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ABSTRACT
Chemical Vapor Deposition (CVD) of graphene is a method for graphene synthesis
capable of producing predominantly single layer graphene of large areas. A part of
the experimental work in this thesis is focused on the deposition and analysis of
single-crystalline graphene domains grown by CVD on a copper foil. These domains
are analyzed by the optical microscopy, scanning electron microscopy, atomic force
microscopy and Raman spectroscopy. The next part of the work is devoted to iden-
tification of defects found on the Cu foil after the deposition of graphene by means
of energy dispersive X-ray spectroscopy. The number of the defects was reduced
significantly by an adjustment of the deposition system, although some of them re-
mained. The measurements on electronic transport properties of deposited graphene
layers were performed on polycrystalline layers. The results contain measurements
of graphene in vacuum with applied back gate voltage and at low temperature with
applied magnetic field.

KEYWORDS
graphene, chemical vapor deposition, copper substrate, electronic transport proper-
ties

ABSTRAKT
Chemická depozice grafenu z plynné fáze (CVD) je metoda schopná produkovat
grafenové monovrstvy velkých rozměrů. Část experimentů v rámci této diplomové
práce je zaměřena na depozici a analýzu grafenových monokrystalů připravených
metodou CVD na měděném substrátu. Pro analýzu grafenových domén je použito
optické mikroskopie, elektronové mikroskopie, mikroskopie atomárních sil a Ra-
manovy spektroskopie. Úkolem další části je studium defektů pozorovaných na
mědi po depozici grafenu pomocí energiově disperzní rentgenové spektroskopie.
Přestože úprava depozičního systému vedla ke snížení počtu defektů, jejich úplného
odstranění se nepodařilo dosáhnout. Elektro-transportní měření byla provedena na
polykrystalických vrstvách grafenu. Výsledky této části zahrnují měření ve vakuu s
přiloženým hradlovým napětím, jakož i měření při nízkých teplotách v magnetickém
poli.
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grafen, chemická depozice z plynné fáze, měděný substrát, elektro-transportní vlast-
nosti



HULVA, J.: Příprava a charakterizace elektrických vlastností CVD grafenových
monokrystalů. Brno: Vysoké učení technické v Brně, Fakulta strojního inženýrství,
2014. 53 s. Vedoucí práce Ing. Jindřich Mach, Ph.D.







Prohlašuji, že jsem tuto diplomovou práci vypracoval samostatně, pouze za
odborného vedení Ing. Jindřich Macha, Ph.D., a že veškeré podklady, ze kterých
jsem čerpal, jsou uvedeny v seznamu použité literatury.

Bc. Jan Hulva





Děkuji svému vedoucím Ing. Jindřichu Machovi, Ph.D. za odborné vedení v průběhu
vypracování této práce. Dále děkuji Ing. Miroslavu Bartošíkovi, Ph.D., Ing. Zuzaně
Liškové, Ing. Pavlu Procházkovi, Ing. Martinu Konečnému a celému kolektivu
grafenové skupiny za cenné konzultace a podnětnou spolupráci.





Contents

1 Introduction 1

2 Graphene Properties 2

2.1 Structure and electronic properties . . . . . . . . . . . . . . . . . . 3

2.2 Quantum Hall effect in graphene . . . . . . . . . . . . . . . . . . . 7

2.3 Raman spectra of graphene . . . . . . . . . . . . . . . . . . . . . . 8

3 Graphene Preparation Methods 11

3.1 Chemical vapor deposition . . . . . . . . . . . . . . . . . . . . . . . 12

3.1.1 Types of Cu substrates . . . . . . . . . . . . . . . . . . . . . 15

3.1.2 Role of the crystallographic orientation of the substrate . . . 16

3.1.3 Role of substrate roughness and surface impurities . . . . . . 16

3.1.4 Role of the deposition temperature . . . . . . . . . . . . . . 18

3.1.5 Role of the deposition pressure and reaction gases partial
pressures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.1.6 CVD Modifications . . . . . . . . . . . . . . . . . . . . . . . 20

3.1.7 Graphene Transfer . . . . . . . . . . . . . . . . . . . . . . . 20

4 Experimental setup and methods description 22

4.1 Chemical Vapor Deposition system and transfer technology . . . . . 22

4.1.1 Deposition system . . . . . . . . . . . . . . . . . . . . . . . 22

4.1.2 Graphene Transfer and Contacting . . . . . . . . . . . . . . 23

4.2 Scanning Electron Microscopy . . . . . . . . . . . . . . . . . . . . . 25

4.2.1 Energy Dispersive X-ray spectroscopy . . . . . . . . . . . . . 25

4.2.2 Electron Beam Lithography . . . . . . . . . . . . . . . . . . 26

4.3 Raman Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.4 Optical Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.5 Atomic Force Microscopy . . . . . . . . . . . . . . . . . . . . . . . . 27

4.6 Electronic transport measurement . . . . . . . . . . . . . . . . . . . 27

4.6.1 Electronic transport measurement in vacuum . . . . . . . . . 28

4.6.1.1 Measurement of back-gate leakage current . . . . . 29

4.6.2 Low Temperature Measurement Setup . . . . . . . . . . . . 29

5 Experimental Results 31

xiii



Contents xiv

5.1 Graphene Single Crystals . . . . . . . . . . . . . . . . . . . . . . . . 31

5.1.1 Graphene single crystals on Cu foils . . . . . . . . . . . . . . 31

5.1.2 Graphene single-crystals on SiO2/Si . . . . . . . . . . . . . . 34

5.2 Polycrystalline graphene and study of impurities . . . . . . . . . . . 35

5.3 Electronic transport measurement . . . . . . . . . . . . . . . . . . . 39

5.3.1 Vacuum measurement of polycrystalline graphene . . . . . . 39

5.3.2 Low Temperature and Magnetic field Measurement . . . . . 44

6 Conclusion 46

Bibliography 48



Chapter 1

Introduction

Since the first experimental demonstration of its electronic transport proper-
ties in 2004 [1], graphene has received considerable attention by broader scientific
community. Since that time, this one-atom thick layer of carbon atoms has been
intensively studied by many research groups for its unique properties which have
led to numerous predictions of high impact of graphene on various commercial ap-
plications in the near future [2]. Consequently, the work by Geim and Novoselov
resulting into the graphene discovery was awarded by the Nobel Prize in Physics
in 2010 for “groundbreaking experiments regarding the two-dimensional material
graphene” [3].

There are several graphene properties attracting interests of many scientists
and engineers from different research fields. The exceptionally high charge carrier
mobility is promising for a development of graphene-based high-frequency transis-
tors [4]. Graphene is considered as a possible replacement for indium tin oxide as a
flexible electrode in OLED devices and solar cells for its optical transparency and
electric conductivity [5, 6]. In combination with its elasticity, graphene can be a
part of the next generation flexible electronics [7]. Another examples of graphene
potential are the gas molecules sensing [8], graphene composite materials [9, 10],
bio-applications [11, 12] and many others. Even though the range of possible ap-
plications is really wide, graphene technology is relatively young and there are
several problems to be solved before graphene commercial utilization.

One of the important challenges of graphene is its production. There are
several methods of graphene fabrication which differ in quality of the final product
and only some of these methods are suitable for the mass production. The subject
of this thesis is the Chemical Vapor Deposition (CVD) of graphene. This method
provides a relatively simple way for graphene synthesis and has shown capability
of producing large-area graphene for industrial applications [13].

This thesis is focused on synthesis of graphene by CVD on copper substrates
and characterization of graphene structures by various methods. Chapter 2 and
3 are the review parts of the thesis. Chapter 2 describes graphene in general
and discusses general and electronic transport properties of graphene. Chapter
3 reviews the CVD process of graphene synthesis including the graphene growth
on metal catalysts, transfer onto insulating substrates and contacting of graphene
structures. Chapters 4 and 5 present the obtained experimental results from CVD
deposition of graphene and electronic transport measurements, respectively.
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Chapter 2

Graphene Properties

Carbon (C) is one of the most abundant element in the universe. Its ability
to form long chains of C-C bonds, to combine them with hydrogen and other ele-
ments and to form complex molecules make carbon the cornerstone of the organic
chemistry.

In addition to the ground state of unbound atom, carbon can also exist in
hybridized states (Figure 2.1). In the sp3 state, electrons in hybridized orbital can
participate in four σ (single) bonds. In the sp2 hybridization, only three electrons
in hybridized orbital are available for forming σ bonds and electron from p orbital
can form a π bond. The sp hybridization is characteristic for a carbon atom
involved in a triple bond.

6C sp3

1s

2p

2s

1s

sp3

sp

1s

sp

py,z

sp2

1s

sp2

pz

Figure 2.1: Electron configuration of carbon and its hybridizations.

Pure carbon occurs in several diverse forms (allotropes). Diamond is one
of the carbon allotropes. Its atoms are arranged in a crystal structure shown in
Figure 2.2 a) where each sp3 hybridized carbon forms four equivalent σ bonds with
neighboring atoms.

Crystal structure of graphene is formed by sp2 hybridized carbon atoms
arranged in hexagonal, honeycomb-like structure shown in Figure 2.2 b). The
importance of this structure lies in the fact that other carbon sp2 allotropes can
be derived from it. Graphite is formed by graphene layers stacked on top of each
other (Figure 2.2 e)). Its three-dimensional structure holds together due to weak
van der Waals forces between individual layers. One dimensional carbon nan-
otubes can be seen as graphene rolled in one direction (Figure 2.2 d)). Fullerenes
(zero-dimensional structures, Figure 2.2 c)) can be obtained from graphene by
introducing pentagons into the spherically arranged graphene lattice [14].

2
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a) b)

Figure 2.3: a) Graphene crystal lattice with the marked unit cell vectors and
nearest-neighbor vectors, b) the first Brillouin zone and vectors of the reciprocal

lattice [14].

The corresponding reciprocal lattice with vectors

b1 =
2π

3a

(
1,
√

3
)
, (2.6)

b2 =
2π

3a

(
1,−
√

3
)
, (2.7)

and the first Brillouin zone is shown in Figure 2.3 b).
The electrons from the hybridized sp2 orbital of carbon atoms take part in

the forming of strong σ-bonds with their three nearest neighbors. The p orbital
with one remaining electron is oriented perpendicularly to the graphene planar
structure and is unaffected by a σ-bonds forming. Delocalized electrons in the 2pz
orbitals lead to the formation of two π bands.

Mathematical description of the graphene band structure, which can be de-
rived by the tight binding method, leads to the relation

E±(k) = ±t
√

3 + f(k)− t′f(k) (2.8)

where

f(k) = 2cos
(√

3kya
)

+ 4cos

(√
3

2
kya

)
cos

(√
3

2
kxa

)
, (2.9)

t is the electron hopping energy to the nearest neighbor site (different sublattice),
t′ is a hopping energy to the second nearest neighbor (same sublattice) and kx,y
represents corresponding components of the electron wave vector k [14]. The plus
sign refers to the conduction π∗ band, minus sign to the valence π band.

The unique feature of the graphene can be seen from the graphical repre-
sentation of its band structure shown in Figure 2.4 b): conduction and valence
bands touch at Fermi level in points at the edge of the Brillouin zone, so called
Dirac points. The position of these points in reciprocal space can be expressed by
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2.2 Quantum Hall effect in graphene

When magnetic field is applied perpendicularly to the direction of a current
flow in electric conductor, charge carriers are accumulated on one side of the
conductor due to the magnetic part of the Lorentz force acting on them. Because
of the charge accumulation, the potential difference across the conductor is induced
causing electric force of the same magnitude as magnetic force acting on charge
carriers in a direction opposite to magnetic force. The voltage generated across
the sample is called Hall voltage and many practical sensing applications are based
on its measurement.

By applying magnetic field perpendicularly to a two-dimensional electron
gas (2DEG, electrons are confined in one direction) we can observe quantization
of the Hall voltage. This phenomenon is referred to as the quantum Hall effect
(QHE) and its discovery earned von Klitzing a Nobel prize in 1985 [22].

Electrons moving perpendicularly to the magnetic field ~B are forced by the
Lorentz force to move along circular trajectories called cyclotron orbits. In 2DEG
systems, the values of energy associated with these orbits can take on only certain
discrete values given by

EN =
~eB
m∗

(
N +

1

2

)
(2.16)

where m∗ stands for the effective mass of electrons, ~ is the reduced Planck con-
stant, e is the electron charge and N is an integer N ≥ 0 [23]. Theses quantized
levels are called Landau levels and their degeneracy is given by

ξ = 2
eB

h
(2.17)

where h is the Planck constant and number 2 occurs due to the spin degeneracy. It
can be seen from equations (2.16) and (2.17) that with increasing magnetic field,
the distance between Landau levels and their degeneracy increase and Landau
levels are shifted relatively towards the Fermi energy. When Landau levels cross
the Fermi level they get rid of electrons which drop to the lower Landau levels.
These effects are observed as a discrete values of transverse resistance (quantum
Hall effect, QHE) and by oscillations of longitudinal resistance (Shubnikov-de Haas
oscillations, SdH) of the structure (see Figure 2.6).

Minima of longitudinal resistance correspond to the state where Fermi level
lies between two Landau levels so the density of states at the Fermi level is minimal.
When the highest Landau level gets near the Fermi level, states involved in charge
carrier scattering occur. This leads to the increase of the longitudinal resistance
and consequently to maxima in Figure 2.6 b). Discrete values of the transversal
Hall resistance are

ρxx =
h

2ie2
(2.18)

where i is the filling factor expressing the number of completely filled Landau
levels and the number 2 appears as a result of the spin degeneracy.

Although the electrons in graphene are also confined into two dimensions,
the massless character of Dirac fermions causes that quantization of Landau levels









Chapter 3

Graphene Preparation Methods

There are several ways to produce graphene. The first method used for the
preparation of graphene samples was the mechanical exfoliation (also known as
Scotch tape method)[1]. This method is based on a mechanical cleaving of graphene
flakes from highly oriented pyrolytic graphite by adhesive tape and consequent
transfer of these flakes from the tape to the target substrate.

Although high quality flakes of a single-layer graphene are produced this
way, mechanical exfoliation is not suitable for large scale production of graphene
layers due to its very low reproducibility. Nevertheless, the scotch tape method
remains commonly used technique for prototyping of graphene nanodevices in
basic research [30] since the exfoliated graphene flakes have excellent electronic
properites.

During liquid-phase exfoliation, cleaving of graphite into graphene flakes is
induced by sonication. That results into a suspension of submicrometer sized
graphene flakes. Obtained graphene suspension can be used to deposit polycrys-
talline graphene layers. The efficiency of the ultrasonic cleavage can be enhanced
by chemical intercalation. An alternative approach starts with oxidized graphite
which is cleaved into the graphene oxide (GO). Deposited graphene oxide layers
can be partially reduced back into the graphene state (reduced graphene oxide
- rGO) by, for example, chemical treatment or direct heating [31]. Typical ap-
plications considered for GO and rGO layer are related with functional coatings,
composite materials or biological applications [10, 11].

Epitaxial graphene layer can be grown on the silicon carbide (SiC) surface.
Heating of the SiC crystals at high temperature (1500 ◦C− 2000 ◦C) in an argon
atmosphere or in ultra high vacuum leads to sublimation of silicon atoms and
subsequent formation of graphene layer on the surface. This method produces
high quality graphene layers suitable for fabrication of high-frequency transistors
[4].

Another method for graphene deposition is called Chemical Vapor Deposi-
tion (CVD). This method is the main subject of this thesis and it will be discussed
in more details in the following section.

Unzipping of carbon nanotubes, molecular beam epitaxy and laser ablation
deposition belong to the less frequently used approaches for the graphene prepa-
ration. Nevertheless, these methods have been shown as interesting alternatives
to the more standard techniques [2].

11
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3.1 Chemical vapor deposition

CVD employs hydrocarbon gas as a source of carbon atoms for the graphene
synthesis. Methane is the most widely used feedstock gas (also used in this work)
but other ones like acetylene [32], ethylene [33] or toluene [34] are also studied.
The scheme of the typical graphene CVD furnace is shown in Figure 3.1. The
main part of the deposition system consists of the quartz tube with the heating
stage. The tube is connected to the pumping system on one side and to the gas
supply on the other. The quartz tube with the substrate inside is pumped, heated
to high temperatures (700 ◦C− 1100 ◦C) and filled with reaction gases (CH4, H2).

CH4 H2

Quartz tube

Sample

Quartz sample holder

Pressure
gauge

Pumping system

Hot zone

Figure 3.1: Schematic of the chemical vapor deposition system, adapted from
[35].

In the first step of graphene CVD, the hydrocarbon gas (in this case methane)
is decomposed to carbon and hydrogen molecules. Due to strong C-H bonds
in methane, direct thermal decomposition occurs at temperatures in excess of
1000 ◦C [36] and can be run efficiently at 1500 ◦C− 2000 ◦C [37]. The result of
this reaction is carbon black, which is, in fact, chaotically connected carbon flakes.
At the temperatures above 3000 ◦C, bulk graphite growth can be performed [38].
Lower activation energy of methane decomposition can be achieved by using a
transition metal serving as a catalyst. This allows the reaction to run efficiently
at lower temperatures. In CVD of graphene, transition metal catalyst serves also
as a substrate for graphene.

The graphene growth mechanism is strongly influenced by the type of the
used substrate. CVD of graphene has been demonstrated on various transition
metals like Ru, Ir, Co, Re, Pt, Pd, Fe, Au, Ni, Cu and Cu-Ni, Au-Ni or stainless
steel alloys [39, 40]. The catalytic abilities of transition metals and some of their
alloys, which comes from their partially filled electron d-orbitals, provide low en-
ergy paths to the reaction process [39]. One of the important properties of the
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crystals do not make them acceptable choice for a graphene mass production. Nev-
ertheless, they are useful for experiments investigating basic principles of graphene
growth and influence of crystalline orientation of a substrate [49–51].

An alternative to the single crystal substrates are thin copper films deposited
on insulating substrates [52–54]. Even that sputtered or evaporated Cu films on
sapphire, magnesium oxide or quartz crystal are of a lower crystalline quality than
Cu single crystals, they have been shown as convenient substrates for graphene
CVD and they have advantage in lower cost.

Although cold-rolled thin copper foils does not seem as an ideal candidate
for a substrate due to their polycrystalline nature and high surface roughness,
they have been widely used mainly because of their high availability and low cost
compared to other alternatives.

3.1.2 Role of the crystallographic orientation of the sub-
strate

It has been shown that properties of graphene domains can be influenced
by a crystallographic orientation of the underlying substrate. Different characters
of the graphene growth for different concentration arise from different nucleation
sites, adsorption, and diffusion energies for different orientations of Cu grains [45].
For graphene growth on copper, there are two significant crystallographic orien-
tations of Cu grains with respect to the surface: Cu(111) and Cu(100). It has
been observed that Cu(111) promotes uniform growth of predominantly mono-
layer graphene in contrast to Cu(100) which shows slower graphene growth of
more defective and multilayer graphene [49, 55]. Crystalline orientation of Cu
grains can also influence the alignment [56] and the shape [57] of graphene single
domains. Graphene domains with four-folded symmetry shapes were found on the
Cu grains with four fold symmetry (e.g. Cu(100)) and graphene domains with
six-folded symmetry were found on the Cu grains with six-folded symmetry (e.g.
Cu(111)) (see Figure 3.7). Relatively weak interaction between graphene and Cu
substrate allows graphene domains to grow over Cu grain boundaries with minimal
structural defects [39, 58] (Figure 3.6 a)). The shape of graphene domains is also
determined by other parameters. At certain conditions (usually high deposition
pressure), shapes of graphene domains do not seem to be affected by the symmetry
of the substrate [58, 59]. The influence of different crystallographic orientations
on graphene growth is also less significant at temperatures above 1000 ◦C [46].

3.1.3 Role of substrate roughness and surface impurities

Roughness of the substrate is one of the key factors affecting graphene nu-
cleation. High surface roughness is connected with high nucleation density and, in
a consequence, smaller graphene domains. The surface roughness of widely used
copper foils is caused by cold rolling manufacturing process. To lower the level of
roughness, predeposition treatment like electropolishing could be employed [44].

Dhingara et al. presented interesting approach to reach a smooth surface
of a Cu substrate [60]. Instead of thin copper foils, they used thick copper disk
with a surface polished by precise diamond machining. The roughness of these
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3.1.4 Role of the deposition temperature

Temperature is an important factor affecting the catalytic decomposition,
adsorption and desorption of the molecules on the Cu substrate, surface diffu-
sion of carbon species and Cu sublimation (at low pressures). Higher deposition
temperatures (∼1000 ◦C) lead to lower nucleation density and larger graphene do-
mains compared to lower temperatures (< 900 ◦C) [44, 62]. At low temperatures,
lower efficiency of CH4 decomposition causes that the carbon supply to graphene
domains is not sufficient to allow merging of the graphene domains and formation
of continuous graphene layer [44].

3.1.5 Role of the deposition pressure and reaction gases
partial pressures

CVD of graphene can be divided into two groups according to the depo-
sition pressure: Low Pressure CVD (LPCVD) and Atmospheric Pressure CVD
(APCVD). LPCVD is usually characterized by using deposition pressures bellow
100 Pa. Low pressure in combination with high deposition temperature allow Cu
sublimation to occur. As a result, the roughness of the substrate is increased,
which could affect uniformity of graphene layer. On the other hand Cu evapora-
tion could also promote desorption of carbon species from the Cu surface, lower
their surface concentration and thus reduce graphene nucleation density [46]. Ac-
cording to suggested mechanisms and experimental observation, LPCVD graphene
growth is predominantly surface activated and thus self limiting [32]. This means
that when the Cu substrate is completely covered, growth does not continue and
grown graphene is highly uniform and mostly monolayer [64].

APCVD employs, apart from CH4 and H2, inert buffer gas (typically argon)
for a better pressure control. Copper sublimation is dramatically reduced during
APCVD which leaves the substrate smoother than in LPCVD case. In addition,
desorption of carbon species is partially suppressed and has different activation
energy due to the absent of Cu sublimation [46]. Compared to LPCVD, APCVD
graphene growth on copper has not been found self-limiting and produced layers
can be nonuniform and contain multilayer regions [45]. It has been reported, that
graphene growth mechanism during APCVD can be described, despite low carbon
solubility in Cu, as a diffusion and precipitation driven contrary to the surface
activated growth during LPCVD [32]. Nevertheless, uniform monolayer graphene
can be deposited at the atmospheric pressure by adjusting other deposition pa-
rameters [64]. The advantage of APCVD is that it does not require complicated
vacuum system as LPCVD and it is thus more favorable for an industrial usage.

The ratio of CH4 and H2 in reaction chamber has significant influence on
graphene growth. With increasing CH4/H2 ratio (increasing partial pressure of
CH4), the shape of graphene domains change from compact to more fractal-like
patterns [57] (see Figure 3.7). The shape of the domains is influenced by the
relation between domain edge attachment and diffusive mass transport of carbon
species around the edges of the domain. When the CH4 partial pressure is low,
the concentration of available carbon species is low and the rate limiting factor of
graphene growth is the edge attachment rate. Under these conditions, graphene
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Apart from the role of hydrogen during substrate predeposition annealing,
there are some other functions assigned to hydrogen during graphene growth. As
mentioned earlier, one of them is co-catalyst effect on decomposition of hydrocar-
bon gas by means of H2 assisted dehydrogenation. Hydrogen has also the ability
to remove active carbon species from the surface and to etch weak C-C bonds
located at the edges of graphene domains and thus to reduce their growth ability
and change their shape [43] (Figure 3.8). On the other hand, in the work published
by Choubak et al., no hydrogen etching of graphene was observed in the purified
hydrogen which led them to conclude that oxidizing impurities in hydrogen are
responsible for graphene etching rather than hydrogen itself [66]. Vlassiouk et al.
has reported, that graphene growth rate has a maximum for partial pressure of
hydrogen about 200− 400 times higher than methane partial pressure [65]. Liu et
al. have shown, that minimal partial pressure of CH4 is necessary to achieve full
graphene coverage [62]. In some cases, the presence of hydrogen during the growth
can induce point defects to graphene and high partial pressures of hydrogen can
destroy self-limiting nature of graphene and leads to formation of multilayers [45].

Despite of great number of scientific studies focused on the CVD growth
of graphene on copper, the precise mechanism of graphene growth has not been
fully elucidated yet. As it was described above, this process is influenced by many
different factors which determine the properties of the graphene layer. Variety
of diverse results coming from different scientific groups imply that there is no
generally applicable receipt for deposition of high quality graphene layers. On the
other hand, the technique for growing large scale, high quality graphene layers
is highly desirable and the progress achieved in graphene CVD in the last years
makes this method very promising for the future.

3.1.6 CVD Modifications

Several modifications of the standard graphene CVD are known. Tao et al.
developed a method resulting in high electron mobility in graphene where the Cu
substrate is heated by electromagnetic induction [67]. A change in behavior of the
graphene growth was observed in experiments where Cu substrate was placed into
additional quartz tube with one closed end inside the deposition system, which
changed the gas flow path and composition near the substrate [68, 69].

Improvement of graphene quality was also achieved in setups using encapsu-
lation and covering of the Cu foil during LPCVD which lead to the redeposition
of evaporated copper [70, 71]. Cu vapors also play a role in the study [72], when
graphene was deposited directly on the SiO2 substrate and the CH4 catalytic de-
composition was carried out mainly by the Cu vapors. Other method is based on
noncatalytic decomposition of CH4. The graphene is deposited directly onto an
SiO2/Si substrate without using any catalyst but achieved quality is not compet-
itive with the standard CVD [38].

3.1.7 Graphene Transfer

After the CVD deposition, graphene is located on the surface of the used
transition metal catalyst. Therefore, transfer of these layers onto an insulating
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substrate is necessary for further utilizing of graphene layers for any application.
Graphene transfer is, with the deposition, the factor determining the quality and
performance of graphene devices. Hence, the optimal handling of the transfer
procedure to achieve low transport caused degradation of graphene is an current
topic in graphene CVD research.

In the typical CVD graphene transfer, a polymer layer (e.g. Poly(methyl
methacrylate) - PMMA) is deposited on the one side of the copper foil. Function
of this layer is to support and protect the graphene layer during the transfer
process. The transfer procedure can be also performed without the supporting
layer but it requires more delicate and careful handling and tearing of graphene
layer is very likely to occur during the process. Cu foil is then etched away by
copper etching solution (FeNO3, FeC3, HNO3,...) and PMMA/graphene structure
is placed on the insulating substrate (e.g SiO2/Si).

Polymer residues remaining on graphene after supporting layer removal clean-
ing are the big drawback of the described transfer method. The presence of the
residues can cause unintentional doping of the graphene and degrade its electronic
transport properties [73]. PMMA can be partially removed by annealing in vac-
uum. However, certain amount of PMMA residues were found on graphene even
after the annealing process [74]. Vacuum annealing of graphene at temperatures
close to 400 ◦C can also significantly damage graphene layers [75] and so lower
annealing temperatures must be employed.

Contacts for graphene devices are manufactured by electron beam litography
and metal sputtering. The standard wet transfer process and contact manufac-
turing were employed in the frame of this thesis and they are described in more
details in section 4.1.2.



Chapter 4

Experimental setup and methods
description

This chapter briefly describes methods and instruments used in the exper-
imental work presented in chapter 5. All experiments were, with two exception,
conducted in clean room laboratory of IPE FME BUT.

4.1 Chemical Vapor Deposition system and trans-

fer technology

Chemical Vapor Deposition of graphene was carried out in home-build de-
position system shown in Figure 4.1. The system and the deposition technology
were developed as a part of master thesis of Pavel Procházka [76].

4.1.1 Deposition system

The main part of the system consists of a quartz tube with a resistive heating
wire (FeCrAl alloy) wound around. Both parts of the quartz tube are sealed by
Viton ring pressed between the outer surface of the tube and sealing flanges. One
side of the tube is connected to the pumping system consisting of a turbomolecular
pump and a scroll pump serving as a backing pump. The other side of the tube
is connected to reaction gas supply system with H2 and CH4 gas cylinders at the
end. Flows of the gases incoming to the reaction chamber are controlled by Mass
Flow Controllers (MFCs) placed on each gas line. The pressure inside the chamber
is controlled by adjusting the pumping speed via control valve connected to the
inlet of the turbomolecular pump. For measuring the pressure, both Pirani gauge
and Baratron gauge are employed to cover broad pressure range.

Two types of the system described above were employed for the deposition.
The first system was made from the 10 cm diameter quartz tube. Due to the
cracking of the tube during the maintenance the system was exchanged for a
smaller system with 5 cm diameter quartz tube.

Part of the deposition system is the sample holder shown in Figure 4.2. Cu
foil is attached to the sample stage of the holder and it is supported by molyb-
denum metal sheet. R-type thermocouple is placed on the bottom side of the
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These measurements were performed at the Institute of Physics of Materials
of the Academy of Sciences of the Czech Republic.



Chapter 5

Experimental Results

This chapter presents experimental results obtained in this work. The main
focus of the thesis were the graphene single crystals which were studied by Raman
spectroscopy, scanning electron microscopy and atomic force microscopy (section
5.1). Due to the effort to improve the quality of deposited graphene, the focus
of the experimental work was changed to analysis of the impurities on the copper
foil after the graphene growth (section 5.2). The contacting and measuring of
the electronic transport properties of graphene were performed on polycrystalline
graphene layers (section 5.3).

5.1 Graphene Single Crystals

Because of the contamination of the deposition system discovered later (see
section 5.2), the series of experiments on the graphene single domain deposition
were discontinued. This contamination very likely influences the mechanism of the
graphene domain growth making any systematic study of the deposition unfeasible.
Therefore, following two sections shows examples of the typical samples grown in
our system analyzed by various methods.

5.1.1 Graphene single crystals on Cu foils

Graphene single crystals were deposited in the homebuilt CVD setup de-
scribed in section 4.1.1. Figure 5.1 shows the first sample. The Cu foil (high
purity, 25 µm thickness) was heated in a constant hydrogen flow of 3 sccm1 at the
pressure of 3 Pa (valve at 15%) to 1000 ◦C in 22 minutes. In the next step, the sam-
ple was exposed to the flow of methane (10 sccm) at the total pressure p = 1 · 101

Pa for 5 minutes. Sample was then cooled down to the room temperature, ex-
posed to the ambient atmosphere and removed from the furnace. Next, sample
was heated on a hot plate at 200 ◦C for 10 minutes. The Cu foil covered with
graphene (darker areas) is protected from oxidation whereas uncovered Cu areas
(brighter areas) are strongly oxidized. This procedure was employed to increased
the contrast between covered and uncovered Cu foil in the optical microscope.

1standard cubic centimeter per minute
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Chapter 6

Conclusion

This thesis deals with the chemical vapor deposition of graphene. Chap-
ter 2 is focused on the fundamental properties of graphene with an emphasis on
electronic transport properties, quantum Hall effect and Raman spectra interpre-
tation.

Chemical vapor deposition of graphene on copper is reviewed in Chapter
3. It presents the basic processes taking place on the Cu foil during CVD and
discuses the influence of deposition parameters.

Chapter 4 describes experimental methods and setups used for preparation
and analysis of the samples.

Chapter 5 contains obtained experimental results. The first part of the
experiments is focused on the deposition of graphene single crystals. Graphene
domains grown on the Cu foil are characterized by optical and electron microscopy.
The graphene samples were then transferred onto Si/SiO2 and studied by Raman
spectroscopy and atomic force microscopy. The next part of the chapter presents
analysis of defects found on the Cu foil after graphene deposition by energy dis-
persive X-ray spectroscopy. The amount of impurities found on the Cu foil was
reduced by removing the metal sample holder from the deposition system. The
impurities containing silicon were still found on the sample in the new setup. It
was suggested that the reason for the presence of this impurities might be related
to the construction of the homebuilt CVD furnace.

The last section of Chapter 5 shows the results of the electronic transport
measurement of graphene polycrystalline layers. The major problem of this part
was the back-gate leakage current observed for many samples. This fact did not
allow us to measure more samples with the applied gate voltage. We observed
the Dirac point for one of the samples measured in vacuum. We were able to
measure the change of its position caused by the annealing or the exposure to
the atmosphere. The results from the measurement of the back-gate trace of the
sample with increasing time of the exposure to the ambient atmosphere could be
interesting in a context of the graphene application as a humidity sensor which is
one of the main research topics in the graphene group at the Institute of Physical
Engineering.

The vacuum chamber prepared for purpose of the electronic-transport mea-
surements in this thesis could be easily modified for the experiments investigating
the response of the graphene devices on, for example, gas introduced into the
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vacuum chamber or the material deposited on graphene.
One of our samples was measured at low temperatures with the magnetic field

applied perpendicularly to the sample surface. We observed Shubnikov-de Haas
oscillations proving the presence of a two-dimensional electron system represented
by the graphene layer. This is an interesting result if we take into account the
contamination of the CVD system and PMMA residues on the surface of our
samples.

The author believes that the outcomes of the thesis, especially those con-
nected with the graphene CVD synthesis, will help to improve the quality of
graphene samples prepared at the Institute of Physical Engineering.
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