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Abstract 
 Graphene is a monolayer of graphite that has attracted widespread attention because 

of its outstanding properties. Scalable and rapid production of graphene is required for its 

industrial applications. Chemical vapor deposition (CVD) is considered the most 

promising method to synthesize large-area single-crystalline graphene. In a typical CVD 

process of graphene, CH4 with Ar and H2 is supplied onto a Cu foil substrate at a 

temperature of about 1000 °C, where CH4 molecules are decomposed to form graphene 

nuclei. When the density of graphene nucleation is high, the resulting graphene becomes 

polycrystalline graphene, which exhibits inferior properties to those of single-crystalline 

graphene. To rapidly produce large-area single-crystalline graphene, suppressing 

graphene nucleation and accelerating growth must be simultaneously realized. For this 

purpose, the effects of various parameters such as gas flow rate, total pressure, and 

substrate temperature on CVD growth of graphene must be elucidated. 

Herein, I systematically investigated the effects of two factors: (1) hot filament and 

(2) hydrogen. In hot-filament-assisted CVD (HF-CVD), the source gas is decomposed by 

a high-temperature filament before it reaches the substrate. Therefore, the hot filament is 

a potential candidate for growth acceleration. However, its effects on nucleation and 

growth are unclear. H2 is generally supplied with CH4 onto a Cu foil substrate. Varying 

effects of hydrogen on the nucleation, growth, and etching of graphene have been reported, 

but some of the effects seemed inconsistent with others and the major effect remains 

unclear. One of the reasons for the uncertainty is that the effects were evaluated by ex-

situ observation after finishing the graphene growth, which cannot accurately evaluate 

the nucleation and growth rate. To elucidate the aforementioned effects, in-situ 

observation of the CVD growth of graphene would be required.  

In this study, I used radiation-mode optical microscopy (Rad-OM), which can 

visualize graphene growth in real time by utilizing the difference in emissivity of 

graphene and Cu. Further, I combined the Rad-OM with in-situ synchrotron radiation X-

ray photoelectron spectroscopy (SR-XPS) to characterize the surface species and evaluate 

the effect of hydrogen. 
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 I investigated the effect of the hot filament using Rad-OM. I proved that the use of 

the hot filament induced additional nucleation and enhanced the growth rate; further, the 

hot filament at optimized temperatures is expected to accelerate growth without causing 

additional nucleation. Therefore, the hot filament would be useful for the rapid synthesis 

of large-area single-crystalline graphene.  

I investigated the effect of hydrogen using Rad-OM and the combined Rad-OM and 

in-situ SR-XPS measurements. Both Rad-OM and SR-XPS results revealed that hydrogen 

etched graphene during the growth and annealing processes. Based on these findings, I 

concluded that the main effect of hydrogen on graphene is etching. The etching effect of 

hydrogen suppresses the nucleation of graphene domains during growth. Thus, 

introducing H2 is beneficial for the growth of large-area single-crystalline graphene 

domains.  

These conclusions based on the in-situ Rad-OM and SR-XPS measurements will 

be useful for establishing guidelines to optimize the CVD growth of graphene and will 

pave the way for the production of large-area single-crystalline graphene.  
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Chapter 1. Introduction 
In this chapter, the structure, properties, and applications of graphene are described. 

Then, the overview, challenges, and methods for the evaluation of the chemical vapor 

deposition (CVD) growth of graphene, which is the most promising method of graphene 

synthesis for industrial applications, are detailed. Finally, the purpose of the study is 

outlined.  

 

1.1. Graphene 
 Graphene is a monolayer of graphite, consisting of an sp2 carbon lattice. It was first 

exfoliated from graphite by Novoselov et al. in 2004 [1]. Subsequently, it garnered 

significant attention because of its outstanding properties, such as high carrier mobility 

[2], excellent mechanical strength [3], and high transparency [4].  

 The discovery of graphene has opened up the science of other atomic layer materials, 

such as monolayers of hexagonal boron nitride (h-BN) [5], molybdenum disulfide (MoS2) 

[6], silicene (Si) [7], and germanene (Ge) [8]. In particular, the properties and stacking of 

various materials [9], [10] have been eagerly investigated.  

The use of graphene for applications in high-speed electronic devices [11], sensors 

for detecting gases [12] or viruses [13], touch panels [14], and so on [15] has been 

reported, but graphene has limited industrial use. This is because its manufacturing 

methods are still developing. The production of graphene for industrial applications 

necessitates the effective synthesis of high-quality wafer-scale (~ 4 in.) graphene. The 

quality of graphene is mainly evaluated based on its carrier mobility [16], [17], and the 

quality is affected by crystallinity, defects, and the layer number of graphene. The 

mobility of single-crystalline graphene is higher than that of polycrystalline graphene 

because the domain boundary in polycrystalline graphene decreases the mobility and 

mechanical strength [18], [19]. Defects in the graphene lattice also degrade the properties. 

In addition, the mobility of monolayer graphene is higher than that of multilayer graphene 

[20]. Thus, wafer-scale single-crystalline monolayer graphene with few defects needs to 

be effectively synthesized.  
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The representative proposed methods for fabricating graphene are mechanical 

exfoliation [1], chemical exfoliation [21], SiC decomposition [22], and chemical vapor 

deposition (CVD) [23]. To date, mechanical exfoliation produces the highest quality 

graphene by repeatedly peeling off bulk graphite (highly oriented pyrolytic graphite, 

HOPG) with a cellophane adhesive tape to isolate a monolayer of graphene. However, 

mechanical exfoliation exhibits the lowest productivity because the peeling process is 

time-consuming and the acquired graphene has dimensions of only a few micrometers. 

Chemical exfoliation, which exfoliates graphite by oxidation with acid, provides the 

highest productivity because oxidation process is rapid. However, the obtained graphene 

is of poor quality because the process induces defects in the graphene. Both the quality 

of CVD-grown graphene and the productivity of CVD is the second highest [24]. Thus, 

further improvement of the quality and productivity of the CVD growth of graphene will 

enable it to become the most effective method for synthesizing high-quality graphene.  

 

1.2. Chemical vapor deposition (CVD) growth of 
graphene 
In the CVD growth of graphene, the carbon source gas (e.g., CH4) is supplied onto 

a heated metal substrate (e.g., Cu). In this process, the gas molecule is adsorbed on the 

substrate and decomposed into carbon precursors by the catalytic activity of the metal 

substrate. Subsequently, the precursors diffuse on the substrate and aggregate to induce 

nucleation and growth of graphene [25]. When the density of the graphene nucleation is 

high, the resulting graphene becomes polycrystalline graphene, which exhibits inferior 

properties to single-crystalline graphene [18], [19] as shown in Figure 1.1. Thus, 

suppressing nucleation density of graphene is the key challenge for the synthesis of large-

area single-crystalline graphene.  

In 2009, Li et al. reported the first synthesis of micrometer-sized graphene by CVD 

in which CH4, Ar, and H2 were supplied onto a Cu foil substrate at 1000 °C [23]. They 

also demonstrated that the synthesized graphene could be transferred onto the SiO2 

substrate by coating Cu with polymethyl methacrylate (PMMA) and etching away the Cu 

[23], which is necessary for the applications of graphene. Thereafter, many experimental 
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and theoretical studies have investigated the effects of various parameters to further 

improve the size, quality, and growth rate of the CVD growth of graphene.  
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Figure 1.1 Schematic illustration of the CVD growth of graphene. 
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1.3. Growth parameters for CVD growth of graphene 
The parameters impacting the CVD growth of graphene can be roughly categorized 

into two groups: (1) substrate parameters and (2) gas parameters.  

 

1.3.1. Substrate parameters 
The types of elements, impurities, morphology, pretreatment, and substrate 

temperature, were the substrate parameters investigated. 

Various types of metals such as Cu, Ni, Co, Pt, Au, Ag, Fe, and Ir have been 

investigated as CVD substrates [17], [25]. Previous studies confirmed that Cu was the 

best substrate for the industrial production of monolayer graphene because CH4 

decomposition and graphene formation could occur on the Cu surface without the 

dissolution of carbon into the Cu bulk, owing to the low carbon solubility of Cu [26]. 

Conversely, carbon precursors dissolved into the bulk during CVD on high carbon 

solubility metals such as Ni, and precipitated onto the surface to form multilayer graphene 

during cooling to room temperature [26]. In industrial applications, inexpensive Cu foils 

are the preferred alternatives to expensive Cu single crystals because the Cu foil is etched 

during the transfer process after CVD growth [23], [27], [28]. Transfer-free methods for 

CVD growth of graphene, in which the source gas was directly supplied onto insulating 

substrates such as SiO2 or h-BN [29]–[31], were also reported, but the quality and size of 

the synthesized graphene were inferior to those of graphene grown on Cu foil. Thus, 

graphene growth on Cu foil followed by transfer of CVD graphene onto an insulating 

substrate is the preferred method.  

 Cu foil generally has a larger amount of impurities, rougher morphology, and more 

grain boundaries (GBs) than Cu single crystal. Therefore, the effects of these parameters 

and the pretreatment methods for their optimization were investigated. Recent studies 

reported that carbon impurities on the Cu foil substrate are the dominant factor for 

graphene nucleation; therefore, the removal of carbon impurities is an effective 

pretreatment method for suppressing the number of nucleation sites. Kraus et al. and 

Braeuninger-Weimer et al. demonstrated that the amount of carbon impurities in a Cu 

substrate is proportional to the graphene nucleation density, and oxygen annealing can 
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effectively remove the carbon impurities, thereby suppressing nucleation [32], [33]. I 

reported that the carbon impurities functioned as nucleation sites (Figure 1.2) and were 

effectively removed by Ar bombardment (Figures 1.2–1.4), which was revealed by real-

time observation using radiation-mode optical microscopy (Rad-OM) [34], which is 

described in Section 1.4. It was reported that the morphology or roughness of the substrate 

was not related to the graphene nucleation. The methods for flattening the Cu substrate 

by polishing or etching decreased the nucleation density [35]–[37], but simultaneously 

removed carbon impurities [32], [33]. I reported that the GBs in the Cu foil had little 

effect on the nucleation and lateral growth of the graphene domains (Figures 1.5 and 1.6) 

[38]. Therefore, it is the removal of the carbon impurities from the Cu foil substrate that 

is important for decreasing the nucleation density, rather than the modifying of the Cu 

morphology. 

 Larger graphene domains with fewer defects were grown at higher substrate 

temperatures. On the other hand, smaller graphene domains with more defects grew at 

lower temperatures because of insufficient decomposition of CH4 [39].  
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Figure 1.2 (a) Experimental sequence: annealing in Ar, Ar bombardment, heating to growth 
temperature, and growth. (b)–(e) Rad-OM images of the same Cu substrate at the times shown in 
(a). Circle, diamond, triangle, and square classify each bright spot as explained in the text. Scale 
bars: 500 μm. (f) The number of bright spots at the times of (b)–(e) and the relation between the 
nucleation site and each bright spot. The figure in each box means the number of bright spots 
remaining or vanishing at each step of the process and the number of nucleation sites. [34] 
Copyright (2017) The Japan Society of Applied Physics.  
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Figure 1.3 Rad-OM images of graphene growth after (a) Ar annealing, (b)–(d) 
one, two, and five cycles of Ar annealing and bombardment. The images were taken 
at (a) 8 min, (b)–(d) 30 min after the start of CH4 supply. The white areas correspond 
to graphene grains. Scale bars: 500 μm. (e) Time evolution of graphene nucleation 
density. Black, red, blue, and gray dots indicate the nucleation density of the 
growths shown in (a), (b), (c), and (d), respectively. The figures denote the number 
of bombardments. Nuclei were counted within a green dashed square in (a), and 
within the entire image area in (b), (c), and (d). [34] Copyright (2017) The Japan 
Society of Applied Physics.  
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Figure 1.5 Nucleation sites of graphene domains on Cu foil with GBs: (a) Rad-OM image and (b) 
reflection image. The white areas in the Rad-OM image correspond to graphene domains. GBs are 
observed in the reflection image, which are represented by dashed lines in the Rad-OM image. The 
crosses show the graphene domains nucleated from the bright spots, which had been observed before 
the growth. Scale bars: 50 μm. [38] Copyright (2017) The Japan Society of Applied Physics. 

Figure 1.4 Schematic illustration of the behavior of carbon impurities on a Cu foil. (a) Volatile 
(triangle) and nonvolatile (circle) carbon impurities of various sizes exist on an untreated Cu 
substrate. (b) Annealing desorbs volatile impurities and small nonvolatile impurities. (c) Ar 
bombardment shrinks the size of the residual impurities. (d) Heating to growth temperature desorbs 
the small impurities. Initially large impurities still remain on the substrate and act as graphene 
nucleation sites. [38] Copyright (2017) The Japan Society of Applied Physics.  
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Figure 1.6 Evolution of a graphene domain on Cu foil. (a) Rad-OM images of the growing 
graphene domain 330, 430, 530, 630, 730, and 830 s (left to right) after the CH4 supply. The GBs 
are represented by dashed lines in the rightmost image. Scale bar: 50 μm. (b) Change in the distance 
between the center of the hexagon O (nucleation site) and the bottom-left apex A as a function of 
time after the CH4 supply. The time at which the apex A crossed the GB is indicated by an arrow. 
[38] Copyright (2017) The Japan Society of Applied Physics.  
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1.3.2. Gas parameters 
The type of source gas, ratio of the gases including oxygen and hydrogen, 

decomposition of the source gas, and flow path of the gas were investigated as the gas 

parameters. 

 As one of the source gases, CH4 is considered to be the best for low nucleation 

density because of its thermal stability compared to C2H2, C2H4, C6H6, and others [23], 

[25], [40], [41].  

 Lower CH4 concentrations were more favorable for lower nucleation density 

because of a decrease in the amount of carbon on the substrate [39]. 

 Introducing oxygen during annealing as the pretreatment or during growth 

suppressed nucleation by removing carbon impurities and graphene domains on the 

substrate [33], [42] and accelerated growth by decomposing CH4 [40]. Oxygen impurities 

in Ar or H2 were also reported to suppress nucleation [43], [44]. 

 Hydrogen is generally supplied with CH4 and Ar onto a Cu substrate. Various and 

sometimes conflicting effects of hydrogen have been reported; therefore, the major effect 

remains unknown. Several studies have reported that hydrogen suppressed nucleation 

[45]–[48], whereas others have reported that it induced nucleation [49]–[52]. Some 

studies have reported that hydrogen etched graphene [46], [53], [54], while others have 

reported that high-purity hydrogen did not etch graphene [55], [56]. In the present study, 

I investigated the effect of hydrogen on the CVD growth of graphene as described in 

Chapter 4. 

 Decomposition of the source gas by plasma (plasma CVD) or heated filament (hot-

filament CVD) before the gas reaches the substrate was proposed. Plasma CVD was 

effective for graphene synthesis at low substrate temperatures [57], and hot-filament CVD 

affected the number of layers [58]–[60], quality [58], [59], [61], and crystallinity [62], 

[63] of graphene. Although it may accelerate growth, its actual effects on nucleation and 

growth remain unclear. Thus, I investigated the effect of the hot filament on the CVD 

growth of graphene as described in Chapter 3. 

 In addition, the gas flow paths affect the nucleation and growth rate. Cu foil folded 

into a pocket suppressed nucleation by Cu vapor or the formation of the molecular flow 
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of CH4 inside the pocket [64]–[66]. The distribution of nucleation was also affected by 

the gas flow path [32]. 

 

1.3.3. Achievements and challenges of the optimization of parameters  
The above parameters have been optimized in several studies and the synthesis of 

large-area single-crystalline graphene and its rapid growth were reported. For example, 

the 1 cm domain was synthesized via oxygen introduction [42], the 1.5 in. domain was 

obtained in 2.5 h by local CH4 feeding onto a Cu-Ni alloy substrate [67], and 0.3 mm 

domain was obtained in 5 s by oxygen feeding from the oxide substrate [68].  

 However, I consider that presenting the optimized growth conditions is not 

sufficient for optimization of growth because growth is also affected by parameters 

specific to the growth chamber, such as the gas flow path, and the growth parameters must 

be optimized for each chamber. Therefore, establishing guidelines for optimizing 

parameters is a very important issue. For this purpose, it is necessary to elucidate how 

each parameter impacts the CVD growth of graphene. 
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1.4. Methods for the evaluation of the CVD growth of 
graphene 
To elucidate the effect of each parameter, a quantitative in-situ evaluation of the 

CVD growth of graphene is required. Most previous studies were based on ex-situ 

observation, that is, the evaluation of graphene outside the growth chamber after growth 

has been completed. Nucleation density, size, growth rate, and the shape of the domains 

are typically observed by optical microscopy [69] or scanning electron microscopy 

(SEM) [23], and the quality of the graphene is mainly evaluated using Raman 

spectroscopy [70].  

Ex-situ observation after completion of CVD growth does not provide adequate 

information to determine the effects of the various parameters on nucleation and growth. 

Ex-situ observation cannot accurately evaluate nucleation density because it is difficult 

to distinguish a single domain from domains that coalesced with each other during the 

early stage of the growth [71]. The evaluation of growth rate from the size of the grown 

domain is not precise because the nucleation time varies for each domain and the size of 

the domains is not uniform. In addition, ex-situ observation is affected by oxygen or 

carbon impurities in the air.  

 Thus, in-situ observation of the CVD growth of graphene is required to better 

understand the effects of the parameters. For this purpose, Rad-OM was developed by 

Terasawa and Saiki [72], [73]. Figure 1.7 depicts a schematic illustration of the underlying 

principle of Rad-OM. This method can visualize the CVD growth of graphene in real time 

by utilizing the difference in the emissivity of radiation light between graphene and Cu. 

It can also visualize the substrate morphology at the same location on the substrate by 

illuminating the substrate in a similar manner as in general optical microscopy (reflection-

mode optical microscopy). Using Rad-OM, the effects of CH4 flow rate and substrate 

temperature on the growth rate of graphene [73], the effect of oxygen on growth [74], and 

the growth of graphene on Au substrates were precisely evaluated [75]. In previous 

studies, I also used Rad-OM to investigate the effect of carbon impurities on nucleation 

[34] and the effect of GBs in Cu foil on nucleation and growth [38]. 
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Figure 1.7 Schematic illustration of (a) radiation-mode and (b) reflection-mode optical microscopy, 
and examples of the (c) Rad-OM image showing graphene growth and (d) reflection image showing 
substrate morphology.  

Graphene growth Substrate morphology 

(c) Rad-OM image (d) Reflection image 

(a) Radiation-mode (b) Reflection-mode 
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1.5. Purpose of this research 
 In this dissertation, I investigated two challenges associated with the CVD growth 

of graphene: (1) the effect of the hot filament and (2) the effect of hydrogen. The effects 

were elucidated by in-situ observation. 

Hot-filament-assisted CVD (HF-CVD) decomposes the source gas using a high-

temperature filament before the gas reaches the substrate. Although the hot filament is a 

potential candidate for growth acceleration, its effects on nucleation and growth are 

unclear. These effects were investigated using Rad-OM.  

Hydrogen is generally supplied with CH4 onto a Cu foil substrate. Various effects 

of hydrogen on the nucleation, growth, and etching of graphene during CVD growth were 

reported. Some of the effects were inconsistent with others; therefore, the major effect 

remains unknown. The effect of hydrogen was evaluated by changing the H2 flow and 

observing the nucleation, growth, and etching of graphene by Rad-OM. Furthermore, 

Rad-OM and in-situ synchrotron radiation X-ray photoelectron spectroscopy (SR-XPS) 

were combined to characterize the surface species and evaluate the effect of hydrogen 

during growth and annealing. 
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Chapter 2. Experimental 
In this chapter, the principles, equipment, and the procedures for Rad-OM, XPS, 

and Raman measurements, and the experimental setup and the procedures for the CVD 

growth of graphene are explained. Further, the setup for the combined Rad-OM and in-

situ SR-XPS measurements, which was developed in this study, is detailed.  

 

2.1. Experimental principles 
2.1.1. Radiation-mode optical microscopy (Rad-OM) 

Rad-OM visualizes the CVD growth of graphene using the difference in the 

emissivity of radiation light between graphene and Cu. At the growth temperature 

(~1000 °C), substances emit radiation light according to Planck’s law, which is termed 

black body radiation. The emissivity of radiation light at a specified temperature varies 

for each substance. The emissivities of graphite and Cu were 0.8 [76] and 0.03 [77], 

respectively. Thus, observation of radiation light with the optical microscope revealed the 

graphene domain as a brighter area and Cu as a darker area during CVD growth, as shown 

in Figure 1.7. In addition, the area of multilayer graphene was observed brighter than that 

of monolayer graphene. Further, the substrate morphology can be visualized by 

illuminating the substrate (reflection-mode optical microscopy), as shown in Figure 1.7. 

The advantage of this method is that it enables the observation of CVD growth, even 

under high temperature and high pressure conditions [72], [73]. 

 

2.1.2. X-ray photoelectron spectroscopy (XPS) 
XPS is the method for analyzing the electronic states of the substances. 

Photoelectrons are emitted from the surface of the sample when the sample is irradiated 

with X-rays. According to Einstein's theory of the photoelectric effect, the relationship of 

energy is expressed as equation (2.1): 

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℎ𝜈𝜈 − 𝐸𝐸𝑏𝑏 − 𝜙𝜙 

where 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 is the kinetic energy of the emitted photoelectrons, ℎ𝜈𝜈 is the energy of the 

incident X-ray, 𝐸𝐸𝑏𝑏 is the binding energy of the electron in the sample, and 𝜙𝜙 is the work 

(2.1) 
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function of the sample. The value of 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 is obtained by XPS measurement. When the 

values of ℎ𝜈𝜈 and 𝜙𝜙 are known, the value of 𝐸𝐸𝑏𝑏 is obtained from equation (2.1). The 

value of 𝐸𝐸𝑏𝑏 enables identification of the element because the value is unique to each 

element. Since the value of 𝐸𝐸𝑏𝑏 is slightly shifted by the chemical environment around 

the atom, the state of the atom can be analyzed by measuring this energy shift (chemical 

shift) [78]. 

 

2.1.3. Raman spectroscopy 
Raman spectroscopy is an effective method for evaluating carbon materials 

including graphene. In Raman scattering, light with a different wavelength than that of 

light incident on a substance is scattered from a sample. The difference in wavelength 

between the two lights (Raman shift) corresponds to the energy of molecular vibration 

and lattice vibration of the substance. Raman spectroscopy measures the intensity of 

scattered light for each wavelength. In the Raman spectrum, the observed intensity is 

plotted as a function of the Raman shift. 

In the Raman spectrum of graphene, G, D, and 2D (G´) bands are mainly used to 

evaluate the quality of graphene. The G band appears at 1580 cm-1, which is derived from 

the sp2 C-C bond in graphitic carbon. The presence of the G band indicates the presence 

of the sp2 carbon lattice in the sample. The D band appears at 1350 cm-1, which is derived 

from the defects in the carbon lattice. The peak intensity of the D band increases as the 

number of defects increases. The peak intensity ratio of the D band to the G band (ID/IG) 

is used to evaluate the quality of graphene. For the applications of graphene, it is desirable 

that the D band intensity remains below the detection limit. The 2D (G´) band appears at 

2700 cm-1, which is derived from the double resonance Raman scattering in graphene. 

The peak intensity of the 2D band decreases as the number of graphene layers increases. 

The peak intensity ratio of the 2D band to the G band (I2D/IG) is used to evaluate the 

number of graphene layers. The ratio is typically > 2 for monolayer graphene [79].  
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2.2. Experimental equipment 
2.2.1. CVD chamber with Rad-OM 
 Figures 2.1 and 2.2 show photographs of a CVD chamber and an optical microscope. 

The vacuum chamber is equipped with a mechanical pump, a turbomolecular pump, mass 

flow controllers, a gate valve, a pressure gauge (Tokyo electronics, CC-10), electric 

feedthroughs for heating the sample and filament, and an ion gun. After sample loading, 

the chamber was evacuated to 3.0×10-5 Pa by the mechanical and turbomolecular pumps 

in 16 h. The total pressure was measured by the pressure gauge. Prior to graphene growth, 

the turbomolecular pump was stopped while the mechanical pump was kept on. The gas 

flow rates were regulated by each mass flow controller, and the total pressure was adjusted 

by slightly closing the gate valve. Then, the sample was heated by direct current from a 

power supply (Agilent, 6672A) under Ar and H2 atmosphere. This heating method (cold-

wall setup) was adopted for the local heating of the sample and to prevent the wall of the 

chamber from heating and emitting radiation light, which can be hinder to to the 

observations of radiation light from the sample [72]. The temperature of the sample was 

measured by a radiation pyrometer (Chino, IR-AH or Minolta, TR-630) and adjusted by 

tuning the voltage of the power supply. 
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 A CMOS camera (Hamamatsu Photonics K.K., ORCA-Flash4.0 V2 C11440-22CU) 

with an objective lens (Keyence Co., VH-Z50L), an eyepiece (Optart, HRRC-4X), and a 

light (Moritex, MegaLight 100) was used as an optical microscope for in-situ observation 

of the CVD growth of graphene. The magnifications of the objective lens and eyepiece 

were ×500 and ×4, respectively. The position of the camera was adjusted by three 

microstages. Graphene growth at high temperatures was observed without the light (Rad-

OM). The substrate morphology was observed with the light (reflection-mode optical 

microscopy). 

 During the observation, image data were acquired at 10 s intervals by a software 

HCImage Live (Hamamatsu Corporation) mainly with the following settings: exposure 

time = 100 ms, color depth = 16 bit. The observed area was 3.24 × 3.24 µm2 and the 

acquired image was 1024×1024 pixels, so the size of a pixel was 316 × 316 nm2 at the 

highest magnification.  
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Figure 2.1 Photograph of the CVD chamber and an optical microscope in the 
laboratory. 
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Figure 2.2  Photgraph of the CVD chamber during observation of graphene growth.  
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2.2.2. Synchrotron radiation XPS (SR-XPS) with Rad-OM 
I combined Rad-OM observation with SR-XPS measurement at the High Energy 

Accelerator Research Organization, Photon Factory (KEK-PF) BL-13B. Figures 2.3 and 

2.4 depict schematic illustration and photographs of the setup of Rad-OM with the SR-

XPS chamber at KEK-PF BL-13B, respectively. The setup consists of three chambers: an 

XPS chamber (SES200), a preparation chamber, and a CVD chamber (load-lock 

chamber) with a heating station. Each chamber can be sealed to the other with gate valves. 

Samples can be transferred between each chamber with a transfer rod. The 10 cycles of 

annealing in vacuum and Ar bombardment were performed in the preparation chamber. 

CVD growth and annealing with H2 were conducted in the CVD chamber and the 

processes were observed by Rad-OM. After the processes, the CVD chamber was 

evacuated and the sample was transferred to the XPS chamber to measure the substrate 

by XPS. The area of XPS measurement was about 210 µm (horizontal) × 40 µm (vertical) 

[80]. 
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Figure 2.3  Schematic illustration of the setup of the SR-XPS and Rad-OM at KEK-PF 
BL-13B. 
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Figure 2.4  Photographs of the setup of the SR-XPS and Rad-OM at KEK-PF BL-13B. 
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To heat the Cu foil (3.2 × 3 mm2) in the CVD chamber, I developed a heating station 

for heating, as shown Figure 2.5. When the sample holder is transferred to the heating 

station, an electric current passes through the electrode to the Ta foil and the Cu foil is 

heated. The heating station is attached to the CVD chamber as shown in Figure 2.4.  

electrode

sample holder

transfer

(a)

(b) (c) (d)

electrode sample holder
Cu / Ta foil

  
Figure 2.5  (a) Drawing and (b) photograph of the heating station.  
(c), (d) Magnified photographs of the dashed rectangle in (b) when the sample holder is 
not transferred and transferred to the heating station, respectively. 
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2.2.3. Microscopic Raman spectroscopy 
The quality of the synthesized graphene was evaluated using microscopic Raman 

spectroscopy (Renishaw, inVia Reflex), which consist of an optical microscope and a 

spectrometer (Figure 2.6). The measurement was conducted under the condition that the 

wavelength of the laser was 532 nm (Ar laser), the exposure time was 60 s, and 

accumulation was three times. The measurement area was ~1 µm in diameter. 

 

 
  Figure 2.6  Photograph of the equipment used in microscopic Raman spectroscopy. 
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2.3. Experimental procedure 
2.3.1. Sample preparation 
 In the laboratory experiment, Cu foil (Rare Metallic, CU-88-83-230, purity: 99.99%, 

thickness: 50 μm) was used as a substrate, and W foil (Nilaco, W-463242, purity: 99.95%, 

thickness: 35 μm) or Ta foil (Nilaco, TA-413260, purity: 99.95%, thickness: 50 μm) was 

used as a heater. The W and Ta foils were used for the experiments described in Chapters 

3 and 4, respectively. Figure 2.7 shows a method for preparing a sample. The Cu foil was 

cut into a size of 10 × 7 mm2, and the W or Ta foil was cut into a size of 17 × 6 mm2 

(Figure 2.7(a)). The W or Ta foil was placed on the Cu foil (Figure 2.7(b)), and the Cu 

foil was bent to wrap the W or Ta foil (Figure 2.7 (c)). Figure 2.7 (d) shows the front 

observation side of the sample. Then, the Cu foil was pressed against the W or Ta foil to 

make the contact as uniform as possible. If the contact was not uniform, the temperature 

of the Cu substrate tended to be unstable when an electric current was passed through the 

W or Ta foil to heat the Cu substrate. Small pieces of the Cu foil were spot welded on 

both ends of the W or Ta foil to improve contact with the sample holder (Figure 2.7(a)). 

The sample was subsequently cleaned using an ultrasonic cleaner (As One, VC-1) in 

ultrapure water and acetone to remove the hydrophilic and hydrophobic impurities on the 

substrate, respectively (Figure 2.7(e)). After cleaning, the sample was dried with N2 blow. 

Then, the sample was attached to the electrodes (Figure 2.7(f)) and loaded into a CVD 

chamber. 

For the experiment at KEK-PF BL-13B, the Cu foil was cut into a size of 5 × 3 mm2, 

and the Ta foil (Nilaco, TA-410173, purity: 99.95%, thickness: 10 μm) was cut into a size 

of 10 × 3.2 mm2. The size of the sample was adjusted to the sample holder for the 

experiment at KEK-PF BL-13B. Then, the sample was pretreated in the same way as 

above and attached to the sample holder as shown in Figure 2.8. 
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(a) (b)

(c) (d)

(f)

(e)Cu foil

Cu foil sampleW foil

7 mm

6 mm

 
 

 

sample holder Cu foil sampleTa foil

3 mm

3.2 mm

 

 

Figure 2.7  Photographs of the sample prepared in the laboratory. (a)–(d) Photographs 
of the different stages of sample preparation. (e) Ultrasonication of the sample. (f) Sample 
attached to the sample holder.  

Figure 2.8   Photograph of the sample attached to the sample holder for the experiment 
in KEK-PF BL-13B. 
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2.3.2. CVD sequence 
 Figure 2.9 depicts the typical sequence of the entire process of pretreatment and 

CVD in the laboratory: annealing in Ar, Ar bombardment, heating to growth temperature, 

and graphene growth. First, the Cu foil was heated by passing an electric current through 

the W or Ta foil on which the Cu foil was placed, then annealed (700 °C, 30 min) in Ar 

(purity: 99.9999%, O2 < 0.1 ppm) under a pressure of 5.7 × 10−3 Pa. The temperature was 

set lower than the growth temperature to prevent the Cu evaporation under this low 

pressure. Next, Ar ion bombardment was conducted at room temperature (~25 °C) under 

a pressure of 5.7 × 10−3 Pa with a beam voltage of 2 kV. The impinging ion current was 

typically 4 μA, which was spread over an area of 7 × 6 mm2 on the Cu foil substrate. The 

pressure was adjusted to the condition of the operating environment of an ion gun (Ulvac, 

USG-3). After the pretreatment, a mixture of Ar and H2 (purity: 99.99999%, O2 < 0.02 

ppm) gases was supplied and the total pressure was maintained at 1.0 × 104 Pa. The 

substrate temperature was then increased to 940 °C, and monitored for 10 min to confirm 

stabilization of the temperature. CH4 (purity: 99.999%, O2 < 1 ppm) was subsequently 

supplied to initiate graphene growth. After CVD growth, the CH4 supply was stopped and 

the electric current was interrupted to cool the substrate to room temperature. The Ar and 

H2 supplies were then stopped. The gas flow rates were systematically changed to 

evaluate their effects on graphene growth. During pretreatment and growth, the Cu foil 

was observed continuously by Rad-OM. The sample surface was observed by both Rad-

OM and reflection-mode optical microscopy during annealing and heating, and was 

observed by Rad-OM during graphene growth.  

 Figure 2.10 depicts the typical sequence of the experiments conducted at KEK-PF 

BL-13B. First, 10 cycles of annealing (700 °C, 20 min) in vacuum and Ar bombardment 

(6 × 10−4 Pa, beam voltage: 0.5 kV, 30 min) were conducted in the preparation chamber. 

The substrate was subsequently measured by XPS to confirm the removal of carbon and 

oxygen impurities. CVD growth was conducted in the CVD chamber under the same 

conditions as that in the laboratory. The substrate was then observed by XPS. Thereafter, 

the substrate was annealed with H2 in the CVD chamber to examine the effect of H2 on 

graphene growth, and the substrate was then observed using XPS. During CVD and 
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annealing in the CVD chamber, the substrate was observed by Rad-OM. 
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Figure 2.9  Typical sequence of pretreatment and CVD in the laboratory. 

Figure 2.10  Typical sequence of pretreatment, CVD, annealing, and the XPS 
measurements at KEK-PF BL-13B. 
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2.3.3. Analysis of Rad-OM image 
 Acquired images by Rad-OM were processed using an open-source image 

processing software ImageJ. Typical images acquired by Rad-OM (Rad-OM image) were 

brighter at the center, as shown in Figure 2.11(a), which may be caused by lens aberrations. 

These background lights hinder the recognition of the graphene domains. To remove the 

background, the image at 0 s was subtracted from all Rad-OM images for the aberration 

correction, as shown in Figures 2.11 (b) and (c) [72]. After the background subtraction, 

Auto Contrast was applied to automatically adjust the image contrast, thereby making the 

images easily visible, as shown in Figure 2.11 (d).  

 The area of the graphene domain was analyzed by processing the Rad-OM image 

as follows: first, Gaussian Blur (σ=2) was applied to the Rad-OM image to reduce the 

noise. The images were then binarized, as shown in Figure 2.11(e): the pixels with higher 

and lower intensities than the threshold value were changed into white (intensity: 65536) 

and black (intensity: 0) pixels, respectively. The threshold value was determined by the 

Otsu algorithm. I tested all the built-in algorithms of ImageJ and visually estimated that 

Otsu was the best algorithm to distinguish areas of graphene from those of the Cu 

substrate. Finally, the area was recognized by Analyze Particles, a function of ImageJ. I 

visually estimated the nucleation time and shape of the domains because ImageJ 

experienced challenges in running them automatically due to noises when the size of the 

domain is small. The domain larger than 1 µm was recognized as the emergence of the 

domain. 
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(a) (b) (c)

(d) (e)

 

 

 

 

 

  

Figure 2.11  Example of image processing. (a) Example of a raw Rad-OM image. 
(b) Example of a raw Rad-OM image at 0 s. (c) Image made by subtracting (a) from 
(b). (d) Image after applying Auto Contrast to (c). (e) Binarized image of (d). 
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2.3.4. Measurement and calibration of XPS spectra 
In the XPS measurement, the energy of the incident X-ray was set at 330 eV or 1100 

eV. The Fermi edge of Cu was measured for each XPS measurement to convert the kinetic 

energy of the electrons into the binding energy of the electrons. Figure 2.12 shows an 

example of the XPS spectrum around the Fermi edge. The spectrum was fitted by 

following the Fermi distribution function (2.2), which indicates electronic state 

distribution near the Fermi level: 

𝑓𝑓(𝐸𝐸) =
1

1 +  exp �
𝐸𝐸 − 𝐸𝐸𝑓𝑓
𝑘𝑘𝐵𝐵𝑇𝑇

�
 

where 𝑘𝑘𝐵𝐵 is the Boltzmann constant, 𝑇𝑇 is temperature of the sample, and 𝐸𝐸𝑓𝑓 is Fermi 

energy. The Fermi energy (𝐸𝐸𝑓𝑓) was obtained by fitting. Then, the kinetic energy of the 

electron was converted into the binding energy of the electron using the following relation 

(2.3): 

𝐸𝐸𝑏𝑏 = 𝐸𝐸𝑓𝑓 −  𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 

where 𝐸𝐸𝑏𝑏 is the binding energy and 𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 is the kinetic energy of the electron [78]. 

The backgrounds of the XPS spectra differed for each measurement, as shown in 

Figure 2.13(a). The difference may be caused by the slight shifts in the position of the 

measurement by transferring the sample to the XPS chamber for each measurement. The 

intensity was calibrated by dividing the entire spectrum by the average intensity in a range 

of 1 eV (277.0 ± 0.5 eV in this example), as shown in Figure 2.13(b), based on the 

assumption that the background on the lower binding energy side of the peak should be 

equal. The peak fitting and calibration were performed using the software OriginPro. 
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 Figure 2.12  Example of the spectrum of the Fermi edge of Cu and its fitting to 
obtain the Fermi energy. hν=330 eV. T=300 K. 
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Figure 2.13  Example of the series of XPS measurements after the processes.  
(a) Before and (b) after calibration of the intensity. The intensity was normalized at 
277.0 ± 0.5 eV. hν=330 eV. 
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2.3.5. Measurement and analysis of Raman spectra 
After CVD growth, the substrate was measured by ex-situ microscopic Raman 

spectroscopy at the same area as the observed area by Rad-OM according to the following 

procedure. During growth, the Rad-OM and reflection images were captured at the same 

location on the substrate, as shown in Figures 2.14(a) and 2.14 (b). After finishing growth, 

the substrate was removed from the chamber and observed by the optical microscope 

equipped with Raman apparatus. The area of graphene appeared slightly brighter, as 

shown in Figure 2.14(c) because the other area was slightly oxidized by the air [69]. By 

this contrast, the graphene domain observed by Rad-OM can be identified. Other areas 

can be identified by using the Cu GB as a landmark.  

(a) (b)

(c)

 
  Figure 2.14   Examples of the (a) Rad-OM image and (b) reflection image during 

graphene growth at the same location on a substrate. (c) Optical image captured by 
an optical microscope equipped with Raman apparatus of the same substrate after 
the growth. The circles in (a) and (c) indicate the same graphene domain. The 
rectangles in (b) and (c) denote the same Cu GB. Scale bars: 50 µm.  
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Chapter 3. Effect of hot filament 
The effect of hot filament on the CVD growth of graphene was investigated using 

Rad-OM. The hot filament induced nucleation and accelerated graphene growth. These 

effects were enhanced by increasing the filament temperature. At a certain filament 

temperature (~1300 °C), growth was accelerated without additional nucleation. The 

present results suggest that the decomposition of source gas by the hot filament at 

optimized filament temperatures can accelerate the growth while suppressing additional 

nucleation. The use of the hot filament would be useful for rapidly synthesizing large-

area single-crystalline graphene.  

 
3.1. Introduction 

Scalable and rapid synthesis of graphene is required for industrial applications. To 

rapidly synthesize large-area single-crystalline graphene by CVD, suppression of 

graphene nucleation and acceleration of growth should be simultaneously realized, as 

mentioned in Chapter 1. Various methods were developed to reduce the nucleation density 

and millimeter-sized graphene was achieved [42]–[44], [64], [81]–[84]. In most of the 

methods, the supply of source gases was reduced to suppress nucleation, which would 

simultaneously decelerate the growth. To solve this problem, various methods were 

examined, majority of which used complex processes such as local CH4 feeding onto a 

Cu-Ni alloy substrate [67], oxygen feeding from oxide substrate [68], and so on [66], 

[85]–[89]. HF-CVD, in which source gases are decomposed by a high-temperature 

filament, is another potential candidate for growth acceleration. Although a few studies 

have examined the effect of the hot filament on the number of layers [58]–[60], quality 

[58], [59], [61], and crystallinity [62], [63] of HF-CVD-grown graphene, its effects on 

nucleation and growth remain unclear.  

 In this research, I investigated the effect of the hot filament on the nucleation and 

growth rate of graphene by Rad-OM. The results indicated that the hot filament induced 

nucleation and accelerated growth, which might be enabled by chemical species 

decomposed from CH4 by a hot filament. Although these effects were enhanced by 
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increasing the filament temperature, only growth acceleration was observed at a certain 

temperature. These results imply that the hot filament at optimized temperatures will be 

effective for the rapid CVD growth of graphene with low nucleation density  

 
3.2. Experimental 

The details of Rad-OM are described in Chapter 2. The Cu foil (Rare Metallic, CU-

88-83-230, purity: 99.99%, thickness: 50 μm, 10 × 7 mm2) substrate was cleaned by 

ultrasonic cleaning in ultrapure water and acetone. Then, the Cu foil was wrapped around 

a W foil (Nilaco, W-463242, purity: 99.95%, thickness: 35 μm, 17 × 6 mm2) and loaded 

into a chamber. Figure 3.1 depicts a schematic of the experimental setup. The Cu foil was 

heated by passing an electric current through the W foil, and the temperature of the Cu 

foil was monitored by a pyrometer from outside the chamber. A filament made of W was 

placed in the gas flow path before the Cu substrate. The W filament was heated by an 

electric current, and its temperature was monitored by a pyrometer.  

 Before graphene growth, the Cu foil was annealed at 700 °C for 30 min in Ar 

atmosphere under the pressure of 5.7 × 10-3 Pa. Then, Ar ion bombardment, which I 

proved to be effective for suppressing graphene nucleation [34], was conducted at room 

temperature with a beam voltage of 2 kV. The impinging ion current was typically 4 µA, 

which was spread over an area of 7 × 6 mm2. After pretreatment, the mixture of 750 sccm 

Ar and 200 sccm H2 gases was supplied with a total pressure of 1.0 × 104 Pa. Then, the 

substrate temperature was maintained at 950 °C, and CH4 was supplied to initiate 

graphene growth. The CH4 flow rate was set at 1 sccm for the growth shown in Figures 

3.2 and 3.3, and systematically changed for the growth shown in Figures 3.4 and 3.5.  
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Figure 3.1 Schematic illustration of the experimental setup to examine the effect of 
the hot filament. [109] Copyright (2019) The Japan Society of Applied Physics. 
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3.3. Results and discussion 
3.3.1. Effect on nucleation 

To examine the effect of the hot filament on graphene nucleation, the filament 

current (temperature) was gradually increased during graphene growth under a CH4 flow 

rate of 1 sccm. Figure 3.2 shows a sequence of the Rad-OM images cut from the Rad-

OM movie. Before turning the W filament on, two graphene grains grew at an average 

rate of 2.4 µm/min (Figure 3.2(a)). After the W filament was turned on, the lateral growth 

continued without formation of additional grains, until the current was increased to 7.6 A 

(Figures 3.2(b) and 3.2(c)). However, when the current was increased to 7.8 A, new grains 

were observed (Figure 3.2(d)). When the current was set at 7.9 A, all grains grew at an 

average rate of 4.2 µm/min, but no more additional nucleation occurred (Figure 3.2(e)). 

After the current was increased to 8.1 A, the number of grains drastically increased 

(Figures 3.2(f)-(i)) and the grains grew further. The number of nuclei is plotted as a 

function of time in Figure 3.3.  
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(a) 17 min, 0 A (b) 25 min, 7 A (c) 40 min, 7.6 A

(d) 45 min, 7.8 A (e) 50 min, 7.9 A (f) 60 min, 8.1 A

(g) 65 min, 8.1 A (h) 70 min, 8.1 A (i) 79 min, 8.1 A

 
  

Figure 3.2 Rad-OM images of the graphene growth at growth times of 17, 25, 40, 45, 
50, 60, 65, 70, and 79 min and filament current of 0, 7, 7.6, 7.8, 7.9, 8.1, 8.1, 8.1, 8.1 A, 
respectively. Cu substrate temperature was kept at 950 °C and CH4 flow rate was set at 
1 sccm. Growing areas correspond to graphene. Scale bars: 200 µm. [109] (Partially 
modified) Copyright (2019) The Japan Society of Applied Physics. 
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 Figure 3.3(a) indicates the time evolution of the number of nuclei, which was 

counted from the same Rad-OM movie as Figure 3.2. The filament current, together with 

the corresponding temperature is shown in Figure 3.3 (b). When the filament temperature 

was < 1270 °C, the number of nuclei remained at 2. When the filament temperature was 

increased to 1270 °C, the number increased by 3, and remained constant at 5 until the 

filament temperature was further increased to 1340 °C. Then, after setting the filament 

temperature at ≥ 1340 °C, the number drastically increased by 15. These results indicate 

that the hot filament induced nucleation above a certain temperature (1270 °C in this 

condition), but did not induce nucleation below 1270 °C.  
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Figure 3.3 (a) Number of nuclei counted in the image of Figure 3.2. and (b) value of 
filament current as functions of growth time. A corresponding filament temperature is 
shown in the graph. Additional nucleation did not occur at the filament temperature 
below 7.6 A but occurred above 7.6 A. [109] (Partially modified) Copyright (2019) The 
Japan Society of Applied Physics. 
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 Next, the critical flow rate of nucleation was investigated for growth with and 

without the hot filament. The temperature of the hot-filament was set at 1340 °C, which 

was expected to induce additional nucleation, as observed from the results in Figures 3.2 

and 3.3. For each growth process, the CH4 flow rate was increased by 0.1 sccm every 10 

min to examine whether nucleation was induced by each CH4 flow rate. Figures 3.4(a) 

and 3.4(b) show the Rad-OM images taken 10 min after each flow rate was set without 

and with the hot filament, respectively. Graphene first nucleated at 0.6 sccm (Figure 

3.4(a)) and 0.4 sccm (Figure 3.4(b)), without and with the hot filament, respectively. Thus, 

the minimum CH4 flow rate for graphene nucleation was decreased by the hot filament. 

When the hot filament was not used, the precursors for graphene nucleation were formed 

only on the Cu substrate maintained at 950 °C and the CH4 flow rate had to be larger than 

0.6 sccm for nucleation to occur. When the hot filament was used, the same amount of 

precursors was supplied at the CH4 flow rate of 0.4 sccm. Furthermore, comparison of 

the grain size in the rightmost images of Figures 3.4(a) and 3.4(b) indicates that growth 

with the hot filament was faster than that without, even though the CH4 flow rate of the 

former was lower than that of the latter. This difference in the growth implies that the hot 

filament can accelerate growth. Hence, next the effect of the hot filament on the growth 

rate was analyzed. 
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Figure 3.4 Rad-OM images of the graphene growth taken 10 min after setting each 
CH4 flow rate (a) without and (b) with the hot filament at 1340 °C. Cu substrate 
temperature was maintained at 950 °C. Graphene nucleated at 0.6 sccm and 0.4 sccm 
without and with the hot filament, respectively. The arrow denotes the graphene grain. 
Scale bars: 200 µm. [109] Copyright (2019) The Japan Society of Applied Physics. 
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3.3.2. Effect on growth rate 
 The change in grain size was measured under various growth conditions of hot 

filament temperature and CH4 flow rate to compare their effect on the growth rate. Figure 

3.5(a) shows the Rad-OM images of the growth, and the grain size is defined as the 

distance between one apex and the center of the grain (nucleation site) [38], as indicated 

in the magnified image. After forming a few nuclei in the range of vision (405 × 405 µm2), 

the CH4 flow rate was maintained at 0.4 sccm. Under this condition, additional nucleation 

and lateral growth hardly occurred. At 37 min, the hot filament was turned on to set its 

temperature at 1740 °C. Then, based on the sequence shown in Figure 3.5(c), the filament 

temperature was decreased step by step, avoiding new grain formation. In Figure 3.5(b), 

the grain size measured from the Rad-OM movie is plotted, and the growth rate calculated 

from the gradient of the graph is displayed. As the filament temperature decreased, the 

growth rate decreased and became zero at 1130 °C. To compare the effect of the hot 

filament with that of flow rate, the CH4 flow rate was increased stepwise after the hot 

filament was turned off at 82 min. The grain began to grow again, and the growth rate 

increased as the flow rate increased.  
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Figure 3.5 (a) Rad-OM images of the graphene growth taken at 40, 60, 80, and 100 
min after CH4 supply, and the magnification image of the image at 40 min. (b) Grain size 
and (c) filament temperature (left axis) and CH4 flow rate (right axis) as functions of 
growth time. The Cu substrate temperature was maintained at 950 °C. Grain size is 
defined as the distance between a nucleation site O and a right apex A in (a). Growth rate 
is indicated in (b) for each condition. [109] (Partially modified) Copyright (2019) The 
Japan Society of Applied Physics. 
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 The growth rate is plotted as a function of the filament temperature and CH4 flow 

rate in Figure 3.6(a). After the filament was turned off, the growth rate increased almost 

linearly with the flow rate. Graphene did not grow for the 0.4 sccm CH4 supply, so the 

threshold flow rate was ~0.5 sccm. However, graphene growth was observed for filament 

temperatures > 1230 °C, even at a CH4 flow rate of 0.4 sccm; the growth rate increased 

dramatically with increasing temperature. In the pyrolysis of CH4, C2H2 was observed 

above 1200 °C [90], [91]. These results imply the supply of C2 species from the vapor 

phase in addition to that formed on the Cu substrate. This mechanism will be discussed 

in Section 3.3.3. The growth rate on a log scale is plotted as a function of the reciprocal 

temperature in Figure 3.6(b). For temperatures < 1550 °C, the relationship is almost linear 

and fitted to the Arrhenius equation (dashed line in Figure 3.6(b)). Using the slope of the 

fitted line, the activation energy was estimated at 4.7 eV. The gas-phase dehydrogenation 

of CHx to CHx-1 ranges from 3.7 to 5.1 eV [92]. The activation energy shown in Figure 

3.6(b) is considered to be this dehydrogenation energy [92]. 
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Figure 3.6 (a) Growth rate as a function of filament temperature and CH4 flow rate. 
(b) Arrhenius plot for the growth shown in Figure 3.5. Tf: filament temperature. Growth 
rate was measured at 4 apices in Figure 3.5(a), and the average value and each value is 
plotted in (a) and (b), respectively. The dashed line denotes the relationship fitted to 
Arrhenius equation. [109] Copyright (2019) The Japan Society of Applied Physics. 
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3.3.3. Discussion of the effect of hot filament 
 The results indicated that the hot filament induced nucleation and accelerated 

growth, which were enhanced by raising the filament temperature. Notably, acceleration 

without additional nucleation occurred at a filament temperature of 1270 °C under the 

growth conditions shown in Figures 3.2 and 3.3. These results could be explained by the 

difference in the type and quantity of the chemical species generated by the hot filament 

and catalytic Cu substrate. Especially, the amount of C2H2, which is generated from the 

pyrolysis of CH4 by hot filament, seems the key factor.  

 In the pyrolysis of CH4 by hot filament, the CH4 decomposition steps were 

suggested as (3.1): 

2 CH4 → C2H6 + H2 

2 CH4 → C2H4 + 2 H2 

2 CH4 → C2H2 + 3 H2 

2 CH4 → 2 C + 4 H2 

The formation selectivity of C2H2 increases dramatically with increasing temperature in 

the range of 1200–1600 °C, because the formation rate of C2H2 is considerably higher 

than the decomposition rate of C2H2 [90], [91]. 

 During CVD graphene growth, CH4 decomposes on the Cu substrate and is 

converted into various carbon species such as C2, C4, and C6 species through complex 

chemical reactions [92]. Figure 3.7(a) schematically depicts the simplified reaction 

process. CH4 is dehydrogenated on the heated Cu surface and becomes C1 species (C or 

CHx). Then, two C1 species combine to form C2 species (C2 or C2Hy). The C2 species can 

contribute to the (1) growth or (2) nucleation of graphene. The contribution to the growth 

seems major because C2 species are considered to be stable on Cu and readily attach to 

the graphene edge [92]. On the other hand, C2 species can further combine with other C2 

species to form C4, C6, and larger carbon species to form a graphene nucleus [92]. In short, 

C2 species will preferentially function as the precursors for acceleration, whereas larger 

carbon species act as precursors for nucleation. 

  

(3.1) 
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 With the hot filament, C2H2 generated from pyrolysis is supplied on Cu and 

becomes C2 species. Figure 3.7(b) schematically depicts the simplified reaction process 

of growth with the hot filament. These C2 species readily attach to the graphene edge and 

accelerate graphene growth. At the same time, these C2 species may also yield the 

precursors for nucleation on the heated Cu substrate. At a filament temperature of 1270 °C, 

the amount of these C2 species is relatively low. Thus, the production of nucleation 

precursors is insufficient for additional nucleation, resulting in growth acceleration 

without nucleation. At filament temperatures > 1270 °C, a larger amount of C2 species 

was supplied on Cu and the number of nucleation precursors exceeded the critical value 

for additional nucleation. 

Finally, the growth rate decreased at ~1650 °C, as shown in Figure 3.6(b). This may 

be attributed to the decreased amount of C2H2 generated from the pyrolysis of CH4. A 

previous report demonstrated that the formation selectivity of C2H2 in the pyrolysis of 

CH4 by a tungsten wire decreased at ~1700 °C when the concentration of CH4 was low 

(5 vol%) [91]. This phenomenon requires further elucidation beyond the scope of this 

study, which is aimed at optimizing the growth conditions for large-area single-crystalline 

graphene. 
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Figure 3.7 Schematic illustration of a simplified CH4 decomposition process during 
CVD growth of graphene (a) without and (b) with the hot filament, respectively. 
Hydrogen atoms are not displayed. (g) indicates the gas phase. C2 species contribute to 
(1) growth acceleration or (2) additional nucleation of graphene. 
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3.4. Conclusion 
I proved that the use of the hot filament increased the precursor density on the Cu 

substrate in the CVD growth of graphene, resulting in the additional formation of nuclei 

and enhancement of growth rate. The dependence of growth rate on the filament 

temperature revealed an activation energy of 4.7 eV, which is close to the gas-phase 

dehydrogenation energy of CH4. At ~1300 °C, the growth rate accelerated without 

additional nucleation. This phenomenon was attributed to the amount of C2H2 generated 

from the pyrolysis of CH4 by the hot filament. At optimized temperatures, the hot filament 

is expected to accelerate growth without causing additional nucleation, which would be 

useful for rapidly synthesizing large-area single-crystalline graphene. 
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Chapter 4. Effect of hydrogen 
4.1. Introduction 
 

  

本章については、５年以内に雑誌にて刊行予定のため、非公開。 
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Chapter 5. Concluding remarks 
 

5.1. Conclusion 
In this dissertation, I investigated the effects of the hot filament and hydrogen on 

the CVD growth of graphene in order to optimize these parameters for the synthesis of 

large-area single-crystalline graphene. For this purpose, I used Rad-OM and developed a 

measurement method that combined Rad-OM with SR-XPS.  

The effects of the hot filament on the nucleation and growth of graphene have not 

been thoroughly elucidated. Using Rad-OM, I demonstrated that raising the temperature 

of the hot filament induced additional nucleation and enhanced the growth rate, but 

accelerating the growth without additional nucleation occurred at optimized filament 

temperatures. Thus, the hot filament would be useful for rapidly synthesizing large-area 

single-crystalline graphene. I proposed that the results may be attributed to the carbon 

species formed by the hot filament, which differ from those formed on the Cu foil 

substrate. The conclusion was obtained by evaluation of the nucleation and growth rate 

of the CVD growth of graphene using Rad-OM analysis.  

 The effects of hydrogen on the nucleation, growth, and etching of graphene were 

reported, but some effects appeared inconsistent and the critical effect has been unclear. 

By using Rad-OM and the combination of Rad-OM and SR-XPS, I concluded that the 

crucial effect of hydrogen on the CVD growth of graphene is the etching of graphene. 

Rad-OM revealed that the shrinkage rate during the annealing with H2 was higher than 

that without H2 and that hydrogen etched graphene. The etching effect on the growth of 

graphene was also demonstrated by the observation that the number of graphene domains 

rapidly increased after stopping the supply of H2 during the growth with H2. The SR-XPS 

measurement also confirmed the etching effect of H2 based on the findings that the 

amount of carbon species decreased after the annealing with H2, and the amount after the 

growth with H2 was lower than that without H2. Further, I discussed the formation of 

hexagonal graphene domains during growth with H2 by the etching effect of hydrogen on 

the balance of the amount of carbon on the substrate, the nucleation density, and the 
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growth rate, obtained from the combined measurement of Rad-OM and in-situ SR-XPS. 

Based on the results, introducing H2 is favorable for the growth of large-area and 

hexagonal graphene domains.  

 These conclusions based on in-situ Rad-OM and SR-XPS analyses will be 

beneficial in establishing guidelines to optimize the CVD growth of graphene and will 

pave the way for the production of large-area single-crystalline graphene. 

 

5.2. Perspective 
 There are several challenges in the field of CVD growth of graphene; however, Rad-

OM has the potential to address many of them. Control of the number of graphene layers 

has garnered tremendous research interest, but the mechanism of formation of multilayer 

graphene remains unclear. Rad-OM can differentiate between monolayer and multilayer 

graphene, and therefore has the potential to aid in elucidating the mechanism of multilayer 

formation. 

 Optimizing the CVD growth of the atomic layer materials other than graphene, such 

as h-BN and MoS2, is important to enhance and expand their applications; however, their 

mechanisms of nucleation and growth have not been ascertained. Rad-OM could enable 

observation of the growth of these materials, provided that the emissivities of the products 

and the substrates are different. Rad-OM could potentially allow observation of the CVD 

growth of these materials and thereby provide useful information for growth optimization. 

Further, I developed a measurement method that combines Rad-OM with SR-XPS 

and demonstrated that this in-situ observation technique could effectively analyze CVD 

growth. The combination of Rad-OM with other in-situ spectroscopic techniques could 

produce a powerful technique. For example, the combination of Rad-OM and in-situ 

Raman spectroscopy could potentially facilitate evaluation of the relationship between 

the quality of grown graphene and the nucleation density or growth rate obtained from 

Rad-OM without the influence of oxidation by the air or impurities in the air.  
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