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ABSTRACT

Graphene, a single layer of graphite, has attracted extensive interest due to its
unique electronic, mechanical, and optical properties. Experimentally, it was first
obtained in 2004 by Konstantin Novoselov and Andre Geim via mechanical exfoliation
from graphite. Graphene enable a variety of applications such as field effect transistors
(FETSs), optical modulators, non-linear rectifiers, ultrafast lasers, large-area membranes
and etc. Recently, there is an increasing interest in chemically modified graphene based
materials. Through chemical modification and functionalization, it is possible to tune
various properties of graphene. Graphene oxide (GO) is one such material which is
unlike graphene is electrically insulating and may be used as an intermediate step for
further functionalization of the sample. In this study, graphene samples prepared by
micromechanical exfoliation of graphite were oxidized using wet chemistry. The
samples are then investigated using Raman spectroscopy and Atomic Force
Microscopy. Formation of nano-sized graphene oxide islands near the edges of the
samples are observed for intermediate reaction durations. For longer oxidation durations
it is possible to completely oxidize the sample surface. Single layer graphene was found
to be more reactive than multilayer samples. We have demonstrated that using a few
micrometer wide graphene it is possible to prepare completely graphene oxide
nanodomains covered samples. Extensive experiments on many different graphene
flakes indicate that local impurity doping of the graphene plays a central role in the
formation of nanodomains. Although the domains are insulating, the rest of the sample
remains to be conductive. Wet oxidation process were carried out for chemical vapor
deposition (CVD) grown graphene.
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Grafen tek katman grafite verilen isimdir. Essiz elektronik, mekanik ve optik
ozelliklerinden dolay1 bilim diinyasinda ¢ok genis bir ilgiye sahiptir. Deneysel olarak ilk
defa Andre Geim tarafindan 2004 yilinda mekanik olarak katmanlarina ayirma
yontemiyle elde edilmistir. Grafen ¢ok genis bir uygulama alanina sahiptir. Ornegin;
alan etkili transistor, Optik modiilator, dogrultucular, ultra hizli lazerler, genis alanl
membranlar vb. Son zamanlarda kimyasal olarak degistirilmis grafen tabanl
malzemelere olan ilgi artmistir. Kimyasal degisimle grafenin cesitli o6zellikleri
degisebilir. Grafen oksit (GO). GO grafenden farkli olarak yalitkan 6zellik
gostermektedir. Bu ¢alismada kullanilan grafen 6rnekleri mekanik olarak katmanlarina
ayirma yontemiyle elde edilmistir ve 1slak kimyasal yontemle oksitlenmistir. Daha
sonra Ornekler Raman spektroskopisi ve Atomik Kuvvet Mikroskobu kullanilarak
incelenmistir. Ortalama bir reaksiyon siiresinde ornek kenarlarinda nanoboyutlu grafen
oksit adalarinin olustugu gozlemlenmistir. Uzun oksitlenme siiresinde 6rnegin tamami
oksitlenebilir. Tek katmanli grafenin ¢ok katmanli graphene gore daha reaktif oldugu
goriilmistiir. Birka¢g mikrometre genisliginde grafen kullanarak tamami grafen oksit
nano adalarla kapli 6rnek elde edilebilecegi gosterilmistir. Farkli grafen ornekleri
tizerinde yapilan detayli ¢alismalarda, grafen iizerinde bdolgesel katkilanmanin nano
adalarin olusumunda 6nemli rol oynadig: tespit edilmistir. Nano adalarin yalitkan
ozellik gostermesine karsin, ornegin geri kalan kismi iletken o6zellik gostermektedir.
Oksitleme islemi kimyasal buhar depolama (CVD) yontemi ile biiyiitiilmiis tek katmanl
grafen ornekleri i¢cin de gerceklestirilmistir.

Anahtar Kelimeler: Atomik kuvvet mikroskopu, grafen, grafen oksit, Raman
spektroskopisi
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

Graphene is the single layer of graphite. It can be viewed as the building block of
fullerene, carbon nanotubes, and the graphite. All of these structures are composed
entirely of sp’hybridized carbon atoms. It has been known as theoretical model for
decades but experimentally obtained by Konstantin Novoselov, Andre Geim and their
collaborators in October 2004.

Figure 1.1 Structure of graphene

Graphene has been the subject of widespread interest over the last decade due to
its unique electronic, mechanical and optical properties which have many applications
including electronic devices, biosensors and composite materials [1-3]. However its

superior electrical transport qualities [4] are offset by the lack of an electronic band gap



[5]. As a result, rather than working with pristine graphene, many researchers are
concentrating their efforts on novel graphene derived materials which might allow for
devices with tunable electronic properties. Chemical modification and functionalization
of graphene is of great interest to alter its intrinsic properties. Among various methods,
wet chemical oxidation is widely used for obtaining large quantities of graphene oxide
(GO) or reduced GO. It is also often used as an intermediary step for further

functionalization of the graphene.

Atomic force microscopy (AFM), scanning electron microscopy (SEM), four-
probe and Hall effect measurements are widely used as characterization techniques for
graphene studies. Raman spectroscopy provides quick and accurate information about
the number of graphene layers and their crystalline quality and impurity doping of the
sample. It is also a non-invasive technique. Surface topographical and mechanical
properties can be investigated in detail with AFM. In the “current AFM” mode (I-AFM)

it also provides information on the local conductive properties of the sample.

In this study we have researched graphene/graphite and graphene oxide by Raman
spectroscopy and AFM. Graphene and graphite samples were prepared by
micromechanical exfoliation of graphite onto 300 nm SiO,/Si wafers and they were
oxidized with wet chemistry. Raman microscopy and AFM were used prior and after
oxidation in order to determine the effect of oxidation process on the samples. The
results were compared with previous studies in literature. Raman spectra obtained from
graphite samples after oxidation give strong evidence about sulfuric acid intercalation
between the graphene layers and oxidation. Also AFM, lateral force and I-AFM images
verify the Raman results. In our study we also have investigated the effect of wet
oxidation on Chemical vapor deposition (CVD) grown graphene. Indications of
oxidation are clearly seen in the Raman and AFM results after the reaction. Raman map,
AFM and lateral force images revealed that some regions on the CVD grown graphene

were not oxidized.



CHAPTER 2

BACKGROUND

2.1 ALLOTROPES OF CARBON

Carbon is the vital element for life because all living things on earth contain
carbon. It is one of the elements of group IV of the periodic table. It has four available
electrons in its outermost orbit. These electrons form covalent chemical bonds. It has
unique chemical properties. Carbon atoms can combine with other carbon atoms to form
long chains. It has several allotropes and the most common known are diamond and

graphite like structures (fullerenes and carbon nanotubes).

In ancient Greek, diamond was named adduog (adamas). It was derived from
“proper”, “unalterable”, unbreakable”, “untamed”. It is believed that diamond was first
mined and recognized in India. It has been known in India for probably 3000 years [6].
It was first used as jewelry in XIth century as an ornament on Hungarian queen’s crown

and since then it has been used as the most precious jewelry.

Diamond is an allotrope of carbon where carbon atoms are bonded with sp®
hybridization in tetrahedral crystal structure. Each carbon atom bonds to four other
carbon atoms separated by 0.154 nm. The bond angle between the C-C-C is 109.5
degrees. Four valance electrons of each carbon come together to form very strong
covalent bonds. It is difficult to break atoms apart or move them in relation to one
another and as a result presents great resistance to compression. Diamond is known to
be the hardest material and can be cut only by another diamond. It is electrically
insulating but has excellent heat and phononic conductivity. It is optically transparent

from deep ultraviolet to far infrared and it disperses light [7-9].
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Figure 2.1 (a), (b) Diamond and its crystal structure, (c), (d) graphite and its crystal
structure.

Graphite was first discovered by villagers from Gray Knotts in England in 1500s.
They assumed that this strange and black rock was lead. They used it to mark their
sheep. During the reign of Elizabeth (1533-1603), government used the graphite as a
refectory material to make moulds for making cannonballs. The modern pencil was
discovered in 1795 when Napoleon Cont baked a mixure of clay and powdered
graphite. It was called black lead or plumbago at first. It was also called molybdaena,
but was later shown that molybdaena refer to two different types of materials,
molybdenite and graphite. It was named by Abraham Gottlieb Werner in 1789 after the

word “graphein” which means “to write” in Greek.

Graphite shows sp2 hybridization where carbon atoms arranged as regular
hexagons with a 120- degree C-C-C bond angle. Carbon atoms generate sheets of six
sided rings with p-orbitals perpendicular to the plane of the ring. Three of the four

valence electrons of each carbon atom is shared by the three nearest neighbor atoms. The



remaining electron in the out of plane p-orbital is delocalized. P-orbitals allow for weak
Van der waals forces that hold the sheets together. Since the forces holding the sheets
together are weak, they can be easily separated from each. The distance between the
graphite layers is 0.334 nm. Graphite is an anisotropic material and it has different
properties in different directions. It has good electrical and thermal conductivity due to
covalent and metallic bond within a carbon layer. On the other hand it shows poor
electric and thermal conductivity perpendicular to the carbon layers. It absorbs light and

appears black in color.

(a)

Figure 2.2 Crystal structure of (a) fullerene and (b) carbon nanotube.

Fullerenes are molecules of pure carbon atoms. The molecular sphere form of
fullerene was first identified in 1985 by Kroto [10] but its structure remained unclear
because of the lack-of large scale and improved synthesis methods. Kratschmer and his
collaborators achieved the synthesis of Cgo in 1990 [11]. The discovery of fullerenes
was awarded the Nobel Prize in 1996. It can be found as hallow sphere, ellipsoid, tube
and many other shapes. The most popular known fullerene is Cgo and it is also called as
buckyballs. The structure of fullerenes has similarities with graphite, which consists of
stacked graphene sheets in hexagonal structure but it can be also found in pentagonal
structure. It is physically extremely strong and it can resist to high pressure. Recently it



has been one of the subjects of popular researches, such as material science and

electronics.

The cylindrical structure of fullerene is named as carbon nanotubes (CNT). They
were first observed by Sumio ljima in 1991 and then he synthesized single-wall carbon
nanotube [12]. Their diameters range from 0.4 to 2-3 nm but can be nearly a micrometer
to millimeters in length. It has a closed structure but the ends can be opened as well
[13]. They can be either metallic or semiconducting depending on the chirality of the
tube. CNT are strong, flexible and stiff material and also have very high current
capacity [14]. They are very good thermal conductor along the length of the tube. These
extraordinary properties make them useful in many applications such as electronics,

optics and other field of material science

In summary, graphite, fullerenes, and CNTs are formed by carbon atoms bonded
in sp® hybridization forming a hexagonal lattice structure. These carbon allotropes
opened a new era in nanotechnology due to their unique properties. The two
dimensional, infinitely wide single layer structure formed by the sp2 hybridized
hexagonal rings can be viewed as the building block for all of these carbon allotropes.

This 2D structure which is studied in more detail in later parts is graphene.

2.2 GRAPHENE

2.2.1 Introduction

Graphene is the monolayer of packed carbon atoms with hexagonal rings. It
Graphene has extremely good electrical, optical mechanical and thermal properties [1-
3]. These properties make graphene extraordinarily intriguing for both fundamental

science and technological application.

Graphene has been studied theoretically since 1940s at which time P.R. Wallace
calculated the band structure of graphene [15]. He researched the electronic structure of
graphene and he showed that energy momentum dispersion of electronic state near the
Fermi level is linear. Peierls and Landau asserted that 2D crystals were
thermodynamically unstable in the 1930s [16, 17]. According to this view,

experimentally producing and transferring 2D planar graphene to another substrate



could not be achieved. This opinion was later extended by Mermin [18]. In 2004
Konstantin Novoselov and Andre Geim performed an experiment at the University of
Manchester and they demonstrated that it was possible to isolate “free state” graphene
sheets.  This finding proved that despite the graphene is monoatomically thin it can
exist as thermodynamically stable either on a supporting substrate or in the suspended
form. It also exhibited high crystalline quality in 2D form and charge carriers can travel
thousand of interatomic distance without scattering [1, 19-21]. This superb discovery
brought them a Nobel Prize in 2010 [2, 3].

Figure 2.3 Graphene as the building block of graphitic forms of carbon.



2.2.2 Band Structure of Graphene

As we mentioned, graphene is the single layer of graphite in sp? hybridization
which includes © and o states. The sp? hybridization of carbon atoms in graphene is
illustrated in the Figure 2.4. The electron configuration of carbon is 1s%2s%2p?. 2s, 2py
and 2py electrons form ¢ bond in the planar sp’ orbitals. This bond provides strong
covalent bond with nearest carbon atoms. Each carbon atoms is bonded with three other
carbons through the sp® hybridization in the graphene layer. On the other hand p,
electron forms n orbitals perpendicular to the graphene layer. It remains unbonded and
it overlaps with w bond of its nearest neighbor carbon atom forming weak van der Waals

interaction between the graphene layers.

Figure 2.4 The band structure of sp2 hybridized ethylene.

Figure 2.5 shows the electronic band structure of graphene. It was calculated by
Wallace using nearest-neighbor, tight-binding approximation in 1947 [15]. It shows that
valence and conduction band, consisting of the bonding and antibonding = and z~ (blue

lines) orbitals. The © and ©* groups are decoupled from ¢ and 6* (red lines) because of



the reversal symmetry and they are nearer to the Fermi level since they contribute less
in the chemical bonding. Fermi level is set as zero for simplicity and it separates
occupied and empty states. The z bonds present the largest separation at the I" point but
they touch at K point (green circle) of the Brillouin zone. There is no overlap or gap
between the 7 and z* at that point. Because of this graphene is called as a zero band gap
semiconductor or as a semi-metal. The = band take a significant role for electronic
conductivity in the graphene [22].
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Figure 2.5 Electronic band structure of graphene [22].

The honeycomb structure of graphene consists of two interpenetrated triangular
sub-lattice arranged with ¢ bond. Just a single m orbital exists for every carbon atom in
the crystal lattice. This orbital adds to delocalized arrangement of electrons [23]. Figure
2.6 shows these two nested triangular sub-lattices in a honeycomb graphene lattice. One
of the triangular is A plotted by dashed blue line and the other one red dashed triangular
is B. The unit cell includes two carbon atoms. The carbon-carbon inter atomic length is
1.42 A in the lattice. Each atom includes one s orbital and two in-plane p orbitals.

Hybridization of p orbital which is perpendicular to the plane structure has effect to
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form ©* (conduction) and 7 (valance) bands. The m-electrons are effective for the

electronic properties of graphene.

1.42 A

Figure 2.6 Crystal structure of graphene.

2.2.3 Electronic Properties

The Fermi surface of graphene is represented by six double cones (see Figure
2.7a). Red and blue cones indicate the valance and conduction band, respectively. These
cones touch at discrete points (K and K’) in the Brillion zone. In the case of intrinsic
graphene the Fermi level locates at the connection points of these double cones. Density
of state is zero at that point so that the intrinsic graphene exhibits low electrical
conductivity. Energy-momentum dispersion near the Fermi level is linear both for the
electrons and the holes. This linear relationship is similar to energy-momentum
relationship of photons and the excitation equation can be described by the Dirac
equation for massless fermions which travel at a constant speed. Due to this similarity
the charge carriers in graphene are labeled as massless Dirac fermions and the point

where the conduction and valence bands meet is called the Dirac point [24].
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(b)
Figure 2.7(a) n-n* band structure of graphene [25], (b) Brillion zone

The early theoretical studies predicted extremely high mobility and ambipolar
field-effect in graphene [15, 26]. High quality 2D crystal lattice of graphene causes
extraordinary high electrical properties [27-29]. This high quality provides an unusually
low density of defect which generates scattering that obstructs the charge transport. The
extraordinary high value of charge carrier mobility, over 200.000 cm™ V* s, was
obtained in suspended single layer graphene diminishing the impurity scattering by
Kim’s group at Columbia University [4]. Graphene exhibit an ambipolar field effect that
is charge carriers can be symmetrically tuned between the electrons and the holes by
changing the direction of applied electric field. Temperature has weak effect on electron
mobility in graphene and mobility is very high even at room temperature [28]. In the
case of both electrically and chemically doped devices, electron mobility in graphene
can remain high even at high carrier density [30]. There is also evidence of ballistic

transport on close to micrometer scale [31].
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Figure 2.8 Ambipolar electric field effect in single layer graphene. [32].

Single layer graphene shows quantum hall effect (QHE) for both electrons and
holes at low temperature and high magnetic field due to its anomalous mobility. But it is

different from the conventional QHE. The plateaus arise at half integers of 4e2/h
whereas typical arise at 4e2/h (see Figure 2.9) [20, 21].
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Figure 2.9 Quantum Hall effect in single layer graphene [20].
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2.2.4 Mechanical and Optical Properties

The mechanical properties of graphene including Young’s modulus and fracture
strength have been examined using numerical simulation [33, 34]. The Young’s module
was investigated with force-displacement measurements by using AFM for suspended
graphene [35]. Circular membrane of few layer graphene were also probed by force-
volume measurements by AFM [36]. The elastic properties and intrinsic breaking
strength of suspended single layer graphene were investigated by AFM (Figure2.10a
and b) [37]. The Young’s modulus and fracture strength of graphene were determined to
be 1.0 TPa and 130 GPa respectively [38]. Paper like materials obtained from individual
graphene oxide layers were studied [39]. It is reported that the average elastic modulus
and the highest fracture strength of this oxide layer were nearly 32 GPa and 120 MPa,

respectively.

Figure 2.10 a) Scanning electron microscopy (SEM) image of graphene flake with
circular holes (scale bar, 3 p m), b) Schematic illustration of suspended graphene [37]

In addition to its unique electrical and mechanical properties graphene also
present interesting optical properties. It is optically transparent and it absorbs only 2.3%
of white light. The transmittance of graphene linearly diminish with the number of
layers [40].
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Figure 2.11 Optical image of partially covered with single and bilayer suspended
graphene [40].

2.3 GRAPHENE OXIDE

Although it’s the extraordinary electrical, thermal, mechanical and optical
properties of graphene [4] are unfortunately offseted by the lack of an electronic band
gap [5]. As a result, rather than working with pristine graphene, many researchers are
concentrating their efforts on novel graphene derived materials which might allow for
devices with tunable electronic properties. A few nanometer wide graphene ribbons, for
example, have a bandgap opening that can be controlled by changing the width of the
ribbon, [41-43] whereas, hydrogenated graphene (that is graphane), [44, 45] fluorinated
graphene (fluorographene) [46, 47] and graphene oxide [48, 49] are insulators.
Functionalization with diazonium salts is becoming popular as another route for
controlling the electronic structure of graphene [50-54]. In addition to being a simple
method for producing large amounts of graphene oxide, Hummers method [55] or its
modified versions [56, 57] are also useful as an intermediary step for further

functionalization of graphene [58].

Graphene oxide is usually obtained by exfoliation of graphite oxide through
sonication in a solvent [59]. There are, however, examples of direct oxidation of
graphene, as well. For example, several groups used Atomic Force Microscope (AFM)

lithography to induce local anodic oxidation on single and multi-layer graphene flakes
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[45, 60-62]. More recently, Wang et al. showed that the single layer graphene (SLG)
flakes may be oxidized in a controlled fashion using wet chemistry [63].

Graphene oxide includes a range of reactive oxygen functional groups (carboxyl,
hydroxyl or epoxy) which randomly attach to the graphene lattice. C-C n- and - bonds
are broken and it causes breakdown of conductivity. The attachment of functional
groups give the opportunity to use GO for some applications, such as in polymer
composites, energy related materials, sensors, paper-like materials, field-effect

transistor (FET) and biomedical applications [64].

The oxidation of graphite into graphite oxide is one of the important techniques to
produce large scale graphene [58]. It was first synthesized by Brodie when he was
researching the structure of graphite [65]. After Brodie’s discovery, Staudenmaier [66],
Hummers and Offeman [55] improved Brodie’s mixture. Brodie and Staudenmaier used
a mixture of potassium chlorate (KCIO3) with nitric acid (HNO3) whereas Hummers
and Offeman used potassium permanganate (KMnQ,) and sulfuric acid (H,SQO,) in the
reaction. The most graphene oxide is produced by Staudenmaier method but it can take
several days. Both Brodie and the Staudenmaier’s methdods produce highly toxic ClO;
gas during the reaction [67]. On the other hand, Hummers method has relatively shorter
reaction time and it does not produce the hazardous CIO, gas which makes it a popular
choice in the graphene oxide production. Today this method is being widely used with

some modifications.

During the oxidation of graphite, sp?-hybridized structure within some layers
breaks up and defects are formed [68]. The intercalation of functional groups (epoxy
and hydroxyl) between the graphite layers lead to an increased distance between the
adjacent sheets from 3.4°A to nearly 6.8 A [69]. The single layer GO layers can be
easily obtained from graphite oxide by sonication in water with same structural defects.
[67].
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Figure 2.12 Schematic illustration of a graphene oxide sheet. sp? and sp*-hybridized
carbons include hydroxyl and epoxide functional groups in its basal plane, but the edges
are decorated by carboxyl and carbonyl groups.

Beside oxidation mechanism, the chemical structure of GO has been debated over
the years. Several methods have been presented to explain chemical structure of GO,
such as Hofmann [70], Ruess [71], Scholz-Boehm [72], Nakajima-Matsuo [73] and
Lerf-Klinowski (LK) [74]. Among these methods LK appears to be the best model. This
model reveals that GO involve two different randomly disturbed domains having sp?
and sp® hybridized carbon atoms. Epoxy and hydroxyl functional groups exist on its
basal plane on the GO regions. But the edges of GO layer are decorated with carboxyl
and carbonyl groups (see Figure 2.12) [75, 76]. These functional group make graphene
oxide sheets strongly hydrophilic, so it is easy to disperse the graphene layer in water
[77].

Even though graphene is electrically a good conductor, graphite oxide and GO are
electrically insulating materials due to the disturbed sp® bonding. The electrical
conductivity can be recovered by restoring the n-network through chemical reduction of
the GO sheets. There are several methods for this treatment but the most commonly

used are chemical, thermal and electrochemical. The new material obtained after
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reduction is called reduced graphene oxide (RGO). After the reduction, atomic C:0O
ratio increases, band gap of RGO becomes smaller and RGO becomes conductive again
[78]. GO sheets become more hydrophobic (nonpolar) as a result of reduction and this
hydrophobicity adversely affect the dispersion properties. RGO sheets contain structural
defects and residual oxygenated functional groups induced during the process [79].
Generally hydrazine, hyrdroquinone, sodium borohydride (NaBH,), or ascorbic acid are

used as reduction agents [80].
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CHAPTER 3

METHODS

3.1 GRAPHENE PRODUCTION METHODS

In the graphene technology there are two important obstacles for applications.
One of them is mass-production and other one is reproducibility of graphene based
device performances. Researchers have widely studied to overcome these problems [8-
9]. The most easy, fast and cheap production technique is mechanical exfoliation
method. It also provides high crystalline quality samples. But in order to use graphene
in any application, large scale graphene production is necessary. Mechanical exfoliation
method presents simple, fast and cheap production and produced graphene demonstrates
extraordinary electrical and optical properties but the sample size and quantity is small
for applications. Researchers have studied other graphene synthesis methods such as
epitaxial growth, chemical vapor deposition (CVD), chemical exfoliation, and etc. In
our study graphene samples were prepared from natural graphite flakes by mechanical

exfoliation.

3.1.1 Mechanical Exfoliation Method

As the most common production method of graphene, mechanical exfoliation has
been used since the discovery of pencil. Graphene sheets are simply produced by
pushing the pencil on the paper but you can not control the thickness. The remarkable
experimental studies in the scientific field in order to create single layer graphene have
started in the 1990s.

Ruoff and his friends showed one approach utilizing AFM tip and attempted to
control the little columns designed into the HOPG by plasma etching. The watched
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most slabs were more than 200 nm thick and it comprised of right around 600 layers.
Enoki's group changed over the nanodomains into the nanometer measured locales of
graphene on HOPG in 2001. Later Kim's gathering at Columbia College changed
Ruoff's technique and they exchanged the columns to a tipless cantilever and they
effectively put the sections on the SiO2 substrate. By this technique they got 10 nm
sheets or almost 30 layers [82]. All these process were complicate and also they had yet
to obtain single layer graphene. On the other hand, in 2004, A. Geim and his group at
Manchester were successful to obtain single layer graphene using a much more simple
approach. This approach does not enable large size graphene layers but it produces high
quality samples which are useful for fundamental laboratory research. Its main principal
is based on peeling of layers from graphite sheets by an adhesive tape. The quality of
the obtained single layer graphene is influenced from adhesive tape and graphite flakes
used during the graphene production. If substrate have more tape residue derived from

adhesive high quality graphene can not be produced.

Figure 3.1 The steps of preparation of graphene samples by exflotion method.

The steps of the mechanical exfoliation are shown in Figure 3.1. Initially,
(SiSiO,/Si) substrate is cleaned with piranha solution which is H,SO4:H,0; (3:1). This
solution removes metals and organic contamination due to its highly oxidative feature.
After cutting the substrate into 2x2 cm pieces, they are placed in the piranha solution
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and kept in an ultrasonic bath for 45 minutes. After sonication, substrates are rinsed by
DI water and dried by No.

A few graphite flakes are placed onto a scotch tape. The tape is folded and peeled
many times until various thin graphene and graphite layers cleave and cover the surface
of the scotch tape. Subsequently, tape is attached to the SiO,/Si wafer (oxide layer of
300nm). It is pressed softly on the wafer in order to form good contact between the
flakes on the tape and the substrate. The tape is, then, slowly pulled out of the surface.
Many graphene flakes which have different size, shape, and thicknesses ranging from a
single layer up to hundreds of layers remain back on the surface. The samples are
scanned under an optical microscope in order to identify the location and size of single
layer graphene flakes among hundreds of graphite flakes. Due to the finite transmission
of graphene and an interference effect, graphene layers can be detected under the optical
microscope when it is placed on the300 nm SiO, coated substrate[81]. Raman
Spectroscopy and AFM are also used to confirm the number of layers within the
identified flakes.

3.1.2 Other Graphene Production Methods

Although mechanical exfoliation method is widely used due to the high quality of
the flakes and low cost of production, other methods are also used to produce graphene,
such as chemical exfoliation (oxidation of graphite), epitaxial growth and CVD method.
Chemical oxidation method can produce large amounts of graphene but the product is
usually low crystalline quality due to the difficulty of removing the oxygen groups
attached to the basal plane of the flakes. This procedure is briefly described in Section
2.3. Silicon carbide (SiC) is used as substrate for epitaxial growth. When SiC is heated
to high temperatures for controlled durations, it is possible to form a single layer
graphene flake on the surface of the crystal [82] This technique can be suitable for
future industrial applications because it produces large scale graphene layers. However
the prepared graphene has more defects in its crystal structure when compared to
exfoliated graphene.

Among graphene production methods, CVD is being widely used for growing
large scale graphene sheets for future technological applications. For example, Bae et al.
managed to obtain a 30 inch monolayer predominated graphene using roll-to-roll

production method [83]. In this method, graphene is grown on copper foils by
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dissolving carbon atoms from organic molecules such as methane or acetone at high
temperature. The resulting product consists of grains (domains) and hence the flakes are
not single crystal. The grain act as a line defect and increases the carrier scattering

which decreases the carrier mobility [84].

3.2 CHARECTERIZATION METHODS

A key step for carbon research and application after production of graphene is
detection and characterization of graphene at both laboratory research and mass
production. Characterization method must be nondestructive during process and fast. It
must provide maximum information about structure and electronic features at high
resolution. It also must give sufficient structural and electronic information. Raman
spectroscopy and atomic force microscopy (AFM) can present all these mentioned

above.

3.2.1 Raman Spectroscopy

Raman spectroscopy is a light scattering spectroscopy and it gives information
about the vibrational and rotational modes of molecules in different states. It was
discovered by Krishna and Raman in 1928 and they were awarded Nobel Prize in
physics in 1930. Two possible scattering can occur in spectroscopic technique; elastic
and inelastic scattering after incident photons interact with the atoms or molecules. In
the elastic scattering the incident frequency does not change and it is equal to the
scattered frequency. Raman spectroscopy is based on inelastic scattering of light. In the
case of inelastic scattering, there is energy difference between the scattered and incident
photon. The photons are first absorbed by the sample and then reemitted. The original
value of frequency of reemitted light is not conserved and it is shifted up or down.
Vibrational and rotational information about molecules can be obtained based on the
amount of this shift.
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Figure 3.2 Energy level diagram to explain Raman scattering.

Molecular polarizability o crate an electric field E and it causes a deformation in

the molecular structure. The Raman effect is based on this deformation. Laser beam
induces an electrical dipole moment P=a E and this dipole moment deforms the

molecule which initiates vibrations at the specific frequency vy, of the molecule.
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Figure 3.3 Schematic representation of Stokes and anti-Stokes lines.
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After excitation of molecules with the incident beam (monochromatic laser light)
light can be emitted at three different frequencies. First, a molecule is excited by
absorbing a photon with v, frequency and then molecule wants to turn back to its initial
state. During this transition molecule emits a photon with the same frequency vo. This is
an elastic scattering and also called Rayleigh scattering. A molecule in its basic
vibrational state absorbs a photon with vy frequency by a Raman active mode. During
the reemission, a photon with a smaller energy is emitted. The difference with
corresponding frequency v, is used to initiate a Raman-active vibrational mode of the
molecule. After reemission, scattered light frequency will be vo — vy, which is called
Stokes frequency. In a third type of scattering a molecule already excited to a Raman-
active vibrational mode absorbs a photon. Then the molecule decays back to a lower
energy vibrational state, resulting in higher energy photon emission of frequency vo+
vm. This type of Raman frequency is called Anti-stokes frequency. The energy
difference between the incident and scattered beam is represented by Raman shift in

wave number (cm™).

1 1
V= —
kincident kscattering

A is wavelength (unit is cm). If a filter is not used scattered light has a strong peak at
around 0 cm™. Nearly 99.9999 % of all incedent photons are scattered as elastic
Rayleigh. These photons are not useful for pratical studies of moleculer
characterization. The rest of the incedent photons are scattered as either Stokes or anti-
Stokes inelastic Raman signal with frequencies vi, + v,. The positions of stokes and anti-

stokes bands exist as symmetric on each side of 0 cm™.
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Figure 3.4 Rayleigh and Raman signals.

Raman spectrometers consist of four components: light source, collection optics
(sample illumination system), wavelength analyzer and detector. Lasers are used as light
source and its spectral region can be in the ultraviolet, visible or infrared. Generally
argon and krypton laser are used. The light from the laser source first focused on the
sample. After interaction with the sample, scattered light is collected with a lens and
passed through and interference filter. As mentioned earlier 99% of all scattered light is
Rayleigh scattering which has the same frequency as the incident beam. Less than 1 %
of the scattered light is due to Raman scattering with a different wavelength. The laser
rejection filter is used to remove the Rayleigh scattered light allowing only the Raman
scattered light to go through. Then a grating diffracts the light for wavelength analysis.
Charge coupled device (CCD) generates an electrical signal in response to the intensity

of light. These electrical signals are sent to the computer for analysis.
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Figure 3.5 Instrumentation for modern Raman spectroscopy consists of four
components: a laser source, collection optic, wavelength analyzer and detector.

Raman spectroscopy offers a versatile tool for identification and analysis of
carbon based research. Therefore it is one of the most popular techniques for
spectroscopic analysis. It can be used to determine number of layers of few layer
graphene [85-87], impurity doping level [88-90], edge type [91], strain [92],
concentration of defects [93-95], and etc. and therefore is one keystone for graphene

research.

Raman scattering from carbon materials present similar features in the range of
200-8000 cm™(see Figure 3.7). Carbon based materials like graphite and graphene have
two distinct Raman peaks labelled as G and D peaks which lies at around 1580 cm™ and

1350 cm™, respectively.
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Figure 3.6 a) The G mode of graphite lies at around 1581 cm™* has Eoq symmetry. b)The
D peak at nearly 1350 cm ! is a breathing mode of Ayg Symmetry.

G peak has Epq symmetry at the centre of the Brillion zone. This E;q mode has a
bond-streching motion. It can, also, be explained by linear opening and closing of the
carbon sp? pairs. G band is sensitive to charge transfer and it can be an indicator of
doping or impurity. The D peak corresponds to the in plane breathing mode of Aq
symmetry at around K zone boundary. This peak is Raman inactive in graphene and
graphite and does not appear in absence of defects in crystal structure. Therefore, D
peak is an important indicator to reveal any defects or impurities within the crystal
structure. Graphene also has a second order peak at around 2700 cm™* called the 2D
peak. it’s the shape, position and intensity of this peak changes with the number of
layers in a graphene flake, allowing one to identify the number of layers of the sample

under study [96].
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Figure 3.7 Raman spectrum of single layer graphene (top) and graphite (bottom)

We used a dispersive Raman microscope (Thermo, DXR Raman) for Raman
measurements. During the measurements we used a 532 nm wavelength laser and the

laser power was set to 1 mW.
3.2.2 Atomic Force Microscopy

A scanning tunneling microscope (STM) can be used to study conductive
materials but not the non-conductive materials. Binnig and Quate who developed the
(STM) demonstrated first ideas of AFM in 1986 to scan non-conductive surface and
they used an ultra-small probe. AFM is used for surface science to obtain images of
surfaces in atomic resolution and it does not require any vacuum condition. It provides a
3D profile of the surface on a nanoscale. Beside its advantages it has some
disadvantages. Scanning size is limited to micrometers and also the height profile is
limited to a few microns. The tip should be long and thin, and otherwise it might start
sensing some step edges.

AFM measures the forces between a sharp tip and the sample. A cantilever with
the sharp tip mounted on its end is scanned over the surface of the sample as the tip
interacts with the surface. The interaction between the tip and the surface results in

attractive or repulsive force which bends the cantilever up or down. These conditions
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appear in different modes which are chosen according to the characteristic features of
the sample. Cantilevers are generally made from silicon or silicon nitride. The radius of
the tips is of the order of nanometers. The dependence of the van der Waals forces
which is the most basic interaction between the tip and the surface as a function of the

distance between the tip and the sample is shown in Fig 3.8.
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Figure 3.8 Dependence of the potential energy vs the distance between tip and the
sample during their interaction.

A focussed laser beam is reflected off the cantilever and the reflection is tracked
with a position sensitive photodetector (PSPD). Higly accurate position control of the
cantilever and the sample is achieved with the help of piezo crystals. AFMs are most
commonly operated in three different modes: contact, non-contact and tapping mode.
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Figure 3.9 Block diagram of AFM

In the contact mode, the tip is in physical contact with the sample surface and the
resulting interatomic force is repulsive. Surface topography can be imaged in two ways:
First, the height of the cantilever can be kept constant and the variation of its deflection
can be used as an indication of surface topography. This mode is generally used for
atomically flat surfaces to obtain an atomically resolved image. In such cases, variation
of the applied force will be small and hence cantilever deflection will be small as well.
Second method is to keep the repulsive force constant force by moving the cantilever up
or down such that its deflection remains the same. Then the topography image is formed
based on this vertical motion of the cantilever. In contact mode, data acquisition is fast,
resolution is high and frictional information between the sample and the AFM tip can be
collected as an additional benefit. The frictional interaction causes the cantilever to

twist during the scanning of the surface which can be monitored by the PSPD. This
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twisting motion can be then used to form Lateral Force (frictional force) Microscopy
images of the sample under study. The major downside of contact mode is that,

sensitive samples can be easily damaged by the AFM tip.

Figure 3.10 AFM modes; a) contact, b) non-contact and c) tapping and d) lateral force

In non-contact mode, the tip does not contact the sample surface. Interaction force
Is attractive. The cantilever is instead oscillated near at its resonance frequency. The
interaction force between the tip and the cantilever changes the vibrational resonance
frequency of the cantilever which results in a change in the amplitude of the cantilever
oscillations. The oscillation amplitude varies from a few nanometers (<10 nm) to a few
picometers. This amplitude is used as a feedback to monitor sample cantilever
interaction. By adjusting vertical piezo scanner to keep the oscillation amplitude
constant, a height image is recorded. Changes in the phase of oscillations relative to the
vibrational driver can also be used to analyses mechanical properties of the sample

under study.

In the tapping mode, AFM is operated in a mixture of contact and non-contact
modes. The cantilever is allowed to oscillated up and down at a very close distance to

the surface such that the tip can come into physical contact with the surface during the
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oscillation. This close proximity increases the local interaction between the tip and the
sample allowing higher resolution and sensitivity. In addition, it eliminates the frictional
force which is likely to damage sensitive samples.

AFM is one of the characterization methods for researching graphene. It gives a
chance to observe graphene flake edges, flakes corrugation, interplanar distance. The
thinnest graphene flake was first optically monitored by AFM. As it is known thickness
of single layer graphene is 0.34 nm but it is measured as nearly 1 nm due to the airspace

between the single layer graphene and substrate (see Figure 3.11).

0 025 05 075 1 1.25
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Figure 3.11 AFM image of single layer graphene obtained in our studies.

3.4 WET OXIDATION METHODS

We used two different solutions for oxidation process. One of them is 0.4 M
KMnQO, in 50% H,SO,4 and other is 0.015 M KMnQ;, in 50% H,SO, (1:1 volume ratio)
which was used by Wang et al. [63]. Then the substrates containing graphene samples
are immersed in these solutions for various durations. Immediately afterwards,
substrates were rinsed with plenty of DI water. Often it is observed that the substrate

surface is largely contaminated with chemical residues (presumably MnO, crystallites)
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after this procedure. These contaminants are effectively removed by immersing samples
in 3% H,0, for 10 minute. AFM images before and after H,O, treatment show no signs
of structural changes to oxidized samples but the image quality improves upon the
removal of the residues.

In these solutions the strong oxidative agent arises due to chemical reaction of
the H,SO,4 and KMnO;,. It’s named as dimanganeseheptoxide (Mn,O7). The chemical is

formed as a result of the following reactions:

KMnO, + 3H,S0,—~K"* + MnO3" + H30" + 3HSO,~
Mn03+ + MnO,—Mn,0;
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 INTRODUCTION

Graphene samples were prepared by mechanical exfoliation method on SiO,/Si
substrates using natural graphene flakes. CVD grown single layer graphene was
obtained commercially. Appropriate SLG are located under optical microscope and the
number of layers is confirmed using a dispersive Raman microscope (Thermo
Scientific, DXR Raman). Measurements were made using a 532 nm laser beam with a
power ranging between 1 and 3 mW and 100X objective with estimated beam spot
diameter of 0.6 um. Despite having varying impurity doping levels, all samples used in
this study had high crystalline quality with no D peak in the Raman spectra of the as
prepared samples. The variations in the impurity doping levels within each sample were
determined by recording Raman maps. In the Raman maps, image resolution was set
either to 0.5x0.5 pm? or 1x1 um?. During the mapping, Raman data is collected for 3s at
each location on the sample. In the analysis of Raman spectra, graphene D, G and 2D
peaks were fitted to Lorentzian peaks to identify parameters such as peak position,
intensity and width before and after oxidation of the samples. Topographic and lateral
force microscopy image of single layer graphene before and after chemical treatments
were obtained by AFM (Park System, XE-series) in contact mode (AFM tip: APP Nano,
SHOCONA-10). The AFM tip force was set to 4.9 nN.

For the oxidation of the samples we followed the recipe suggested by Wang et
al[63]. We prepared solutions of 0.015 M KMnQOy4 in 50% H,SO4 (1:1 volume ratio) and
then the substrates containing graphene samples are immersed in these solutions for
various durations. Immediately afterwards, substrates were rinsed with plenty of DI

water. Often it is observed that the substrate surface is largely contaminated with
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chemical residues (presumably MnO, crystallites) after this procedure. These
contaminants are effectively removed by immersing samples in 3% H,0O, for 10 minute.
AFM images before and after H,O, treatment show no signs of structural changes to

oxidized samples but the image quality improves upon the removal of the residues.

4.2 DETERMINATION OF GRAPHENE THICKNESS

As we mentioned in Chapter 1, our purpose is oxidation of exfoliated single layer
graphene. For this reason, a lot of SiO,/Si substrates which include a lof of graphene
and graphite layers were prepared. The exfoliation method enables us to obtain many
graphene flakes but only a few of them are single or bi-layer thick. We know that single
layer graphene is very thin and its thickness is only 3.4 nm and therefore it is very
difficult to observe single layer graphene. But silicon wafer with 300 nm thick SiO;
layer on top of it make graphene visible under optical microscope [81]. Silicon wafers
were scanned under optical microscope and locations of suitable sample were
determined.

Figure 4.1a shows the optical image of a sample. The sample consists of many
different thicknesses; single, double, triple etc. It is clearly noticed that sample contrast
chances with thickness of the graphene. Single layer is light colored and it becomes
darker as the sample thickness increases. Even thought optical image shows changes in
the thicknesses of the flakes it does not tell us how many layers there are within a flake.
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Figure 4.1 a) optical image of graphene which has different layer on SiO,/Si substrate,
b) The shape of G and 2D peak from monolayer to eight layer.

Raman spectra of samples from single layer to eight layers are plotted in the
Figure 4.1b. Each layer has different 2D peak shape. As it is known the shape of 2D
peak is unique and different for each thickness and it is a fingerprint feature for
identifying the number of layers in few layer samples. The Raman spectrum of single
layer graphene is distinctly different when compared to others. 2D peak is highly
symmetrical and its intensity is higher than the G peak intensity. In the case of double,
triple, fourth or multilayer graphene G peak intensity is higher than 2D peak intensity.
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2D peak shape does not represent a distinguishing feature after 10 layers and identifying
the number of layer using 2D peak shape is almost impossible. During our study, we
collected many Raman spectra from many different flakes. Comparing optical image
contrasts and Raman 2D peak shapes, we were able to prepare a 2D peak shape library

for graphene flakes up to eight layers thick as shown in Fig. 4.2.
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Figure 4.2 The shape of 2D from monolayer to eight layers.
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4.3 SULFURIC ACID
HUMMERS METHOD

INTERCALATION DURING OXIDATION WITH

During our experiments, we identified a critical role of the sulfuric acid as an
intercalant during the oxidation of graphite using Hummers method and its modified
versions. Sulfuric acid, normally, does not intercalate between the graphite layers due to
the positive Gibbs free energy of the process. Therefore, either electrochemical
lowering of this energy or an additional oxidizing chemical is used along with sulfuric

acid. In general, intercalation phenomena is described in terms of staging.
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Figure 4.3 Schematic of Intercalation. Graphene layers and intercalant layer are shown
as solid line and solid circle, respectively.

As it is shown in Figure 4.3, the numbers of graphene layers in between adjacent
intercalant layers determine the stage of the graphite intercalation compound. For
example, in stage 1 there is a graphene layer and in Stage 2 there are two graphene
layers between the intercalant layers. The stage of the graphite can be monitored using
Raman spectroscopy. In 1986, P.C. Eklund et al. carried out an electrochemical
intercalation experiment (see Figure 4.4a). The Raman spectrum of graphite just has a
single G peak in the 1580 cm™ region. But once sulfuric acid starts to intercalate into

graphite we see the formation of a secondary peak at around 1605 cm™. As more
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sulfuric acid is intercalated, G peak completely disappears at Stage 2 and a sudden blue
shift occurs at the start of stage 1. In a more recent experiment (Figure 4.4 b) similar
results are obtained using ammonium persulfate/sulfuric acid mixture by A. M. Dimiev
etal. in 2013[97].
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Figure 4.4 a) Electrochemical reaction of graphite with H,SO,; b) Ammonium
persulfate/sulfricacide graphite intercalation.

In an experiment, we studied flake which consist of both bilayer graphene (BLG)
and a relatively thick graphite region. We immersed the sample into the oxidation
solution for 1 minute and without rinsing with DI water studied the sample under

optical and Raman microscopes. In figure 4.5a and b, the optical images of the sample
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before and after oxidation are shown. The regions labeled as 1 and 2 are the bilayer
layer and graphite portions of the flake respectively. In the Raman spectrum of the
bilayer region, G peak has completely disappeared and a secondary peak D’ peak is
observed at around 1610 cm™ after the oxidation (see Figure 4.5c). In light of the former
studies, the formation of D’ peak can be explained by sulfuric acid intercalation. In the
case of graphite layers the results are different. Upon oxidation both G and D’ peaks are
observed (see Figure 4.5d) in the same Raman spectrum. The intensity of the D’ is
higher than G peak. Similar spectra are previously observed for stage n > 2 intercalation

in graphite.
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Figure 4.5 a) optic image of sample before oxidation, b) optic image of sample after
oxidation without cleaning, c) and d) Raman spectra obtained from part 1 and 2,
respectively.

A second sample containing four layer graphene was immersed into the same
solution for 1 minute. After oxidation, substrate was rinsed with DI water. It was also
dipped in the 3% H,0, for 10 minutes to remove residuals deposited onto the substrate
from the solution. Figure 4.6a shows optical image of graphene. Looking at the 2D peak

shape we determined that this is a four layer thick sample. It is noted that, the upper left
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corner of the sample is thicker, probably the flake is folded onto itself. So, the thicker
part is 8 layers thick. After immersing into the oxidative solution, the Raman spectra at

different positions (1 and 2) are shown in Figure 4.6.b and c.

At position 2, there is no change in Raman spectrum (see Figure 4.6¢) whereas, a
D’ peak appears at around 1610 cm™ at position 1 (see Figure 4.6b). In this particular
sample we can see a slight shift the G peak position as well. Note that at both positions,
the spectra do not contain a D peak. Therefore, we can conclude that there are no

structural defects in the sample at this stage.
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Figure 4.6 a) optic image of a few layer graphene, c),d) G and D’ peak before (red) and
after (blue) oxidation at different point, 1 and 2 respectively, on the graphene surface.
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In order to see how the Raman peaks differ on the sample we have collected
Raman spectra as a function of position on the sample and obtained the so called Raman
Maps. The image resolution was 1x1 um? with a 3s data collection time. Figure 4.7a-c
show that the peak position, the peak width and the peak intensity of the G peak as a
function of position, respectively. The data is obtained by applying Lorentzian fit to G
peak of Raman spectrum from each location. In figure 4.7b it is shown that G peak
intensity is nearly uniform on the four layer parts however as is expected, it is stronger
on the folded part and is weaker at the edges. The G peak position is quite different at
different positions on the sample. For example red square corresponds to 1585 cm™ and
purple is 1579 cm™. Such shifts in the G peak position can be attributed to the adsorbate
or intercalant doping of the sample. We also see a broadening of the peak width. There
is a slight increase of the G peak width in the charge doped region and it is consistent

with the shift of the peak position.
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Figure 4.7 a), b), c¢), Raman maps of G peak position, FWHM, and intensity
respectively.
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The D’ peak appears only at certain spots (see Figure 4.8a and b) (image
resolution is 1x1 pm?). The sample edges are indicated by red line and there is no D’
peak at the black points. The peak intensity is not uniform and can be interpretted as
nonuniform sulfuric acid intercalation. The variations of the peak position are mostly
due to the inaccurate fitting for weak D’ intensities at certain locations. It is interesting
to note that there is good correlation between existences of D’ peak and the shift in the
G peak position. In light of previous experimental work, we conclude that the D’ feature

observed at this early stage of oxidation is due to the intercalation.

(a) D’ Peak position
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Sekil 4.8 a),b),c) Raman map of D’ peak position, FWHM, and intensity, respectively.

In a third experiment, studying sulfuric acid intercalation, we have collected AFM
images in contact mode after subjecting the samples to oxidative solution. Figure 4.9a
shows the optical image of a graphene sample. The AFM topographic images of the
graphene before and after oxidation are shown in Figure 4.9b and c, respectively. The

sample was dipped in 3% H,0, for 15 minutes to remove residues from the substrate
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surface. Figure 4.9e demonstrates the differences between the two topographic scans.
The thickness of the sample is nearly 3 nm higher after the oxidation process. When
combined with the raman spectrum in Fig. 4.9d showing the D’ peak after oxidation, the
increase in height can be attributed to the intercalation of the sulfuric acid in between

the layers of the flake.
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Figure 4.9 a) optic image of graphene sample, b) AFM image of graphene before
oxidation, c) AFM image of graphene after oxidation, d) Raman spectra before and after
oxidation, f) Effect of oxidation on the thickness of a few layer graphene sample is
illustrated using AFM contact mode.

4.4 OXIDATION OF SINGLE LAYER GRAPHENE BY WET CHEMISTRY

In our previous studies, we used first oxidation includes 5 g potassium
permanganate with 40 ml sulfuric acid and DI water. We observed that this solution has
a lot of particles. In the subsequent experiments we used the solution utilized by Wang
and his collaborators [63]. This solution consists of 0.015 M KMnO, in 50% H.SO. (1:1
volume ratio). We immersed the graphene flakes supported by SiO,/Si substrates into
this solution for different durations ranging from 1 to 15 minutes. Raman and AFM

measurements were carried out prior to and after the oxidation process.
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Figure 4.10a and b show the optical image of such a sample before and after
oxidation. Raman spectra from single layer graphene obtained after various oxidation
durations are shown in Figure 4.10c. Despite an upshift in the position of the G peak ,
there were no signs of oxidation in the first 3 minutes of exposure to the solution . But
after 5 min of oxidation a strong defect peak at around ~ 1350 cm™ is observed. A sharp
but weak G peak mixed with the broad graphene oxide peak features is still visible in
the spectrum obtain after 5 min of oxidation. This is indicative of the coexistence of
both graphene and graphene oxide on the flake. The G peak completely disappears after

10 min of oxidation.
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Figure 4.10 a), b) Optical image of graphene sample prior and after oxidation
respectively, ¢) G peak position prior and after oxidation process.

During experiments the reactivity of few layer graphene flakes was also monitored
as well. For the oxidation durations investigated in this study (up to 15 min.); two or
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more layer graphene flakes did not show any sign of oxidation. This result is consistent
with previous studies where SLG is found to be more reactive than multilayer flakes
[98, 99]. Figure 4.11 presents the optical image and Raman spectra from two bilayer
samples (Raman data is from the upper flake) subjected to oxidative solution for 15
min. The sample was repeatedly immersed into the solution, rinsed with DI water, and
the Raman spectra were collected at the end of each oxidation step. There is no sign of
D peak at 1350 cm™ in all spectra. However, 2D peak shape is observed to alter and

peak position to shift possibly due to impurity doping.
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Figure 4.11 a) Optic image of graphene sample prior and after oxidation process, (b)
Raman spectra of graphene before and after oxidation.

4.4.1 Edge Oxidation

Figure 4.12 displays Raman D peak intensity map and contact mode topography
and lateral force microscopy (LFM) images of a SLG flake oxidized via wet chemistry
for 10 min. as outlined in the experimental section along with its optical image prior to
oxidation. The optical microscopy image (Figure 4.12a) shows a typical contrast of
graphene region relative to the substrate. Figure 4.12b shows the D peak intensity as a
function of position in the same region as the optical image (image resolution is 0.5x0.5

um?) after the reaction. The oxidized regions present a strong D peak. It is, however,
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observed only in a region near the edges with the center of the sample remained
unoxidized. The topography image in Figure 4.12c is consistent with these observations.
In this image, the edges of the sample are 0.6 nm higher than the central part which in
turn is about 0.8 nm thick relative to the substrate (see inset). The increased height at the
edges of the sample is an indication of the oxide in this region. The images in LFM
mode can be used as a high contrast imaging visualization tool to observe different
regions on the sample. In the image shown in Figure 4.12d, brighter pixels correspond
to lower frictional force. Comparing with the Raman map and the topography image, we
conclude that pristine graphene have reduced frictional interaction with the AFM tip
relative to SiO, substrate and the graphene oxide at the edges. Overall, these images
confirm that the oxidation process initiates at the edges of the sample almost uniformly.
This behavior is expected as the defects at the edge of the graphene are preferred sites

for attachment of foreign atoms or functional groups.
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Figure 4.12 a) Optical image of a pristine graphene prior to oxidation. b) Raman map of
D peak intensity, c) AFM topography, and d) LFM images after oxidation of the same
sample for 10 min. via wet chemistry. Images indicate that the oxidation starts from the
edges of the sample.
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Figure 4.13 a) Lateral force images of single layer graphene samples for different
oxidation durations. All images are at the same scale. Bright regions are unoxidized and
dark regions are oxidized graphene (graphene oxide). The width of oxidized parts is
increasing with oxidation duration. b) The plot of oxide width versus oxidation duration
yields an oxidation rate of approximately 0.2pm/min for the solution used in this study.

LFM images of graphene samples oxidized for durations ranging from 3 to 10
minutes are presented in Figure 4.13. The images reveal two phenomena about the
oxidation mechanism. First, the oxidation initiates at the edges on all samples and
progresses inwards as a function of oxidation duration. From a linear fit of oxide width
vs. oxidation duration (Figure 4.13g), the rate of oxidation is determined to be
approximately 0.2 um/min. Second, the interface between graphene and graphene oxide
regions is not abrupt but rather covered with many nano-sized graphene oxide domains.
For short durations (3 and 4 minutes) the oxide domains dominate the edges but at
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longer durations (10 minutes and more) the edges become completely oxidized with
graphene oxide nano islands (GONDs) scattered near the graphene/GO interface.

As we mentioned in Chapter 3, the first order scattering of Ay (the D peak) is at
around 1350 cm™ and is symmetry forbidden in ideal graphene. The absence of the D
peak in pristine graphene is an indication of the high crystalline quality of the samples
used in this study. Upon oxidation, some structural changes in the graphene lattice due
to the formation of various oxygenated functional groups on the basal plane and at the
edges are expected [57]. Formation of sp® hybridization by covalent chemistry and other
structural defects result in the appearance of a strong D peak and a broader G peak [57]
as seen in the Raman spectrum from the completely oxidized graphene (blue curve) in
Figure 4.14. The 2D peak in the same spectrum is much weaker and accompanied by
other higher order peaks such as D+G. In some of our Raman spectra we came across a
mixed phase, where (GO) features are observed in the same spectrum (green curve in
Figure 4.14). We also observed this phase in Figure 4.10. Similar features can also be
seen in the work of Wang et al. but they do not discuss the reasons for such features
[63]. We will explain the microscopic origin of such spectra further below.
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Figure 4.14 Raman spectra of pristine graphene (red), partially oxidized graphene
(green) and graphene oxide (blue). The presence of both a broad and a sharp peak at
around 1580 cm™ in the partially oxidized graphene indicates the coexistence of both
graphene and graphene oxide within the laser beam spot.
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The contrast difference between the regions that are oxidized and non-oxidized
can be clearly seen in optical images. We earlier mentioned that oxidation starts from
the edges. Looking at the images, it is obvious that the colour of the edges, namely
the oxidized parts are lighter while the parts that are non-oxidized are darker. The
samples in figure 4.15 have been exposed to oxidation for 7 and 8 minutes. Therefore,
whole sample was not oxidized. The images before and after the oxidation of another
sample that has been oxidized for a longer duration (10 minutes) are presented in figure
4.16. After the longer reaction time, the sample has been completely oxidized and the
contrast of the whole sample has changed. This change in contrast of graphene oxide
relative to the contrast of graphene is due to the formation of a band gap from 1 to
nearly 3 eV in graphene oxide which results in higher transmission of the visible light

compared to graphene.
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Figure 4.15 Optical images of graphene samples after oxidation
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(a) (b)

Figure 4.16 Optical image of single layer graphene before (a) and after (b) 10 min
oxidation.

Figure 4.17a and b present close-up images of the nano-domains from a 4 minute-
oxidized sample. The topography and the LFM images are consistent in that the highest
regions on the topography image (that is graphene oxide) present a higher frictional
interaction with the AFM tip relative to graphene covered regions. A thin (~70 nm)
uniformly oxidized area is visible at the edge of the sample. GONDs are of the order of
several tens of nanometers. Different sized domains with several big ones coalesced
together are visible in the image indicating that either smaller domains formed later into
the reaction or that different domains grow at different rates. Both of these possibilities
point to nonuniform reactivity within the graphene sample. In large flakes (>10
micrometers), for modest oxidation times (up to 10 min), nano-domains are seen only in
regions near the graphene/graphene oxide interface with no sign of oxidation at the
central portion of the samples as demonstrated in Figures 4.12 and 4.13. The domains
are not connected to the edges of the samples and therefore their increased reactivity
cannot be attributed to the reduced coordination of atoms at the edge. On the other hand,
the observation of the islands exclusively near the graphene/GO interface means that the
effect is somehow related to these regions being near the edge of the sample.

If the sample under study is a few microns wide, it is possible to obtain
completely GOND covered flakes (Figure 4.17c). Such samples provide a conductive
2D graphene medium with GONDs scattered within the sample. As a result, they

provide a large graphene/graphene oxide interface and may be probed through electrical
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measurements. Further, such samples may be useful for device applications with
additional functionalization of the domains and fast electrical probing of these regions
through the conductive graphene medium. Raman measurements from completely
GOND covered samples similar to the one in Figure 4.17c present spectra containing
peaks typical of both graphene and graphene oxide at the same time as shown in Figure

4.14 (green curve) explaining the origin of the mixed phase Raman spectrum.

Figure 4.17 a) Topography and b) Lateral Force images of a 4 min-oxidized graphene
flake. ¢) The full view of the same flake demonstrating that the flake is completely
covered with GONDs.

4.4.2 The Effect of Charge Puddles on Oxidation

One of the reasons that affect the chemical reactivity of graphene may be impurity
induced charge doping. SiO; covered silicon is very useful for device fabrication but its
surface is not smooth and it can contain charge impurities. Thus exfoliated graphene is
strongly influenced from the substrate. These charge impurities form electron-hole
charge fluctuations (or puddles) which can cause scattering and effect the electronic

performance of graphene devices. Raman spectroscopy is the most useful technique to
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investigate the carrier doping level, defects, etc. Electron and hole doping cause a
change in G peak position. G peak upshifts and downshifts for p type doping and n type
doping, respectively. However, G peak position only upshifts in the case of lower level

doping (below~3x10" cm™) for both n type and p type due to the phonon dispersion

modification near the Kohn anomaly [100].
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Figure 4.18 Raman spectra of graphene as a function of gate voltage.
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Das et al. [101] investigated the dependance of G and 2D peaks on the doping
level of graphene (Figure 4.18). Raman spectra of G (left) and 2D (right) peaks of
single layer graphene at different values of top-gate voltages are monitored. G peak has
its smallest value as~1583.1 cm™ at 0.6 VV and it upshifts for both electron and hole
doping. The FWHM of G peak decreases for both electron and hole doping. 2D peak
dependence to gate voltage is different. Its position does not change (< 1 cm™) until a
gate voltage of 3 V (corresponding to a charge concentration of 3.2x10™ cm™). At

higher gate voltages, the position of 2D peak increases for p doping.

The effect of charge puddles and ripples on the overall chemical reactivity of SLG
was previously pointed out for the case of covalent bonding with diazonium salts [102]
and oxidative etching of graphene [98, 103, 104]. In the study of Yamamoto et al. such
nonuniform reactivity is attributed to charge inhomogeneity within the samples due to
doping from the substrate and other impurities. Wang et al. demonstrated that control
over the local reactivity is possible by patterning the substrate and hence changing local
doping within graphene [105]. Our results obtained in a few flakes displaying different
reactive patterns also show the role of impurity doping in the formation of GONDs. For
example, in Figure 4.19, we present a narrow flake which is oxidized for 7 minutes.
This particular sample is completely oxidized except for a small region on the lower
right corner containing GONDs as evidenced by the AFM images in 4.19 b-d. The
Raman D peak intensity map given in Figure 4.19e presents a reduced D peak intensity
from the same region. This result is curious as the partially oxidized region is very near
the edge of the sample and expected to be completely oxidized as the rest of the flake.
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Figure 4.19 a) Optical image of a single layer graphene prior to oxidation, (b) LFM
image of graphene shown in a) after oxidation. (c) and (d) Topographic and LFM
images of partially oxidized part of graphene shown in (b). (¢) Raman D peak intensity
map from the same flake after oxidation.

Raman map data from the flake presented in Figure 4.19 prior to its oxidation is
shown in Figure 4.20. The four images show how the G peak position, G peak full
width at half maximum (FWHM), 2D peak position, and the intensity ratios of 2D peak
to G peak change at different locations on the flake, respectively. Such data may be
used to study the local impurity doping state of the graphene samples [106, 107]. The
stiffening of the G-mode phonons along with a reduction in its FWHM is associated
with increased hole or electron doping of the flake. Even though the 2D peak upshifts in
position for modest doping of either kind, it moves in opposite directions for high
carrier concentrations [101]. In agreement with previous work, the map data shows that
the edges of the samples have higher shifts in peak positions and are therefore have
increased impurity doping [106]. However, the lower right part of the sample (including
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the inner portions) is significantly less doped from the rest of the sample. This is the

same region which was not fully oxidized in Figure 4.19.
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Figure 4.20 Raman maps of single layer graphene before oxidation; a) G peak position,
b) G peak FWHM, c) 2D peak position and d) 2D/G Peak intensity.

The behavior of G and D peak after oxidation are shown in Figure 4.21. G peak
position (Fig 4.21a) downshifts at the right corner below and it is uniform at the rest of
sample. FWHM presents the uniformity at the whole sample in Figure4.21b. The D

peak position downshifts and FWHM reduces at the same region. This is expected



56

because nano islands are formed in this region. D peak position downshifts and FWHM
are uniform at the rest of the sample. The results of G peak and D peak are consistent

with each other.
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Figure 4.21 Raman maps of single layer graphene after oxidation; a) G peak position, b)
G peak FWHM, c) D peak position and d) D Peak FWHM.
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Various G and 2D peak parameters from the same flake prior to its oxidation are
plotted in Figure 4.22 a-d and the corresponding Raman image maps are provided in
4.21. Such data may be used to study the local impurity doping state of graphene [90,
108]. The stiffening of the G-mode phonons along with a reduction in its FWHM is
associated with increased hole or electron doping of the flake [96, 101, 105, 109, 110].
Even though the 2D peak upshifts in position for modest doping of either kind, it moves
in opposite directions for high carrier concentrations [101]. According to the data in
Figure 4.22 s-d, Raman data from the partially oxidized region of the flake (blue
diamonds) had smaller impurity doping when compared to the rest of the sample prior
to the reaction. Therefore, in agreement with Yamamoto et al., the wet oxidative
reactivity of the graphene, too, is affected by the local doping state of the flakes. The
resolution of Raman microscopy is of the order of 1 micrometer in diameter and
therefore we cannot map out smaller sized variations in the impurity state of the sample.
However, graphene is known to have local charge variations at a smaller scale [89].
Accordingly, we attribute the formation of the GONDs near the edge of the sample to
these nanoscale variations in the doping level. As evidenced by the data in Figure 4.12
and Figure 4.13, for larger flakes, the nano-domains appear at the interface of the
uniformly oxidized area at the edge and the unoxidized central region. The impurity
doping near the edge of the SLG flakes is stronger than inner regions [108]. Thus, along
with the uniform oxidation at the edge, the nano-domain formation is first observed
close to the edge. As the reaction progresses, either due to extended exposure to the
oxidative solution or due to a redistribution of the charge within the graphene resulting
from the reaction at the edge causes formation of new GONDs farther away from the
edge. In the case of small flakes (less than 5 um in width), the whole surface is close
enough to the edge and have favorable conditions for nano-domains formation
throughout the sample resulting in flakes similar to the one shown in Fig. 4.23c. The
FWHM of 2D peak is plotted against the 2D peak position (see Figure 4.22d)
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Figure 4.22 a) G FWHM versus G peak position, b) 2D peak position versus G peak
position, ¢) 2d Peak position Ip/lg ratio versus G peak position, d) 2D peak FWHM
versus the. The dashed lines are added as a guide to indicate general trends with charge
doping.

4.5 OXIDATION OF CVD GROWN GRAPHENE

CVD grown graphene can have different reactive properties when compared with
exfoliated graphene. To investigate the differences, we performed similar experiments
using CVD grown graphene which is transferred onto SiO,/Si. During the experiments
we first scanned the sample under optical microscope. Then we carried out
charectrization of the sample using Raman spectroscopy and AFM. The Raman spectra
were compared with that from the exfoliated graphene. Then, wet oxidation process was
carried out and Raman map and AFM measurements were performed to determine the

state of the graphene after the oxidation.

Figure 4.23 shows the Raman spectra of CVD grown single layer graphene and
exfoliated single layer graphene. Exfoliated graphene has high crystalline quality so that
its Raman spectrum does not contain a D peak feature. As we mentioned previously

CVD grown graphene has low crystalline quality which can be confirmed by the Raman
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spectrum diplaying the D peak at 1350 cm™. The positions of the D, G and 2D peaks of
exfoliated graphene lie at around 1350 cm™, 1580 cm™and 2700 cm™ respectively. But
these peaks upshift in CVD graphene. In addition, the relative intensities of G and 2D

peaks are different in the case of CVD graphene and exfoliated graphene.
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Figure 4.23 Raman spectra of CVD grown graphene (blue) and exfoliated graphene
(red).

Figure 4.24 shows the optical images taken from different points on CVD
graphene. The surface of the flake is clearly not uniform. In Figure 4.24a a dark line is
seen in the middle of the image. AFM studies indicate that this line is thicker relative to
the rest of the flake indicating a wrinkle formed in the sheet possibly during the transfer
onto the SiO,/Si substrate. The transfer of the sheet is fairly tricky and such folds and
tears can easily occur on the sheet (see Figure 4.24b). PMMA is used during the transfer
of graphene onto substrate and often some residues remain on the flake after its
removal. For example, the blue stain in Figure 4.24c is attributed to such a
contamination on the flake. The grain boundaries can be observed in the images as very
thin lines. These boundaries include many defects so that strong oxidation can occur at
these regions. There are little dark regions on the sample but some of them are bigger
(see Figure 4.24d). These regions may be double or triple layer or single layer with
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different crystal structure. In order to investigate these point some analysis were done

using Raman spectroscopy.

Figure 4.24 Optical images of CVD grown graphene.

After scanning and characterization steps, sample was oxidized for 7 minutes.
AFM and Raman map analysis were done for the region displayed in Figure 4.24.

4.25 Optical image of CVD grown single layer graphene after oxidation.
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Post-oxidation lateral force and topographic images of the sample are shown in
Figure 4.26. There are three distinct features observed in these images: First, certain
regions on the flakes are not oxidized at all. Second, each one of these unoxidized
regions are at the center of a cross shaped completely oxidized region. Third, the rest of
the sample is covered with GONDs. These features are not apparent in the topography
image due to the height scale of the image.

4.26 a) Lateral force and, b) Topographic images of CVD grown graphene after
oxidation.

A magnified view of the area around one of the non-oxidized regions (see Figure
4.27a) is shown in Figure 4.26. The non-oxidized part is better resolved in lateral force
image, but can not be easily differentiated in the topographic image. The domain edge

can be barely identified near the tip of the red arrow mark in Figure 4.27b.
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Figure 4.27 Magnified a) lateral force and b) topographic images indicated in 4.25.

To confirm that the oxidized region is in fact thicker than the non-oxidized region
the area inside the red rectangle in Figure 4.27 is displayed in Figure 4.28. In the
topography image (Figure 4.28b), the left side (oxidized part) appears brighter than the
non-oxidized right side. This confirms that oxidized part is in fact thicker than the non-

oxidized part.

Figure 4.28 AFM images, a) lateral force and b) topographic image indicated in 4.26

The question is why certain regions of the graphene sheet are not oxidized at all?
One possible explanation is that these regions are multilayer domains. Since, multilayer
graphene is less reactive it is reasonable that they are not oxidized. However, the
comparison of the 2D Raman peak shape from these regions to our library shown in
Figure 4.29 indicate that the peak shape best matches that of the single layer. Therefore,
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we attribute these differing reactive patterns on the CVD graphene to changes in the
graphene sheet structure during the growth of the films.
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Figure 4.29 Raman spectrum of non-oxidized region of CVD grown graphene (blue),
single layer a), double layer b) and triple layer graphene.

Raman maps of the oxidized CVD graphene is presented in Figure 4.30 and is
consistent with AFM results. According to our results from the exfoliated graphene, we
can say that most of the CVVD graphene is more reactive and charge inhomogeniety is
effecting the reactivity not only at the edges of the flake but throughout the whole sheet.
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In the oxidized regions, the G peak is upshifted in position in comparison to less

oxidized or non-oxidized regions (see Figure 4.30a).
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Figure 4.30 Raman maps of CVD grown graphene.

In more detailed Raman maps (0.5 um step size) of the area around a single non-
oxidized region shown in the red rectangle of optical image given in Figure 4.31a, the
features of the Raman G and D peaks can be better characterized for oxidized and non-
oxidized regions (see Figures 4.31b-e). First, the G peak FWHM values are higher than
the non-oxidized regions as expected. In addition, G peak intensity is higher from the
oxidized regions when compared to the intensity from the non-oxidized regions. Third,
the D peak intensity map also shows the cross shape observed in the AFM inspection of
the oxidized flakes, confirming the strong oxide formation in these regions. Finally, the
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weak D peak intensity observed from the non-oxidized region is not a result of the oxide
in this part but rather is due to the finite resolution power of the Raman microscope
(aroun 1 um) and the residual D-peak feature due to the defective nature of the CVD

graphene.

G peak position G peak FWHM

G peak intensity

Figure 4.31 a) Optical image and (b-e) Raman maps of non-oxidized region on the CVD

grown graphene.
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CHAPTER 5

CONCLUSIONS

In this study graphene and graphene oxide obtained by wet chemical oxidation of
single layer graphene were investigated. Graphene samples prepared by mechanical
exfoliation method onto SiO,/Si and CVD grown graphene transferred onto SiO,/Si
were used. Thin graphene flakes were identified under optical microscope and number
of layers were determined using AFM and Raman spectroscopy. Graphene sample were,
then, oxidized by wet chemical method. Two different solutions were used. Raman

spectroscopy and AFM were used to investigate sample prior to and after oxidation.

First Graphene and graphite sample were oxidized in a solution formed of 0.4 M
KMnO, in 50% H.,SO, and then were characterized by Raman spectroscopy and AFM.
Raman spectroscopy from multilayer graphene and graphite flakes showed a D’ peak
formation at around 1610 cm™ which can be attributed to sulfuric acid intercalation
between the graphene layers. D’ peak for single layer graphene was not observed for
first solution. AFM measurements indicated that intercalation causes an increase in the
height of the flakes due to the intercalation.

In the second solution using 0.015 M KMnQOy in 50% H,SO, (1:1 volume ratio),
single layer graphene flakes showed D peak at around 1350 cm™ upon oxidation for
more than 5 min in the solution. Multi layer graphene did not show and sign of D peak
formation for oxidation durations up to 15 min. This is due to more reactive nature of
single layer graphene when compared to multilayer samples. The samples were also
investigated as a function of oxidation duration using Raman and AFM. In the earlier
parts of the oxidation process a phase where both graphe oxide and non-oxidized
graphene features coexisting together in the Raman spectra were observed. AFM

images showed that such spectra are due to the formation of graphene oxide nano-
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domains (GONDs) within non-oxidized graphene. Further, we observed that during the
wet chemical oxidation of graphene flakes, the oxidation initiates at the edges of the
sample and progresses inward as the oxidation duration is increased. GONDs are
observed at the graphene oxide/graphene interface. If the flakes are narrow (a few
micrometers wide), it is possible to prepare completely GOND covered samples. Such
samples which provide a long interface between the conducting graphene medium and
the nano-domains, may be used as a template material for further functionalization to be
used in novel electronic devices. The formation of GONDs and the variations in the
reactivity of different SLGs are attributed to the local impurity doping state of the flake.
Finally, CVD grown single layer graphene was oxidized and its analysis was done using
Raman and AFM measurements. In general, CVD grown graphene was more reactive
than exfoliated graphene, however, three very different reactive behaviors were
observed. Most of the CVD graphene was covered with GONDs but there were also
about 2 um wide completely non-oxidized regions. These non-oxidized regions were at
the center of completely oxidized cross shaped areas. This behavior of CVD graphene is

attributed to its growth dynamics.
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