
Ph.D. Thesis 

Growth, Processing and In-situ Observation of 

Graphene 

Mikihiro Kato 

Department of Physics, Graduate School of Science 

Tokyo University of Science 

1-3 Kagurazaka, Shinjuku-ku, Tokyo 162-8601, Japan



Contents 

Abstract  .......................................................................................................... 3 

Chapter 1. Introduction .................................................................................... 5 
1.1 Crystal structure and electronic orbits of graphene .............................................. 5 
1.2 Properties of graphene ..................................................................................... 11 
1.3 General method of graphene synthesis ............................................................... 13 
1.4 General processing method of graphene ............................................................ 16 

Chapter 2. Fabrication of graphene films from organic coating ......................... 17 
2.1. About organic matter of this method ................................................................ 17 
2.2 Sample preparation ......................................................................................... 18 
2.3 Evaluation methods and results ........................................................................ 20 

2.3.1 Raman spectroscopy ........................................................................................ 20 
2.3.1-1 Dependence on annealing conditions .............................................................. 21 
2.3.1-2 Effect of the film-forming conditions on the metal ........................................... 27 
2.3.2 Investigation by atomic force microscope .......................................................... 28 
2.3.3 Observation by scanning electron microscope .................................................... 29 
2.3.4 Investigation by X-ray diffraction ..................................................................... 30 
2.3.5 Investigation by X-ray photoelectron spectroscopy ............................................. 32 
2.3.6 Growth mechanism ......................................................................................... 35 

Summary ............................................................................................................. 36 

Chapter 3. In-situ observation of graphene growth by an optical microscope ...... 37 
3.1 Observation systems ........................................................................................ 37 
3.2 In-situ optical microscope observation ............................................................... 39 
3.3 In-situ Raman measurement ............................................................................. 42 
3.4 In-situ observation of fabricated CVD graphene on metal ................................... 43 
3.5 In-situ observation in gas flow condition ............................................................ 56 
Summary ............................................................................................................. 58 

Chapter 4. AFM induced local oxidation .......................................................... 59 
4.1 About AFM anodic oxidation of graphene .......................................................... 59 
4.2 Sample for anodic oxidation ............................................................................. 59 
4.3 Case of multilayer graphene sample .................................................................. 60 
4.4 Case of few layer graphene sample .................................................................... 61 
4.5 Analysis and discussion .................................................................................... 62 

4.5.1 Case of Multilayer Graphene ............................................................................ 63 



 2 

4.5.2 Case of fewlayer graphene ............................................................................... 66 
Summary  ............................................................................................................. 70 

Chapter 5. Conclusion .................................................................................... 71 

Acknowledgment ........................................................................................... 73 

References ..................................................................................................... 74 

Appendix A : List of publications .................................................................... 80 
 



 3 

Abstract 
 
Graphene has many unique properties, such as high electric mobility, 
transparency and high thermolability. It has been attracting attention for 
using in the next generation electronic devices material. For industrial 
utilization of graphene, researches by theory and by experiment are still 
necessary. In addition, for obtaining easy and efficient fabrication method 
of graphene, observation (evaluation) and processing technique are 
important. In this work, the experiments were conducted focusing on 

growth, processing and in-situ observation of graphene. 
About growth, we proposed a method to synthesize graphite thin 

layer by using deposited organic solution which includes benzene rings. 
Single and multi layer graphene sample were successfully fabricated by 
this organic coating method. For observation, we developed a method 
of in-situ observation by using an optical microscope (OM). This OM 
observation enabled us to study the growth mechanism including. We also 
studied the stability of graphenen layers at high temperature heating. Our 
results provide a new way to study the growth and change of graphene 
material. In the third part of the paper, we showed the anodic oxidation of 
graphene layers. Due to the different layer numbers of graphene, different 
oxidation behaviors were observed. A model was proposed to explain this 
different phenomenon. 
 Although this paper in focused on the growth, processing and 
in-situ observation, there are still many unknown propertied of this matrial. 
Even for that, our study must be a pioneer approach to observe the growth 
dynamics of graphene in an easy way. 
 
 
 
 
 
 
 
 
 
 



 4 

Preface 
 
Study of graphite has a long history of hundred years, and it has been 

widely used as polarized materials that transmit electricity. Graphene was 
recognized as the basic constituent of graphite from a long time ago, and a 
theoretical study about the electronic property was performed at 1940 
decade, after the Second World War, and an electronic structure of 
graphene was announced in 1947. 

From the 1970 to the 1980's, the studies of high conductivity and 
superconductivity are manifested by intercalating variety substances into a 
graphite layer. These results, led to a growing interest of materials 
technology persons. 

In the 1990’s, graphene became conscious in the flow of a study 
about a carbon nanotube (CNT). Andre Geim of Manchester University 
succeeded in production of graphene by detaching a Scotch tape and made 
an innovative experiment in 2004. The first report of monolayer graphene 
was given by Nobselov et al. [1], the Nobel Prize work of 2010. Graphene 
has large carrier mobility (about 200,000 cm2V-1s-1) at room temperature 
(RT), which is 100 times as that of Si. These findings have led research into 
graphene worldwide. It is now the hottest subject because of its use as an 
industrial material.   
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Chapter 1. Introduction 
 
1.1 Crystal structure and electronic orbits of graphene 
 

Carbon is a nonmetallic element of atomic number 6 and belongs to the 
14th group element and the 2nd cycle in a periodic table. It can form a 
maximum of four covalent bonds with other elements to form various 
molecules. There are about 54,000,000 kinds of compounds related to 
carbon and other elements. Carbon is a surprisingly versatile element, able 
to hybridize in three different states, sp1, sp2 and sp3. The changes in local 
bonding of carbon atoms account for the existence of extremely diverse 
allotropic phases, exhibiting a quite broad range of physical and chemical 
properties [2-4]. 

Graphene is an one-atom-thick planar sheet of sp2-bonded carbon 
atoms that are densely packed in a honeycomb crystal lattice. It is the basic 
structural element of some carbon allotropes included in graphite, carbon 
nanotubes (CNT) and fullerenes. In Fig. 1 (a), (b) and (c), the unit cell and  
Brillouin zone of graphene are shown. a1 and a2 are unit vectors in real 

 
Fig. 1 The unit cell, unit vectors in real space and the Brillouin zone of 

graphene  
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space,  
 

 

 
where b1 and b2 are reciprocal lattice vectors. The distance between two 
neighboring carbon atoms is 0.142 nm. 
 
 

 

 
 The Hamiltonian for the crystal is given by the following equation: 
 

 

 
The first term describes the kinetic energy of electrons, and the second term 
represents the periodic potential in the crystal. In the following equation, 
the electronic state in the periodic potential is handled by a tight binding 
method. There are two different atoms in the unit cell of graphite: 
 

 

 
where  are Bloch functions in their respective sublattices. 
The following is represented by the tight binding method: 
 

 

 
Here  is the wave function of the π electron in the atom 
localized at the position  and  is the unit lattice in the crystal. From 
this, the eigenenergy  corresponding to the quantum number k can be 
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obtained. According to the variational principle in quantum mechanics, the 
energy eigenvalues are obtained as follows: 
 

 

 
The necessary condition for obtaining the minimum value is that the 
differential coefficient becomes zero. 
 

 

 

 

 

 
The equation gives the energy eigenvalue, 
 

 
 

The Hamiltonian matrix  and the overlap integral 

matrix  is introduced into equation (1.1.6). Expanding 

the coefficients of energy eigenvalues and wavefunctions can be done by 
solving the equations. The Hamiltonian matrix is represented by a 2 × 2 

matrix by taking ,  as a basis. 
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By ignoring the second-order or more terms of the  component and by 
considering only on-site integration, it can be expressed as follows:  
 

 

 

 
The (A,B) component is  

 

 

 

 
 is the hopping integral between nearest 

neighbor atoms . The function  is introduce: 
 

 

 
The Schroedinger equation may be written in the matrix form: 
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The non-trivial solution is given by solving the secular equation of 
equation (1.1.11), that is, equation (1.1.6). The energy eigenvalues are thus 
expressed as follows: 
 

 

 
 
 

 

 
 
In equation (1.1.13), the positive sign corresponds to the energy eigenvalue 
of the valence band and the negative sign corresponds to the energy 
eigenvalue of the conduction band, respectively. 
 

 

 
This formula is used in a three-dimensional plot in Fig. 2. 
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Fig. 2 Band structure of graphene 
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1.2 Properties of graphene 
 
 
1) Electronic properties 
 
As described in the previous part, intrinsic graphene is a semi-metal or 
zero-gap semiconductor, because its conduction and valence bands meet at 
the Dirac points. Understanding the electronic structure of graphene is the 
starting point for finding the band structure of graphite. It was realized 
early on that the E-k relation is linear for low energies near the six corners 
of the two-dimensional hexagonal Brillouin zone, leading to zero effective 
mass for electrons and holes [5-7]. 
 
2) Optical properties 
 
Despite that graphene comprises a thin film of one atomic layer, it is visible 
to the naked eye. Graphite peeled by the Scotch tape method and 
transferred to a substrate has been observed under an optical microscope in 
the previous works [8,9]. Light absorption of graphene is caused by photo 
excitation from the valence band to the conduction band. In general, the 
absorptance when light of the frequency ω is vertically transmitted to a 
two-dimensional system is approximately given by the following equation. 
 

 

 
Here, c is the speed of light,  is the electric conductivity with respect 
to the oscillating electric field. The electrical conductivity is a complex 
number, and Re means to take a real part. 

The electric mobility in single-layer graphene has been reported to 
be a constant value independent of ω; thus, the absorbance is also a 
constant value as described in the equation below: 
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This behavior is a result of the exceptional low energy electronic structure 
of monolayer graphene characterized by a conical band structure at Dirac 
point [10,11]. 

 Graphene has many other excellent properties, such as high 
thermal conductivity, mechanical characteristic, quantum Hall effect and 
etc. Thus, it has been attracting attention as a new material for next 
generation electronic devices. The properties of graphene are expected to 
make various applications, as shown in Fig. 3. For example, graphene is 
almost transparent even with several layers, it is flexible and passes 
electricity well. For that reason, applications to flexible transparent 
electrodes are being studied for applications such as touch screens and 
solar cells. High carrier mobility is suitable for high-speed electronics. 
However, graphene is difficult to turn off current, so application research 
on analog high frequency devices is progressing. It is also promising for 
photonics elements such as photodetectors and modulators. Besides, there 
are various potential applications such as sensors, wiring, heat dissipation, 
capacitors and membranes [12-17]. 
 
 
 
  

 
Fig. 3 Potential applications of graphene 
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1.3 General method of graphene synthesis 
 
Production of graphene is tried by various approaches by many study 
groups even at present. General making methods are introduced here 
below. 
 
1) Mechanical exfoliation 
 
Mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) 
provides the best quality graphene. The first time of graphene reported used 
this method, to peel graphite with a tape many times. Although it can not be 
said that efficiency is good, it is attractive because it does not need an 
expensive equipment and get a useful sample in a very simple way. Initially 
it was able to produce only ones with several micrometers in size. With 
refinement of technique people can produce of a 100 μm size sample in 
nowadays [18]. 
 
2) Epitaxial growth from SiC substrate 
 
The fabrication of graphite from SiC was reported by Acheson firstly [19]. 
The growth mechanism has been investigated since the 1960s [20]. Few 
years later, many research groups reported the production of graphene films 
by thermal decomposition of SiC at temperature higher than ~1350 °C in 
ultra-high vacuum (UHV). Graphene grown on either of the two polar faces 
of 4H-SiC or 6H-SiC wafer, the SiC (0001) silicon terminated surface and 

the SiC(000 ) carbon terminated surface, shows that these films behave 

like graphene. The interesting feature of UHV Si-face grown graphene is 
that the number of layers grown is relatively insensitive to the time and 
seems to only depend on the growth temperature. On the other hand, that of 
the C-face graphene depends on both temperature and growth time [21]. 
Growth of graphene on SiC is usually referred to as epitaxial growth. 
 
3) Chemical vapor deposition (CVD) 
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CVD is a widely used technique for deposition or growth of thin films, 
being the mainstream technique for depositing materials used in 
semiconductor devices for decades. There are different types of CVD 
processes. For example, thermal, plasma, cold-wall, hot-wall, reactive, etc. 
The thermal CVD method combined with the roll-to-roll process [22] 
enables continuous synthesis of graphene on a long copper (Cu) foil. The 
growth process of graphene is well known as using a nickel (Ni) or Cu 
catalyst. In the case of using the Ni substrate, carbon sources are first 
dissolved in Ni at high temperatures. After that, graphene grows on the Ni 
surface during the cooling process [23,24]. On the other hand, the use of 
Cu substrate enables a monolayer graphene formation, which is caused by 
the low carbon solubility in Cu at high temperatures [25,26]. 
 
In addition, there are a variety of production ways. For example, molecular 
beam epitaxy growth, atomic layer epitaxy, chemical synthesis etc [27-30]. 
 
Table. 1  
Physical properties and application examples of graphene by each method. 
 
Method Graphene size 

( m) 

Property 
(cm2V-1s-1) 

Applications 

Mechanical 
exfoliation 

~1000 ~120,000 (@ 
240 K) 

Fundamental 
research 

Growth on SiC ~100 ~15,000 (@ RT) Transistors, other 
electronic 
devices 

CVD ~50000 ~10,000 (@ RT) Photonics, 
nanoelectronics, 
sensors, 
bio-applications 

 
Although synthesis by CVD is the mainstream method at present, it 
requires a long growth time, and its technique of transfer to other substrates 
still presents problems [31,32]. Hence, the process of organic solution 
coating is reported here. This technique can be incorporated into existing 
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semiconductor manufacturing process. It also does not need an efficient 
and expensive system. This method can provide a simple, quick way of 
producing graphene layers with low cost. 

There are other production methods on the preparation side of 
graphene, but there have been reports on polymers [33] and organosilane 
gases [34,35], but production from specific organic substances containing 
benzene rings was not reported before this study. If graphene can be 
obtained by coating an organic substance containing a benzene ring and 
subjecting it to heat treatment, there is a possibility that it can be directly 
produced on a substrate without using a metal catalyst. However, high 
temperature and high pressure are usually required for graphitization of 
organic matter. As the first step, we chose Orange II as the organic matter 
and coated in on Ni substrate to investigate the possibility of graphene 
growth at relatively lower temperature that the present methods. Most of 
our aims were realized and the low temperature growth of graphene such as 
~ 800 ºC was demonstrated. 
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1.4 General processing method of graphene 
 

There has been considerable interest in the nano-processing of graphene 
[36,37]. Focused ion beam (FIB) is widely used as a rapid prototyping tool 
for micro and nano electronic devices and for circuit repair as the technique 
enables site-specific removal and deposition of material. In general, 
Milling or sputtering is achieved through collisions of the energetic Ga+ 
ions with the target atoms, displacing them from their original sites. The 
higher the acceleration voltage, the narrower the beam can be. However, 
the damage to the sample will increase or will dope the graphene sample. 
To reduce the damage of the sample, another ion source such as Helium 
(He) is used. Although high precision processing can be achieved, it is an 
expensive apparatus and it is necessary to have a vacuum lower than 10-4 
Pa at the minimum. Besides, several different graphene patterning and 
processing method have been developed. For example, catalytic cutting 
technique, plasma etching, electron beam etching and so on [38- 40]. In 
this work, we focused on the technique called AFM anodic oxidation. This 
technique will perform high-resolution patterning and processing compared 
will ion and electron beams. 
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Chapter 2. Fabrication of graphene films from 
organic coating 
 

As mentioned in the previous chapter, the efficiency of graphene 
production is an important problem. In this section, methods of graphene 
synthesis using organic coatings are proposed. 
 
2.1. About organic matter of this method 
 
The commercialy sold Orange II was used as the starting material. It is 
named as Acid Orange 7 (C16H11N2NaO4S). Details are indicated below. 
It is also named as p-(2-Hydroxy-1-naphthylazo) benzenesufonic Acid 
Sodium Salt. Its molecular weight is 350.32, the melting point is 164 °C 
and the solubility is 116 g/l (in water at 30 °C). 

 
 

Its orange color is due to its azo group ( -N=N- ). There are three 
reasons for its use in the study. Firstly, coating of the substrate surface by 
the dye can be judged from its color. Secondly, it is readily available and 
inexpensive. Third, the structure of orange II tends to be planar. Organic 
compounds with benzene rings flanking the azo group usually have 
geometric isomers (i.e., cis and trans structures). However, the naphthalene 
ring of orange II exhibits steric hindrance (Fig. 5). Therefore, it only occurs 
as a trans isomer. From such reasons, we chose this organic matter. 

 

Fig. 4 Structural formula of Orange II 
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2.2 Sample preparation 
 
As first preparation, the Si (100) wafer was heated at a temperature of 1000 
ºC for 10 hours in air by using a muffle furnace. A Si (100) substrate with 
an oxide layer of 250 – 300 nm thickness on its surface was used as the 
starting material. After organical cleaning of the Si (100) substrates, pure 
Ni was deposited on the oxide surface. Two techniques were used to 
deposit the Ni layers, which were named as, vacuum deposition and 
magnetron sputtering. The Ni layers were used as catalyst for graphene 
formation. Pure Ni metal having a thickness of 100 nm was deposited onto 
SiO2 in vacuum at a background pressure of 10−4 Pa. During Ni sputtering, 
the substrate was kept at room temperature (RT) and/or heated up to 500 C. 
The plasma power was 150 W, and the deposition time was 25 min. The 
flow rate of Ar gas was maintained at 10.0 ml/min, and the pressure was 
kept at 0.65 Pa. Afterward, the Si wafer was dipped in an acetone-saturated 
solution of orange II. The Ni/SiO2/Si surface was coated with orange II by 
simple dipping. The dipping process was as same as that used for the Ni 
film deposited in vacuo and the Ni film formed by sputtering. The two 
samples were then annealed in vacuo (about 10−4 Torr) at 850 C for 5 min 

 
Fig. 5 steric hindrance of Orange II 
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under an IR lamp to thermally decompose the orange II and to form 
graphene. The rate of temperature increase was approximately 2.77 C/s. 
Conditions such as heat treatment temperature, heating time, cooling time, 
difference of the film thickness of the Ni, etc. were investigated to optimize 
the fabrication conditions. 
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2.3 Evaluation methods and results 
 
2.3.1 Raman spectroscopy 
 

Raman spectroscopy is a spectroscopic technique used to observe 
vibrational, rotational, and other low-frequency modes in a system. From 
such results molecules can be identified. A Raman scattering (observed in 
Raman spectra) of carbon materials gives us various information. The most 
famous Raman peaks of graphene and graphite are the so-called G-band 
appearing at 1582 cm-1, the D-band at about 1350 cm-1, G’(2D)-band at 
about 2700 cm-1 [41,42]. If we see the G-band in the Raman spectra, we 
can say that sample contains sp2 carbon networks. Moreover, crystallinity 
can be judged from existence of D-band. The number of rough layers can 
be judged from the peak intensity ratio of G-band and G’-band. Figure 6 
shows the equipment (JASCO) used for Raman spectroscopy. Raman 
measurement conditions were mainly lens magnification 100×, excitation 
wavelength 532.30 nm, slit width 0.1 × 6 mm, exposure time 60 sec and 
cumulated number 2 times. 
  

 
 

Fig. 6 Raman measurement system 
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2.3.1-1 Dependence on annealing conditions  
 

Figure 7 shows the Raman spectra of the samples annealed at different 
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Fig.7 Raman spectra at different annealing temperatures 
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Fig.8 Raman spectra of Orange II before and after heating 
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temperatures. The Ni layer was deposited by vacuum deposition. The 
thickness of the Ni layer was ~100 nm. The samples were annealed under 
vacuum (better than 10−4 Torr) from 450 °C to 1050 °C for 5 min under an 
IR lamp. Each sample was analyzed, and its spectrum was obtained and 
normalized with respect to its G-band. The peaks in the Raman spectra for 
the samples from 450 °C to 750 °C suggest amorphous carbon (a-C). These 
also imply that the temperature of heat treatment was low, the treatment 
time was short, or both. Peaks of the D- and G-bands, as well as the 
Gʹ-band (2D-band), began to appear at above 850 °C, thus confirming 
graphitization. Raman spectrum of Orange II after heating is shown in Fig. 
8 (a). A peak of the azo group at around 1440 cm−1 disappeared upon 
heating at 300 °C, and the shapes of the other peaks are similar. Spectra of 
compounds such as CxHxOx or CxHxNxOx may observed in the Raman 
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Fig. 9 Raman spectra of different annealing time  
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Fig. 9 Raman spectra at different annealing times  
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spectra. When heating treatment was done higher than 450 ºC, a new peak 
observed for a-C by Raman spectra as shown Fig. 8 (b).  

Next, the dependence on the annealing temperature at annealing 
times of 2 min to 5 min is depicted in the Raman spectra of samples 
prepared using a fixed thickness of Ni film (100 nm) and at an annealing 
temperature of 850 °C (Fig. 9).  Although monolayer graphene could not 
be observed, the 2D-band could be observed in all spectra. This result 
implies that thermal decomposition of organic matter is sufficient in the 
process of heating from RT to 850 °C. Although the spectral shape of 
samples annealed for long periods is sharp, the intensity of their D-band 
tends to increase simultaneously. This observation may be due to crystal 
growth of Ni during annealing. Efficient graphene fabrication can be 
expected by short-time annealing from 2D-band behavior.  
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Fig.10 Raman spectra of different cooling time  
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Then, samples were prepared focusing on cooling time, which is an 
important parameter related to crystal growth. Figure 10 shows the Raman 
spectra of samples when cooled to RT by 5 min, 15 min and 30 min on a Ni 
film of 100 nm thickness. The annealing temperature was 850 ºC and the 
annealing time was 5 min. The cooling rates were 2.37 ºC /s, 0.91 ºC /s and 
0.46 ºC /s respectively. For these samples, could observe a multilayer 
graphene like spectrum at everywhere. However, as for the crystallinity of 
graphene, there was not much change only by changing to cooling time as 
compared with the sample prepared so far. 
 Finally, the experiments were conducted focusing on the film 
thickness of catalytic metal Ni. As for sample preparation conditions, Ni 
was deposited as thick as 20 nm, 100 nm and 250 nm by the vacuum 
deposition, the substrate surface was coated with Orange II solution stirred 
with acetone by dip coating, and then, the annealing treatment was 
performed. The annealing temperature was fixed at 850 ºC, from the result 
of annealing temperature dependence. Raman spectra for the samples are 
shown in the Fig. 11. A strong D-band signal of the sample with small 
thickness (20 nm) could be observed. Also, the peak shape of the G-band 
was broad. It was confirmed that the peak intensity of D-band became 
weaker as the film thickness increased to 100 nm and 250 nm. A plot of the 
G / D ratio of each sample is shown in Fig. 12. There was almost no 
D-band peak in the sample of 250 nm, and it was confirmed that the 
crystallinity of graphene and graphite depends on the film thickness of Ni 
in dip coating. Furthermore, the peak position of 2D-band seems to be 
influenced by the surface condition of Ni. But, as shown, there is a 
tendency to get closer to the peak position reported in the literature as the 
film thickness is increased (black line in Fig. 12). From the results of G / D 
ratio, domain size was also improved by the Ni layer thickness increasing. 
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Fig. 11 The graphene formation depended on Ni thickness 
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Fig. 12 The relationship of graphene crystallinity and 2D-band peak 
position 
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2.3.1-2 Effect of the film-forming conditions on the metal 
 

A Si (100) substrate with an oxide layer of 250 ~ 300 nm thickness on its 
surface was used as the starting material. After chemically cleaning of the 
Si wafer, pure Ni was sputtered on the oxide as the catalyst. During the Ni 
sputtering, the substrate was heated up to 500 ºC and the plasma power was 

kept at 150 W. The deposition time was 25 min, while the flow rate of Ar 
gas was kept at 10.0 ml/min, and the pressure was kept 0.65 Pa, 
respectively. The sputtering rate was about 13~15 nm/min by this condition. 
Therefore, the Ni film thickness was 325 ~ 375 nm. Figure 13 shows that 
Raman spectra of the sputtered samples after dip coating and annealing. 
Single layer graphene and high crystalline graphite formed at 850 ºC. 
Raman shift peaks of graphite with few lattice defects and monolayer 
graphene were observed. Moreover, the grain size of Ni formed by the 
sputtering was larger than that from vacuum deposition. 
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Fig. 13 Raman spectra of sputtering and substrate heated sample. 
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2.3.2 Investigation by atomic force microscope 
 

Using an atomic force microscopy (AFM), it is possible to measure 
topography of a sample surface at a high resolution. This information is 
gathered by contacting the surface with a mechanical probe called 
cantilever. 

Observation of the sample surface at 850 °C was performed by 
AFM. The shape image was obtained by extracting only the main 
component using fast Fourier transform. From this atomic image, the 
honeycomb structure of graphite and graphene was confirmed. It also 

confirmed that the graphite structure had sufficient crystallinity for 
measurements of the atomic image. The honeycomb structure of the 
hexagon could observe from the sample made from an AFM image. A 
commercial graphite (highly ordered pyrolytic graphite, HOPG) sample 
was used as a comparison. A clear atomic image identical to high oriented 
pyrolytic graphite surface was obtained as shown in Fig. 14. The totally 
similar images were obtained. The measuring area was on the top of 
polycrystalline Ni film, the formation of graphene was strongly suggested. 
  

 
Fig.14 AFM atomic images. 
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2.3.3 Observation by scanning electron microscope 
 

Figure 15 (a) is a scanning electron microscope (SEM) image of the sample 
formed by Ni vacuum deposition, and Fig. 15 (b) the sample is for formed 
by Ni sputtering. While the sample surface is rough formed by vacuum 
deposition, the sample formed by a sputtering is seen as quite flat. When a 
film was formed by a sputtering, the grain size of Ni was large than that of 
deposition, and the surface roughness decreased. The samples of graphene 
and graphite with larger size are considered to be related to grain size of Ni. 
Even if annealing was done for the sample formed by vacuum deposition, 
the grain size was still small, and the surface was rough too. 
 

  

 
              (a)                                 (b) 

Fig.15 The sample surface SEM images of (a) Ni vacuum deposition and (b) Ni 
sputtering with substrate heating at 500 °C 
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2.3.4 Investigation by X-ray diffraction 

 
The X-ray diffraction (XRD) pattern of the Ni layers formed by vacuum 
deposition and by Ni sputtering were indicated in Fig. 16. All samples in 
Fig. 16 (a) were deposited without substrate heating and measured after 
annealing from 450 °C to 850 °C by a step of 100 °C. The Orange II was 
not coated on these samples. The XRD peak could not be observed only by 
the deposition at RT, however, Ni did a crystal growth by annealing at 450 
ºC and higher temperatures, and Ni (111) and (200) XRD peaks were 
growing. On the other hand, as shown in Fig. 16 (b) for the sample made 
by Ni sputtering without substrate heating, the XRD peak intensity was 
strong like the vacuum deposited sample even for substrate temperature of 
RT. However, the Ni (111) peak became strong and shifted to the low angle 
side by sputtering Ni with in substrate heating at 500 °C. The grain size of 
the samples was estimated from the Ni (111) peak using Scherrer equation 
(2.3.1):  
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(a)                                (b) 

Fig. 16 XRD patterns of Ni thin films formed by (a) vacuum deposition 
and (b) sputtering 
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Here, D is the grain size, λ is the X-ray wavelength (Cu Kα 1.5418 

Å), θ is the diffraction angle, K is the Scherrer constant and B is the peak of 
full width at half maximum (FWHM), respectively. 

The Ni grain size of sample formed by vacuum deposition was 
about 200 nm, the sputtering with substrate heat at 500 °C was about 1 μm. 
Even there was no organic coating, small graphene spots were also grown 
on some Ni grains. The carbon source might come from the impurity in Ni 
metal. The graphene size, however, was different for Ni sputtering and 
vacuum depositing samples. The graphene size of Ni sample was about five 
times larger than that of the deposited Ni sample one. So, a large Ni facet is 
important in large area graphene growth. 
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2.3.5 Investigation by X-ray photoelectron spectroscopy 
 
The sample produced by the above-mentioned process and graphene 
samples produced by CVD or peeling from highly ordered pyrolytic 
graphite (HOPG) were measured by X-ray photoelectron spectroscopy 
(XPS). (A ration of the ingredients of sp3 with sp2 was analyzed.) Since the 
various carbon states exists in the range where x-ray has irradiated, a broad 
peak was obtained from sample of orange II, as shown in Fig. 17 (a). A 
monolayer graphene sample showed sharp and strong peak at 284.6 eV. A 
relative broad peak was observed for multilayer graphene sample. In 
addition, we show the XPS spectra of C1s orbits of four samples in Fig.17 
(b). It is shown that our sample was more like the multilayer CVD one.  
The sp3 peak of C1s orbits was also observed from the monolayer graphene, 
which was considered to come from the unevenness of the graphene sheets.  
Although our sample had more grain boundaries, the spectrum of the 
multilayer like graphene was obtained. Since our samples were formed 
from organic solution, an OH bonded C peak could be seen in the XPS 
result. As shown in Fig. 18, furthermore, residual sodium (Na) and sulfur 
(S) were also observed in the XPS measurements. However, nitrogen (N) 
could not be observed in XPS spectra. As using Ni as growth catalyst, the 
signal other than Ni and C were also observed in the XPS measurement. 
For the Ni sputtering XPS spectra, Ni oxides (NiO, Ni2O3), sodium (Na) 
and sulfur (S) could be recognized, as shown in Fig. 18. The nitrogen (N) 
signal was not detected. These impurities might come from the Orange II 
solution, this also gave rise to a possibility of doping in graphene.  
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Fig. 17 XPS spectra of (a) C1s orbital raw data and (b) fitting results of 
each sample   
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Fig. 18 The XPS spectra of elements other than carbon from Orange II coated 
graphene sample  
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2.3.6 Growth mechanism 
 
The lattice constant of graphene and the lattice constant of Ni (111) are 
very close, correspond to the possibility graphene growth on the Ni (111) 
grain facet. The graphene nucleus is first formed on the facet and a 
grow-up to large area graphene sheets. Thus, we could observe single layer 
graphene by Raman spectra. The carbon resource, the graphene nucleus, all 
of the necessary things could be provided by the pyrolysis of Orange II, 
which dissolved in to the Ni catalyst and formed nucleus on the Ni facet 
during a cooling process from 850 °C. When the azo group was pyrolyzed 
N2 and radicals were generated. The radicals pulled out hydrogen and 
cyclized, so Orange II split into the naphthalene ring part and the sodium 
benzenesulfonate side by this. In addition, C-H, C-C bond might cleave to 
form reactive free radicals, cause molecular rearrangement, aromatic 
condensation, elimination of side chains, even all these processes could 
occur in parallel during carbonization [43,44]. It can be considered as 
follows 

 
2 (C16H11N2NaO4S) → C30 + Na2S2O3 + 5H2O + 2CH4 + 2N2 + 2H2 

 
Polymerization at the most reactive 1-position leads to naphthalene 
polymers which can form full condensed polymers composed of only 
six-membered ring, while polymerization utilizing the less reactive 
2-position can inhibit condensation. These factors are thought to affect the 
crystallinity of graphene by using Orange II organic solution. In addition, 
methane generated by thermal decomposition in the vicinity of the surface 
of the metal reacts with the metal, and it is dissolved into the Ni, so it is 
thought that nucleation on Ni grain grows to relatively large graphene. 

Graphene growth by organic matter dip coating could be produced 
even on Ni patterns. It provides a possibility of wiring the graphene due to 
its growth process. Moreover, since the element which constitutes the 
organic matter remains in the substrate, the characteristic of graphene may 
be changed easily. 
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Summary 
 
As described in chapter 2, graphene and graphite thin films were fabricated 
by coating with an organic solution and post-annealing using a very simple 
and quick method. The results of Raman spectroscopy reveal a strong 
dependence on annealing temperature beyond 850 °C and localized 
generation of single-layer graphene. On the basis of these results, the 
temperature was fixed and both the annealing and cooling times were 
varied to improve the size and crystallinity of graphene. However, the 
intensity of the D-band changed little despite long annealing of the sample. 
The intensity of the D-band was dependent on the crystal growth of Ni 
grains; greater Ni film thicknesses tended to reduce the intensity of the 
D-band signal. Cooling time also seemed to be an important factor and was 
thus examined experimentally. Moderate cooling changed the 2D-bands but 
did not fundamentally improve them. The dependence of Ni on film 
thickness was apparent because heating and cooling treatments could not 
improve the crystallinity of graphene with use of the Ni catalyst. The 
D-bands weakened, as in case of the samples with thick Ni film. When the 
film was formed by sputtering on a substrate heated at 500 °C, D-bands for 
graphene almost could not be observed in the Raman spectrum of graphite. 
When sputtering and substrate heating were performed at 500 °C, Raman 
spectra of graphene and graphite with almost no D-band were obtained. 
This result is due to the preferential growth of Ni (111), the smaller 
difference between the period of the surface lattice and the lattice constant 
of graphene, as well as the formation of an epitaxial film. The surface 
roughness disappeared and the grain size became larger compared with 
those of the film formed by vacuum deposition, thus including the growth 
of graphene and graphite of a certain size in two dimensions.  
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Chapter 3. In-situ observation of graphene 
growth by an optical microscope 
 

We succeeded in fabricating graphene from organic matter as it was written 
at the previous chapter. So, we were considered in order to observe the 
state which from organic matter changes into graphene. In this section, we 
present observation method of graphene by using in-situ optical 
microscope propose by our group. 
 
3.1 Observation systems 
 

 
An optical microscope instrument, the KH-7700 (Hirox), was used for 
in-situ observation of graphene growth. The objective lens magnification is 
in a range from 140 to 1400 times. The light source is a metal halide lamp. 
The heating stage for observation is set in a vacuum chamber (S.T. Japan 
Co., Ltd), as shown in Fig. 19. The main features of the system are 
temperature range from room temperature (RT) to 900 ºC, the ultimate 
vacuum of 1 x 10-6 Torr and the maximum sample size of 10 x 10 mm2. The 

 
(a)                               (b) 

Fig.19 In-situ observation system (a) vacuum condition and (b) 
observation of gas flowing condition with Raman measuring at different 

temperatures 
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optical observation and in-situ Raman measurements were performed 
through a quartz window of the chamber. The 532 nm (Nd-YAG) laser was 
used for exciting the Raman scattering. 
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3.2 In-situ optical microscope observation 
 

The samples for the in-situ observation were two tapes, one was formed by 
Ni sputter deposition on the Si substrate, as shown in the previous chapter, 
and the other was on a pure Ni foil. First, a result for the samples formed 
on the Ni/SiO2/Si substrate is indicated in Fig.20 (a). The temperature 
rising method was different from the previous chapter, this samples were 
heated from RT to 850 ºC. The image was first recorded at RT, an 
characteristic color of Orange II could be seen. Then the sample was heated 
and images were taken for every 100 ºC from 450 ºC which is the 
temperature organic matter pyrolyzes. Pyrolyzes of an azo group is going at 
higher than 400 ºC, and the characteristic color of Orange II disappeared. 
When the heating was continued, a blue part appeared on the Ni surface. 
The color became dark after that, and a change with the color was also 
observed besides the blue region. Raman spectra of a heated sample were 
measured at RT and shown in Fig 20 (b). G-band and 2D-band 
corresponding to graphene could not be observed at every point (1~5) from 
this in-situ observation area. However, the same Ni/SiO2/Si sample heated 
by using an IR lamp gave rise to G-band and 2D-band signals, as shown in 
Fig. 20 (b) with the blue line spectrum. It is thought that since the heating 
by the OM system’s heater, the heat transfer was not good by the Si 
substrate. Also, it might have a problem of adhesion between the Si 
substrate and Ni thin film. Raman measurements were also performed on 
the Si substrate, but a sharp spectrum like graphene could not be observed 
although a spectrum like charcoal was observed. 

The heating behavior of the sample of Orange II coated Ni foil is 
shown in Fig. 21. As shown in Fig. 21 (a), the original orange color of 
Orange II disappeared at temperatures higher than 450 °C, indicating the 
organic matter pyrolying on the Ni surface. For heating at 850 °C and 5 
min, a growth of Ni grain could be recognized. However, the growth of 
graphene could no be observed clearly. After cooling the sample to RT, 
Raman spectroscopy was carried out at some random point of the sample 
surface. As shown in Fig. 21 (b) a graphitization procedure and a carbon 
derived peak were observed. In contrast, there are no clear graphene related 
peaks observed. For this sample, a temperature dependent Raman was also 
measured, as shown in the observation system in Fig. 19 (b).  
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Fig. 20 OM images of Ni deposited on Si substrate samples and Raman 
spectra 
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Fig. 21 OM image of Ni foil sample and Raman spectra 
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3.3 In-situ Raman measurement 

Figure 22 shows Raman spectra of in situ and heating Raman. The 
measurement conditions were excitation light 532 nm, integration time 
1000 ms and average number of 30. The measurements were taken at the 
area where Orange II existing. At temperatures lower than 450 °C (lines red 
to light blue from upside Fig. 22), typical Orange II like Raman peaks were 
obtained. The organic matter was pyrolyzing at this temperature. After that, 
amorphous carbon like Raman peaks were recorded for temperatures of 
550 °C to 850 °C. Unfortunately, these was no clear graphene like peak in 
the Raman spectra. This is the manner different from Orange II coating and 
IR annealing. The reason is not clear, but a higher temperature like 900 °C 
or a large Ni grain might be necessary to form evident graphene while large 
part of amorphous carbon existed.  
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3.4 In-situ observation of fabricated CVD graphene on metal 
 
In order to observe how organic matter grows to graphene, multilayer 
graphene was prepared on Ni by using CVD. This sample was heated in 
vacuum and observed with the optical microscope. The temperature was 
raised from RT to 900 °C. Picture were take a at different temperatures. In 
the previous research, they used an electron microscope to observe with 
graphene on Ni [45]. Dissolving and regrowth of graphene are observed 
using the carbon layer deposited Ni by heating and cooling. According to 
the previous work, graphene dissolves at ~ 900 °C or higher, and a 
monolayer graphene segregates at ~790 °C to 900 °C on the Ni (111) 
surface [46]. If this behavior can be observed with an OM, it is possible to 
observe the growth of graphene on the Ni by this easy way. The experiment 
was conducted by changing the rate of rising temperature. 

 
 
3.4.1 50 ºC/min rising rate 
 
A sample of multi-layer graphene fabricated on Ni foil was prepared by 
ethanol chemical vapor deposition (CVD).  Afterwards, the sample was 
heated at 900 ºC in the vacuum chamber using the OM system’s heating 
stage. This high temperature was enough to dissolve the segregated 

 
(a)                                     (b) 

Fig. 23 (a) OM image of CVD graphene on the Ni foil, (b) Raman 
spectra of Ni foil sample 
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graphene layer, then a monolayer graphene was grown by controlling the 
temperature between 800 ~ 900 ºC. The pressure of the vacuum was about 
10-5 ~ 10-6 Torr. Figure 23 (a) shows the OM image of this graphene/Ni 
sample. The sample surface was covered by monolayer and/or multilayer 
graphene. The light color areas were almost monolayer graphene ones. Fig. 
23 (b) shows the Raman spectra randomly taken from four points on the 
sample surface. Monolayer-like (red line) and multilayer-like (others) 
graphene signals were confirmed. Afterwards, the sample was heated to 
900 ºC. At this temperature, the graphene was dissolved and immersed in 
Ni metal, as shown in Fig. 24 (a). A naked Ni surface was observed. It was 
confirmed that some carbon condensed areas developed on the Ni surface, 
as shown by the thick color spots in Fig. 24 (a). These areas were 
amorphous carbon (a-C) condensation, which could be seen in all of the 
OM images in Fig. 24. In the next step, we decreased the sample 
temperature to 800 ºC, and took the OM image as Fig. 24 (b). Color 
changing was seen on the Ni surface, suggesting graphene formation. Then, 
the sample was heated to 900 ºC again, took the OM image, and re-cooled 
down to 800 ºC. This cycle was repeated by several times. Fig. 24 (c) to (e) 
are the OM images after heating for 2 to 5 times, respectively. The carbon 
commendation areas grew with the heating – cooling cycles. Finally, the 
sample was cooled down to RT, which is shown by the OM image in Fig. 
24 (f). The sample cooled down to RT from Fig. 24 (e) was carried out by 
Raman point spectroscopy. The picture taken from large area of the sample 
is shown in Fig. 25 (a). The Raman spectra taken at the points 1 ~ 14, 
which were indicated in the image. The Raman spectra were shown in Fig. 
25 (b), (c) and (d). Based on those spectra, it was confirmed that graphene 
layer was re-grown on the Ni surface. The points 1, 2, 7, 8, 12, 13 were 
multilayer graphene areas. The points 6, 14 were thin graphene layers. The 
points 3, 4, 5, 9, 10, 11, in contrast, were amorphous carbon areas. As a 
result, we found out that it has the various colors in the OM image, which 
indicate the different layer thickness. Furthermore, the amorphous region is 
hardly dissolved in Ni at 900 ºC. The formation of big carbon clusters gave 
rise to the thick blue and orange areas. The occurrence of these condensed 
carbon clusters is also an obstacle of graphene growth. Thus, a flat Ni (111) 
surface is important in large graphene sheet growth.  
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Fig. 24. (a) Image of the graphene/Ni sample heated at 900 ºC. (b) 
Image taken at 800 ºC. (c) rehated to 900 ºC from (b). (d) cooled down 
to 800 ºC and reheated to 900 ºC two times from (c). (e) cooled down to 
800 ºC and reheated to 900 ºC from (d). (f) cooled down to room 
temperature from (e). 
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Fig. 25. The measurement location (a) of the Raman spectrum and the 

spectra, (b), (c) and (d). 
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Here we can summarize the effects of heating process. The sample 

surface image shows that the naked Ni surface was obtained at 900 °C. The 
graphene layer was immersed into the Ni layer. When the temperature was 
reduced to 850 ºC, the graphene (the white area) and the amorphous carbon 
(a-C) (the dark blue and orange area) appeared on the Ni surface. By 
reducing the sample temperature to 800 ºC (in Fig. 24 (b) and (d)), both the 
a-C and graphene area grew larger. There are also some green points, such 
as one in the upper left corner in Fig. 25. This is also thin graphene layer, 
which is grown on a Ni grain. 

From the results of Raman, the optical image of the reflectivity a 
few layers graphene will be looked like light pink area. Figure 26 shows 

the calculated reflectivity of monolayer graphene on Ni surface. From the 
result, we could assume the surface color while heating the sample. The 
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Fig. 26 The calculated reflectivity of single layer graphene on Ni 

surface. 
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optical parameters used were refractive index: the air n0=1, graphene 
n=2.6-1.3i [47,48] and Ni nm= 1.75-3.19i (wave length 539.1 nm), 
respectively. Single layer graphene thickness is d=0.34 nm. In Fig. 26, we 
show the calculated reflectivity of a single layer graphene on the flat Ni 
surface. An almost white or light pink color will be seen with the optical 
microscope for the graphene area. The reflectivity will be slightly changed 
at high temperatures (800 ºC and 900 ºC), in which the graphene growth is 
still recognizable by the optical microscope. Graphene growth (regrowth) 
can be observed using this wavelength difference. In the same calculation, 
the reflectance in the case of a metal without graphene was 34.7% at room 
temperature (RT). By changing the sensitivity of detector or optical system 
we may detect this slight difference, that means the existence of graphene 
on the metal might be confirmed by the color change of the surface. 
However, in actual samples, it is difficult to judge from surface 
irregularities and thermal radiation light. The in-situ observation of 
graphene growth by the optical microscope is simple and effective. Figure 
27 (a) shows the OM image of a re-grown graphene/Ni sample at RT. The 
large pink area was covered by single or multilayer graphene. The change 
on the uniformity of color should come from the surface roughness of Ni. 
The rectangle area in the image was measured by Raman mapping. The 
lower picture of Fig. 27 (a) shows the mapping results. The bright spots in 
the lower picture of Fig. 27 (a) reflect the area of single layer graphene, 
which is shown by the Raman spectrum (high) in Fig. 27 (b). In the present 
situation, all spectra were obtained when Raman spectroscopy was 
measured. Therefore, this slight color change is came from graphene. 
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3.4.2 20 °C/min rising rate 
 
The stating sample was also a CVD grown graphene on the Ni surface. The 
light color areas were almost monolayer graphene, such as the area I in Fig. 
28 (a). This picture shows the in-situ observation OM image taken at RT. 
From Fig. 28 (b) to (h), the temperature was raised from 400 °C to 900 °C. 
There was no significant change of the sample surface for temperatures 
from RT to 600 °C. The color of the sample changed from 650 °C at area I. 
At temperatures higher than 750 °C, the area started to change to dark color 
gradually as shown by Fig. 28 (d) to Fig. 28 (h). There is no further change 
for the area I from 850 °C, but more color changes occurred at area II and 
III. When the temperature increasing to 900 °C, graphene on the Ni foil 
dissolved into metal as the in-situ observation by SEM, which could be 
recognized by the white-green area of bare Ni around area I, as show in Fig. 
28 (h). However, the dark color lines and areas kept no change even 

1200 1600 2000 2400 2800

high
mid
low

R
am

an
 In

te
ns

ity
 (N

or
m

al
iz

ed
)

Raman shift (cm-1)  
(a)                                  (b)  

 
Fig.27 (a) Optical image, where the Raman mapping area indicated by 
the dotted rectangular line. (b) Raman intensity in the rectangular area. 
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keeping the temperature at 900 °C for 5 min, as show Fig. 28 (i). In the 
next step, we decreased the sample temperature for regrowing of graphene 
on the Ni surface. Figure 28 (j) shows the OM image taken at 850 °C. The 
light green color areas occurred at the bare Ni surface near the black spots, 
indicating the regrowth of graphene by the temperature decreasing. The 
black area, however, kept as no change both in color and size. Also, the 
light green areas kept almost the same shape from 790 °C to 500 °C, and 
RT, as shown in Fig 28 (k) and (l). These facts suggest that the regrowth of 
graphene mainly took place at temperature range from 900 °C to 800 °C. 
As described below, the formation of multilayer graphene was confirmed 
for these light green areas. 
There is a difference between Fig. 28 (k) and (l), which were taken at 
790 °C and 500 °C, respectively. Figure 28 (l) shows more green thin lines 
on the Ni facets, but the color besides these lines was white or light pink 
and exhibited no significant change from Fig. 28 (k). We believe that the 
single layer graphene was formed at these areas, even we could not confirm 
it only by the color change of the OM image. 
 Figure 29 shows (a) the OM image and (b) Raman spectra of the 
graphene sample after heating in vacuum and cooling to RT. The orange 
and dark blue areas, such as point 1(red circle area) showed amorphous like 
carbon singles. The light color areas such as point 2 (blue circle area) 
showed multilayer like graphene Raman spectra. There is also 
monolayer-like graphene area, such as point 3 (green circle area). These 
graphene areas were formed by the temperature decreasing from 900 °C. 
These results show that we can observe the dissolution and regrowth of 
graphene by using OM in-situ observation. 
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Fig. 28 In-situ OM images of CVD-grown graphene on the Ni sample 
surface during temperature rising and decreasing in vacuum. 
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     (a)                            (b) 

Fig. 29 The sample after heating in vacuum and cooling to RT 
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In-situ observation of graphene on copper (Cu) was shown in Fig. 30, 
which with almost single layer graphene. Similar to the Ni sample, the 
surface showed no particular change up to 400 °C. The color changed as 
the temperature exceeded 500 °C, due to the gas escaping from the 
interface between graphene and the Cu substrate. While heating to 800 °C, 
the surface began keeping as the same. Graphene is stable till 900 °C on Cu 
substrate, and no dissolution occurred as on Ni substrate. This results is 
also an evidence of graphene stability at high temperatures [49,50] The 
results of Raman spectroscopy before and after heating of this sample are 
presented in the Fig. 31. The peak shift after heating may be due to metal 
distortion. Our results showed that Ni is not a suitable substrate for 
graphene growth and for heat treatment. 

 

Fig.30 In-situ OM images of CVD-grown graphene on the Cu sample 
surface during temperature rising in vacuum. 
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Fig.31 Raman spectra of CVD-grown graphene on the Cu sample. 
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3.5 In-situ observation in gas flow condition 
 

Experiment with the same optical microscope observation system were 
conducted to see whether the state of etching can be observed in situ. The 
observation was performed with Ar + H2 (5 %) gas (30 ml/min) flowing. A 
sample of multilayer graphene deposited on Ni foil was prepared by 
ethanol chemical vapor deposition (CVD). 

When the sample was heated in Ar + H2, the dark blue and orange 
areas appeared on the sample surface. These areas are amorphous carbon 
(a-C) as shown in Fig. 32 (a) to (d). Half of graphene area was etched by 
the Ar + H2 gas during the heating. While keeping the sample at 900 °C in 

 

Fig.32 In-situ OM images of CVD-grown graphene on the Ni sample 
surface during temperature rising in Ar + H2 atmosphere. 
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the atmosphere, the graphene was etched away gradually (Fig. 32 e~i). This 
reacting process was different from that in vacuum condition. When we 
used Ar gas only as shown in Fig.33, the in-situ observation was also 
different. The area of a-C on the sample surface could not be etched. It was 
seemed that the state of etching also depended on the crystal orientation of 
Ni. For example, as show in Fig. 32 (g), Ni had been partially etched, but 
there was still areas covered by graphene. One possible explanation is that 
the orientation of Ni domain was different. 
 
 

 
  

 
Fig. 33. In-situ OM images of CVD-grown graphene on the Ni sample 

surface during temperature rising in Ar atmosphere. 
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Summary 
 

In chapter 3, in-situ observation of carbon growth by OM using a 
heating vacuum chamber was described. Graphene growth on a Ni domain 
could be recognized from the color change of the Ni surface in the optical 
image. A flat Ni surface and crystal orientation of the metal are important 
factors that allow growth of a large area graphene. In situ observation by 
OM is a simple and effective way of studying graphene growth. It will be 
used to understand the growth mechanism of graphene on various 
substrates. In addition, OM and Raman spectroscopy could be performed to 
observe the growth of graphene on the metal with atmospheric control in 
real time. Results derived from real-time observation of the color image 
provide a simple way of understanding the graphene state under various 
atmospheres. 
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Chapter 4. AFM induced local oxidation 
 
4.1 About AFM anodic oxidation of graphene 
 
Scanning probe microscopy (SPM) is a general term for microscope using 
a probe. It includes scanning tunneling microscopy (STM), atomic force 
microscopy (AFM), and magnetic force microscopy (MFM). In this chapter, 
experiments were carried out using an AFM. In AFM anode oxidation, 
water in air is cross-linked by applied an electric field on a probe of AFM 
and a sample surface, and conductivity occurs. When the voltage beyond a 
threshold is applied in here, the water was electrolyzed, and an ion reacts 
with the sample surface atoms. In the case of Si substrate, SiO2 will be 
generated. This is a principle of AFM anode oxidation. We can control the 
applied bias voltage and the humidity of the sample chamber to control the 
pattern and size of the anodic oxidation areas. As the reaction is essentially 
an electrolysis, it may be foresaw of processing condition using an 
electrochemical approach such as theoretical decomposition voltage and 
reaction rate theory. In previous works, there was a group experimenting 
with AFM anodization, but presenting the case of oxidation, (generating 
GO) or etching as (getting CO2). In this work, we showed that these two 
oxidation processes can be controlled voltage changing [51-55]. An anodic 
oxidation model was also proposed. 
 
4.2 Sample for anodic oxidation 
 
The starting samples are graphene/SiO2/Si substrates. The sample of 
graphene was formed by the CVD method. These samples are two types, 
named as multilayer (thickness: 50 nm, 80-100 layers) and fewlayer 
(thickness: 2 nm, 1-4 layers), respectively. We carried out AFM oxidation on 
these two kind of samples at room temperature in a humidity of 20 %. The 
scan speed of the AFM probe was 10 nm/s. When a bias voltage was applied 
on the AFM probe, the water in the air was electrolyzed and the graphene 
was oxidized, which caused the raised and/or dented AFM images on the 
sample surface. 
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 Figure 34 (a) shows the AFM images for the case of few layer 
graphene as an example. When the applied voltage was lower than 3 V, no 
change was observed. At the bias voltage between 2 V to 10 V, the 
graphene surface was raised and the graphene oxide (GO) was generated, 
as shown in Fig. 34 (b). Because of the volume size of GO was larger than 
that of graphene, we observed a thickness increase of the graphene surface. 

 While the applied voltage exceeds 12 V, the carbon dioxide (CO2) 
was generated, which led to a ditch generation in the AFM image. The 
graphene layer thickness was only ~ 2 nm, so we could see a saturation of 
the depth at voltage higher than 12 V. The formation voltages for GO and 
CO2 were different for the few layer and multilayer graphene films, which 
will be summarized below. 
 
4.3 Case of multilayer graphene sample 
 
Figure 35 shows the applied bias voltage dependence of the surface height of 
multilayer graphene. At the bias voltage, lower than 1 V, no surface change 
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Fig. 34 (a) AFM image of the raising and depressing surface of few 
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layer graphene sample in anodic oxidation  
 



 61 

was observed. GO was generated at 2 - 4 V, with the raised surface. At the 

bias voltage higher than 5 V, CO2 was generated and depressed surface 
occurred. The depth of opened holes increased with increasing voltage, and 
became constant at about 45 nm, which was the thickness of the graphene 
layer used here. Taking the electrolyzed voltage of water of 1.23 V into 
account, these results are in agreement with the proposed theory, which will 
be described later. 
 
4.4 Case of few layer graphene sample 
 
As described in Fig. 36, for fewlayer graphene, both the generation 
voltages of GO and CO2 shifted to higher bias side. The bias voltage for the 
raising graphene surface was 4 V, and the depressing voltage was 12V, 
respectively. The GO generating voltage for fewlayer graphene was about 2 
V higher than that of multilayer graphene. At the same time, the CO2 
generating voltage shifted from 5 V to 12 V. The hole depth of the fewlayer 
graphene saturated at 2 nm for bias voltage of 25 V, which was in good 
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agreement with the graphene layer thickness used in the experiments. 
We can compare our results with that of Masubuchi et al. 51). In 

their paper, the raising voltage was 4 - 6 V, which was almost the same 
value as this work. Our saturation voltage of depression of fewlayer 
graphene was 25 V. A similar result was also reported by Giesbers et al. 53). 
Those results were used in the following calculation for the decomposition 
voltage (DV) of graphene by anodic oxidation. 

 
 
4.5 Analysis and discussion 
 
Referring to previous works [56-60], in general electrolysis reaction, the 
theoretical DV (TDV) is represented by equation 1. 
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where ΔG is the Gibbs free energy, F is the Faraday constant, n is the 
amount of substance of electron for chemical reaction, R is the gas constant, 
T is the absolute temperature and α is the activity factor. We use this 
equation to calculate the DV for multilayer and fewlayer graphenes. 
 
4.5.1 Case of Multilayer Graphene 
 
In the case of multilayer graphene, the band structure is metallic and the 
layer is electrically conductive. Besides, reactants of H2O and carbon from 
the graphene layers are sufficiently supplied. We can assume all the 
activities x, Y, P, Q as equal as one, then the second term of the 
equation becomes zero. Further, for the products of the oxidizing reaction 
of graphene, we consider the different case of CO2 and GO. 
Then, we calculated these two kinds of TDV for multilayer graphene. The 
structural change from graphene to GO is shown in Fig. 37. 

 
 The generation of GO leads to the raise of graphene surface by bonding 
oxygen atoms to surface carbon atoms. The chemical and ionic equations 
of GO generation are shown in 
 

 
 

 
 

 

Fig 37. Structural change and reaction equations of graphene to 
graphene oxide 
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Entropy change is expressed in the next formula. 
 

 
 

 
 
Therefore, the Gibbs' free energy in the normal temperature is 
 

 
 
Next, the number of moles of electrons that react on the anode and cathode 
is calculated: 
 

 
 

 

 

 
Therefore, the number of moles of the electron is 2. The chemical reaction 
is expected that GO is formed at theoretical decomposition voltage more 
than 0.58 volts. But it does not correspond to experimental value. Its gave 
energy ΔG‡ bigger than ΔG for a reaction to advance actually, and had to 
be shifted to the mesomorphic state. Generation of oxidation graphene 
(GO) was considered as follows. First the OH- which occurred by 
electrolyzing of H2O combines in a C atom of graphene. After that H atom 
dissociates, and GO is generated. The activation energy is necessary by this 
process. We regarded the activation energy as that of the combination 
breaking energy of O-H, so we can take the activation energy as the 
binding energy of O-H, 459 kJ/mol. The electrode reaction is same as the 
one considered by theoretical decomposition voltage of aforementioned 
GO, so the number of moles of the electron will be 2. Therefore, when 
formula applied, the activation voltage shows to be the next, 
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GO was generated between 1 - 2 V in the actual experiment. The 
theoretical value is a little big, but is not biased so much. The case of CO2 

is equally calculated. 
 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 

 

 

 

 
 By deriving the Gibbs energy, as shown in these equations, we get the 
theoretical DV of 0.270 V. In fact, GO is generated after the electrolyzing of 
water at 1.23 V, which gives rise to the raising voltage at about 2 V. 
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Figure 38 shows the structural change from graphene to CO2. In this case, 
the graphene is oxidized and lifted off from the surface, as shown by the 
cross section structure. By the similar calculation as above, we can get the 

theoretical DV of 4.22 V, as shown in Fig. 34 by the starting depressing 
voltage of 5 V. In between DV of 2 V to 5V, the GO was generated and the 
graphene surface was raised. 
 
 
4.5.2 Case of fewlayer graphene 
 
In the experimental results of fewlayer graphene, reaction bias shifted to 
higher voltages. This is caused by the influence of the second term of 
Equation 1. Because the band structure of few layer graphene is 
semiconductive and the layer is hardly electrical conductive, the carbon 
atoms are also not efficiently supplied, we should assume the activities are 
dependent with the layer number. 

Then, we calculated these two kinds of 2nd term of TDV for 
fewlayer graphene. In the case of GO generation, we do not know the true 
value of activity factor, so we assume activities as Equations 2. 
 

 

Fig. 38. Structural change and reaction equations of graphene to carbon 
dioxide 



 67 

 

 
Using those assumptions, the calculated result is presented by Equation 3. 
 

 

 
From Equation 3, we can see that if layer number N is increased, the 2nd 
term will decrease. Similarly, in the case of CO2 generation, we assume 
activities as Equations 4, the calculation is shown by Equation 5. 
 

Fig. 39. Graphene Anodic oxidation model 
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A model for the anodic oxidation of graphene is shown in Fig. 39 from 
these calculation results. The calculations showed that the theoretical 
decomposition voltage of 0.58 V of GO corresponds to a reversible state, 
but an activation voltage of more than 2.38 V is needed for a continues 
oxidation. A voltage of more than 4.91 V (more than 1.40 V of the 
theoretical decomposition voltage) is necessary for the generation of CO2 
and for keeping the etching of multilayer graphene. 

Table 2 shows the TDV against the value of kNmax. Nmax is the 
number of graphene layers for which the second term of equation 1 is 
negligible. From this, the TDVs for GO and CO2 generation can be estimated. 
For example, when kNmax = 67, TDVs of GO and CO2 for monolayer 
graphene (N = 1) are 4.09 V and 10.03 V, respectively. Also, TDV of bilayer 
graphene (N = 2) are 3.22 V and 7.43 V. The calculated results are almost 

Table 2 Calculation of TDV with graphene layer number kNmax 
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consistent with the experimental results. In contrast, a large layer number 
would lead to lower TDVs. When N = 80, as in the case of multilayer 
graphene used in this work, TDVs of GO and CO2 are predicted to be 2.38 V 
and 4.91 V, respectively. From the results of calculated, Fig. 40 plots the 
TDV against the value of graphene layers. These are in good agreement with 
the experimental results. 

 Although the above-mentioned assumption of activities may need 
further refinement, the TDVs changed by the layer number are acceptable. 
Also the bonding manner of fewlayer graphene should be different from that 
of multilayer. But the discussion proposed here might give useful prediction 
when we carry out the nanoprocessing of graphene. 

 
  

 

Fig. 40. Calculation of TDV with graphene layer number 
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Summary 
 
In chapter 4, data on the rise and depression of few-layer and multilayer 
graphene samples were obtained by varying the applied voltage in the 
experiment of AFM anode oxidation. The calculated TDV roughly match 
the experimental results. Experimental results for multilayer graphene 
match the first term of the TDV equation. Values for few-layer graphene 
shifted to high voltages because of the second term and its band structure. 
Thus, conditions leading to raised or depressed surfaces changed with the 
thickness of graphene and the bias voltage. GO (rise) and CO2 (depression) 
were produced by simultaneously changing the bias voltage at the same 
location. The oxidation model seems plausible, but two kinds of oxidation 
processes exist, named as, protuberance and collapse, which are strongly 
depending on the film thickness of graphene. 

Raised parts of GO may be used in Schottky diode, while CO2 
from depressed regions may be used in etching and insulation. Therefore, a 
diode microcircuit on graphene can be constructed simply by anodic 
oxidation. As the reaction is oxidation, the process can be used not only by 
AFM, but also by various techniques such as nano-imprint lithography. 
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Chapter 5. Conclusion 
 

In this paper, we investigated the growth and regrowth of graphene and 
carried out the in-situ observation of graphene growth by using an optical 
microscope (OM). We also performed the nanometer-sized oxidation of 
graphene by using an atomic force microscope (AFM). From these 
experiments, a simple way of understanding the growth and etching 
processes of graphene layers was proposed and demonstrated. The detail 
progress made by this study is summarized as follows. 

Firstly, we proposed a new method of organic matter coating and 
annealing process to form graphene layers. Monolayer and multilayer 
graphene samples were fabricated on Ni substrates at relatively low 
temperatures.  We chose the Orange II as the organic matter. It was 
decomposed at about 450 °C and remained carbon sources on the Ni 
surface. The remained carbon atoms were dissolved in Ni metal at about 
900 °C, and extracted at the cooling procedure to form graphene. This 
temperature is about 200 °C lower than that of CVD growth. A model has 
been proposed and discussed. 

Next, we proposed, for the first time, an in-situ observation of 
graphene growth by using the optical microscope (OM). The OM was 
equipped to a vacuum chamber with a heating stage. As the results, we first 
observed the dissolution and regrowth of graphene layers on the Ni 
surfaces only by using the visible light. Although the in-situ observation of 
graphene has been reported by using a scanning electron microscope 
(SEM), our method is simple and quick. The stability of graphene layers 
was also demonstrated by the same system. The graphene layers showed no 
dissolution on a Cu substrate and kept stable till 900 °C. But the graphene 
layer was easily etched in reactive atmosphere like H2.   

Finally, the anodic oxidation of graphene was carried out by using 
AFM induced oxidation. Different oxidizing manner for monolayer and 
multilayer graphene samples was demonstrated. The graphene makes oxide 
(GO) at low anodic oxidation voltages, but will be etched away by forming 
carbod dioxide (CO2) at higher bias voltages. This technique can be used in 
nanoprocessing graphene layers to fabricate new devices.   

As mentioned above, we have investigated the growth, regrowth, 



 72 

oxidation and stability of graphne material. Although our results might be 
on the first steps, these should open a door for understanding this 
promising material and be useful for further devices applications. Further 
studies are highly expected. 
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