffraction (XRD) and Atomic Force Microscopy (AFM) techniques. After graphene
growth by CVD, Raman spectroscopy was utilized in order to determine the number of
the layers and quality of graphene growth over Ni catalyst film.

First, six Ni thin films deposited under 3 mTorr pressure using different
deposition conditions by DCMS. Their thicknesses and columnar structure identified by
cross sectional SEM images. According to the results of XRD increasing annealing
temperature increased the textured (111) direction and grain sizes of polycrystalline Ni.
When these samples were annealed at 900°C, intensity of (111) peak of Nil-2-5
samples increased, significantly. The other films preserve their polycrystalline
structures. To get mostly textured in (111) direction, power and thickness should be low
as soon as possible at 3mTorr deposition pressure. According to the AFM results,
increasing thickness of the Ni film increased the surface roughness and mean height
which refer to groove boundary depth of grains of the film.

Then, in order to decrease the surface roughness and dewetting of the Ni film
Al,O3 buffer layer film deposited by RFMS and DCMS at 7 mTorr pressure. The
thinnest (100 nm) buffered Ni films have the highest surface roughness and mean height
values. The thinner buffer layer improved the crystallinity of the Ni film more than
thicker buffer layer. Thicker Ni film (400 nm) on Al,O3 film decreased the surface
roughness and mean height, significantly. We compared the results with depositing non-
buffered and same thick Ni films, so thin layer of Al,O3 supports and help to decrease

roughness of thick Ni films best. The why is that Al,O3 has porous structure and causes
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interface so many defects between itself and Ni. Increasing thickness causes to reduce
these defects and resulting film surface become smoother.

We also deposited Ni films by heating at 450 °C. These polycrystalline films have (200)
direction more than (111), and their roughness and mean height values higher than un-
heated films which have same thickness.

Last, four different non-heated and heated at 450 °C, Cr and Cr/Al,O3 buffered
samples deposited by MS at 6.9 mTorr pressure. Cr buffer led to more intense formation
of crystalline Ni (111) grains. Also, Cr buffer prevented texture in (200) direction for
heated deposited samples. But surface roughness and mean height values were high.
Both 30 minutes and 60 minutes annealing time were carried out and we observed
increased annealing improved crystallinity.

To sum up, a thin layer of Al,O3; buffer reduce the roughness and depth of
boundary regions for thicker Ni films. Cr buffer help texturing in (111) direction of Ni.

Graphene growths by CVD were carried out at 800 °C, 900 °C and 950 °C. We
performed Raman spectroscopy technique to identify graphene, but we did not observe
graphene on Ni films which grown at 800 °C by CVD. So, we just sustained XRD and
AFM measurements for the samples which were annealed at 900 °C and 950 °C. CVD
process performed for first 14 samples. During heating and pretreatment stages just Ar
flew into the tube and Ar and Hydrogen was added to different flow rates of methane
during growth at ambient pressure. The last stage, cooling, run under just Ar flow.
Raman spectroscopy performed on growth films on Ni substrate by CVD for these
methods, and grown graphene layers were not denser on the surface. For last four
samples CVD process performed with Hydrogen flow in all stages and Raman
spectrums showed us grown graphene layers on these films were denser.

Increasing groove boundary depth increased the formation of multilayer
graphene on the surface, because gathering carbon impurities increase at deeper
boundary regions. So, we got more Raman spectra which belong to multilayer graphene
from the films have deeper boundary regions. Reducing methane flow rate and
increasing growth temperature led to observe more intense defect peaks by Raman
spectroscopy. Increasing thickness cause broaden FWHM values of lor 2-LG G' band.
Also, FWHM value of 1 or 2-L.G G’ band is more tight which obtained from graphene
grown on thinner Ni films. G' band FWHM values of 1lor 2-L.G were found as ~24-60
cm™ which obtained from Raman spectra which belong to the intensity ratio lg/Ig<1.

We fit G' band by one or two components. The FWHM values of each component were
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~24-40 cm™. 1 or 2 component fit with the best fitting quality (R?=0.99) and the
intensity ratio lg/lg<1 are signature of 1or 2-LG because Raman measurement sustained
on Ni substrate. So, we could not decide exactly to the stacking order and layer number
just using Raman spectroscopy, but we can say given parameters belong to 1 or 2 layer
graphene. Also, G' bands, which belong to more than 2-LG and have the intensity ratio
of Ig/lg>1, were fitted by at least three components.

As a conclusion, minimum surface roughness and groove depth of grains
obtained by depositing a thin layer of Al,O3 buffer. Ni (111) crystal direction which is
necessary to growth graphene on was mostly textured by depositing Cr buffer and
increasing annealing temperature. Raman spectroscopy results showed that multilayered
graphene grown mostly rough samples. Using Hydrogen in growth process improved

the density of grown graphene on Ni catalyst.
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