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Abstract 

The world today is progressing day by day in every aspect that make our life smarter and easier 

by one or more ways. One major aspect that directly inhibits our living is the information 

technology based on the electronics. With advancing thoughts and lifestyle, the search of new 

materials to continue the pace of this advancement is also being critical. As the era of silicon 

based electronics technology is in the verge of its peak performance, the exploration of these 

new materials becomes more essential. Graphene and other graphitized nanocarbons like 

carbon nanotubes (CNTs) and carbon nanofibers (CNFs) can be significant for this, due to their 

promising properties and their potential applications. With the introduction of chemical vapor 

deposition (CVD), scalable synthesis of these novel materials is widely increasing. But the 

presence of graphene grain boundaries in the CVD graphene is a major issue to be tackled to 

get the full electrical output in this material. In this work, this issue is tackled by tuning the 

growth from anisotropic to isotropic, and also the other graphitization techniques, such as direct 

graphitization of amorphous carbons, are dealt with to overcome the costly and crucial CVD 

process. 

Chapter 1 includes the introduction to the novel material graphene, the recent progress in its 

synthesis techniques, its properties and the potential applications. It also includes the brief 

explanation to the synthesis, properties, applications and the graphitization techniques of 

amorphous nanocarbons in the form of CNFs. 

Chapter 2 briefly explains the methodology adopted in the synthesis and characterization of 

graphene and CNFs with the brief introduction of the materials and devices used during this 

study.  
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Chapter 3 introduces the unique technique in the solid source CVD system to tune the graphene 

growth into anisotropic and isotropic. Controlling the isotropic and anisotropic graphene 

growth in a CVD process is a critical aspect to understand the growth dynamics for synthesizing 

large-area single crystals. The effect of carrier gas flow rate and controllability on isotropic and 

anisotropic graphene growth was established using a solid carbon source for atmospheric 

pressure CVD method. It was found that the idea not only tuned the graphene growth process 

but also increased the growth rate of isotropic crystals by about 10 times than that of anisotropic 

crystals without hindering the graphene quality. This understanding of the growth rate of round 

and hexagonal-shaped crystals can be essential to achieve faster growth of large single crystals 

to avoid the degradation of electrical properties of graphene due to the presence of graphene 

grain boundaries.  

Chapter 4 discusses briefly with the growth of Mo included CNFs (Mo-CNFs) and 

graphitization of amorphous carbon in the form of CNFs under the catalysis of Mo during Joule 

heating in in situ transmission electron microscopy (TEM) processing. For the fabrication of 

graphene-based nano-scale interconnects, precise control over their position and proper 

nanoscale soldering are essential. Compared to metals like Cu, Mo is less subjected to 

electromigration and brittleness, making it suitable for high temperature electronics. 

Amorphous CNFs were effectively found to be converted to highly crystalline few-layered 

graphene during the electromigration of Mo nanoparticles (NPs). It was also found that during 

the graphene formation process, agglomerated Mo particles can be effectively channeled to the 

end of graphene by voltage-driven electromigration and acted as a soldering agent, providing 

the prospect of the further exploration of Mo as a nanoscale soldering material. This work 

explored the double role of Mo: As a catalyst for graphene synthesis and as a soldering material.  

Chapter 5 explores the use of low melting point metal Ga in the synthesis of Ga incorporated 

CNFs and their consecutive graphitization by Joule heating during in situ TEM as well as under 
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normal vacuum annealing. For the first time, the graphitization temperature was explored to be 

about 600 oC for the material system of the mixture of Ga NPs and amorphous carbon matrix.  

Increasing the temperature, agglomeration and evaporation of Ga NPs took place together with 

the graphitization at the periphery of Ga NPs at the surface region.  At the same time, in-situ 

TEM processing led to the accelerated increase in electrical conductivity with the structural 

change from amorphous to graphitization.  This combination of the in-situ and ex-situ TEM 

observations is considered as a lead step to understand deeper the graphitization process and 

provide the information in nanoscale. 

Chapter 6 summarizes the whole work of my study and explores the future prospects. 
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Chapter 1 

Introduction 

 The world today is advancing itself day by day in every field. Referring to the 

electronics technology, probably it’s the area which is being advanced most rapidly. Back to 

the days of late 19th and early 20th century, the vacuum tubes were invented by John Ambrose 

Fleming in 1904 based on the principle of thermionic emission.1 The first computer, the best 

representative of which viz. ENIAC (Electronic Numerical Integrator And Computer -1946 

AD) was made using these vacuum tubes (17468 vacuum tubes weighing 27 metric tons and 

occupying the space of about 200 square meters). That was of course of very large occupying 

the space of large room rather than their sizes at present that we can even adjust them in our 

pockets.2,3 But the invention itself could be taken as the first step of the advancement of the 

present electronic technology. It was essential to search for such a technology that could occupy 

as far as little space and could run with its least power. So, based on the semiconductor as a 

basic unit, the transistors were invented which could be employed as a rectifier, oscillator and 

for other purposes for which the vacuum tubes were ordinarily used.4 For their researches on 

the semiconductors and their discovery of the transistor effect, Bardeen, Brattain and Schottky 

were jointly awarded with the Nobel prize in Physics in 1956. According to Gordon E. Moore 

viz. Moore’s law, in order to maintain the advancement of present solid electronics, the number 

of transistors per chips should be doubled in nearly every two years which is possible either by 

increasing the number of transistors per chips or by shrinking the size of each transistor.5,6 The 

concept of integrated circuitry on the semiconductor chips nearly followed the pace of Moore’s 

prediction for about the five decades of its prediction. However, the limit of atomic size starts 

to create a problem when the separation of neighboring transistors in an integrated chip comes 
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in the range of about 10 nm or less with the effect of quantum tunneling creating the problem 

of thermal dissipation in the space of nanoscales. 

 The silicon based technology is in its verge of suspension physically due to its 

limitations of speed and density, design complexity, non-recurring nature and high cost, and 

most evidently of its power consumption and heat dissipation.7 Although the attempts are being 

made within the silicon technology like the researches on the development of quantum 

computers, molecular computers and by other ways like the development of optical computers 

and DNA computers but none of these have such significant evidence to replace this 

conventional silicon technology. So, to keep the pace of the demands of future technology, the 

use of one or more applicable novel materials is being must in the field of electronics. 

 The discovery of carbon based nanomaterials like the zero dimensional (0D) hollow 

carbon sphere viz. C60 buckyballs or fullerene in 19858 and one dimensional (1D) extended 

hollow cylindrical carbon viz. carbon nanotubes (CNTs) in 19919 opened a doorway for the 

consideration of existence of their two-dimensional (2D) counterpart viz. graphene which was 

initially supposed to be thermodynamically unstable and couldn’t exist in nature.10 But, almost 

a century later that of the discovery of electron, Andre Geim realized the necessity of a single 

atomic layered metal with very high induced carrier concentration for field effect property on 

metals. The idea led the ground breaking concept that graphene, the single layered semi metal 

could exist and could be thermodynamically stable in the ambient conditions.11 The discovery 

of graphene in 2004 not only solved the problem of the field effect property on metal but also 

became the milestone for the discovery of hundreds of other 2D materials.12 Among the list, 

Graphene, hexagonal boron nitride (h-BN) and transition metal dichalcogenides (TMDCs like 

MoS2, WS2 etc.) are realized as a conductor, insulator and semiconductors respectively.13,14 
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1.1 Carbon and its allotropes 

 Carbon, an element with atomic number 6 and mass number 12 is placed in 2nd period 

and 4th group in modern periodic table. The word carbon itself is derived from the Latin 

derivative ‘carbo’ which is primarily meant to charcoal. With its four valence electrons, it can 

form varieties of compounds with other metallic as well as non-metallic elements and can also 

bond with other carbon atoms to exist in different physical forms which is known as allotropy. 

Diamond, the strongest crystal and graphite, the one of the best lubricants are two crystalline 

allotropes of carbon known from a long time to human society. In diamond, the four valence 

electrons of carbon bond with other four carbon atoms leaving no electrons to be free making 

it a bad conductor of electricity and giving it a tetrahedral crystalline structure. On the other 

hand, in graphite, out of four valence electrons, only three get bonded with other three carbon 

atoms in hexagonal pattern leaving one electron free which provides it a good electrical 

conductivity.15,16 Several hexagonal layers of carbon atoms in a graphite crystal attach to each 

other with weak Vander Waal’s interaction providing a slippery nature. Charcoal, black carbon 

etc. are some amorphous forms of carbon. 

 Although the use of carbon in different forms is as old as the human civilization, its use 

in the Avogadro’s definition of mole in 18th century and being as the backbone of the molecules 

in organic compounds shows its versatile nature.17 Its unique ability to form robust covalent 

bond with other carbon atoms in different hybridized states or with other nonmetallic elements 

enables it to form a wide range of structures, from small molecule to a long chain called 

polymerization. The primary nanoallotropes of carbon include mainly two types of covalent 

bonds between the C atoms, first the graphenic nanostructures which primarily consist of sp2 

hybridization like in 0D onion like C-nanospheres, fullerenes and carbon dots, 1D CNTs and 

nanohorns, and 2D graphene,  whereas the second group consists of both the sp2 and sp3 C 

atoms like in nanodiamond. Fig. 1.1 illustrates the structure of different nanoallotropes of 
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carbon.18 Besides these too, there are another category of carbon nanoallotropes which 

resemble almost with the CNTs called carbon nanofibers (CNFs) and exist both in graphitic 

and amorphous forms. 

 

Figure 1.1 The geometrical illustration of various allotropes (nanoallotropes) of carbon.18 

 

1.2. Graphene 

 The word graphene refers to the crystalline modification of carbon in which the suffix 

–ene is attached to resemble the polycyclic aromatic hydrocarbons like naphthalene, anthracene, 

corocene, ovalene and graphene for a single layer of carbon atoms of the graphitic structure as 
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the final member of the infinite size of this series.19 More precisely, graphene is a single 

atomically thick sheet of hexagonally arranged, sp2 bonded carbon atoms capable of free 

suspension or can adhere to a foreign substrate.20 In fact, graphene is a single layer of 3D 

graphite when flattened forms graphene layer, when rolled to a cylindrical structure forms 

CNTs and when wrapped in spherical structure forms fullerenes.21 Fig. 1.2 illustrates how a 

peeled layer of graphene from graphite can form the fullerene, CNT and graphite convincing 

itself as the mother of these materials. 

 

Figure 1.2 Schematic illustration to show how a (a) graphene layer can be (b) wrapped into 

0D fullerene, (c) rolled to 1D CNT and (d) stacked into 3D graphite.21 
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1.2.1 Graphene synthesis techniques 

 1.2.1.1 Mechanical exfoliation  

 This is the technique first used by A. K. Geim and K. S. Novoselov which turned itself 

into the discovery of the novel material graphene. They simply used a sticky tape on a highly 

ordered pyrolytic graphite (HOPG) and the attached flake in the tape was repeatedly exfoliated 

and finally attached to a viable substrate like SiO2.
11 (see Fig. 1.3(a)) It adhered several 

multilayered graphene flakes on the SiO2 substrate, some of which were even of monolayer 

composition and size ranging up to few of tens of micrometers. They significantly measured 

the thickness of the stacked layers which even approached to nearly 0.4 nm which was the 

milestone in the discovery of the existence of 2D material graphene. Prior to them, the attempt 

to show the existence of this novel material was also done by R. S. Ruoff et al. in 1999 by 

somewhat different approach but not succeeded.22 Though the extent of size of monolayer 

graphene with this technique was limited to micron size during its introduction, several other 

attempts showed the size extended to the millimeter and sub-centimeter scale required for the 

device fabrication.23,24 Due to its simplicity and superior in quality, the technique is being used 

in graphene production for the research purposes even the extension of flake size is difficult as 

well as non-recurring. 

 

1.2.1.2 Liquid phase exfoliations  

With the term itself, it refers to the exfoliation of HOPG in some special solvents which 

minimize the interfacial tensions between the liquid and graphene flakes. This technique can 

be completed generally in three steps viz. i) graphite dispersion in the solvent, ii) exfoliation 

and iii) purification.25 In this technique, HOPG is simply dispersed in the chemical solvents 

like N- methyl pyrrolidone (NMP), dimethyl formamide (DMF), benzyl benzoate, γ-
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butyrolactone (GBL), acetone, chloroform, isopropanol, etc. followed by ultra-sonication to 

provide the homogeneity of the exfoliated graphite particles in the solvent (see Fig. 1.3(b)). 

The solution is then purified or concentrated by the techniques like centrifugation which also 

separates the flakes in terms of layer numbers.26,27 With this method, the graphene flakes 

produced are of the dimension ranging from few nanometers to few micrometers suspended in 

the liquid solvent. The fluid then can be deposited on viable substrates like SiO2 by spin coating 

to get the graphene flakes on the substrate for various characterizations. Being scalable and 

economic, thus produced graphene can be used in composite materials, conductive inks etc. 

 

1.2.1.3 Reduction of graphene oxide (GO)  

Besides the general dispersion, the liquid phase exfoliation technique can be applied to 

get the GO by treating HOPG in the chemical mixtures like potassium chlorate (KClO3) and 

concentrated nitric acid (HNO3), KClO3 and concentrated sulphuric acid (H2SO4), and mixture 

of potassium permanganate (KMnO4), sodium nitrate (NaNO3) and H2SO4 etc.28-30 The GO is 

then reduced into pristine graphene by treating with the chemicals like hydrazine, hydrides, p-

phenylene, hydroquinone and also by dehydration and thermal reduction.25 This method is an 

economic and efficient way for the large scale graphene production though the limitations arise 

due to the use of hazardous chemicals during the process. 

 

1.2.1.4 Epitaxial growth on silicon carbide (SiC)  

The techniques of graphene synthesis discussed earlier themselves start with some pre-

existing graphitic materials and look like the deposition on a viable substrate. Such methods 

are termed as top-down approach for graphene synthesis and lack with the precise configuration 

of the graphene.31 The techniques like epitaxial growth on SiC and chemical vapor deposition 
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are termed as the bottom-up approaches for the graphene synthesis and are useful in the 

graphene synthesis with precise configuration and orientation.  

 

Figure 1.3 Graphical illustration to show different graphene synthesis techniques (a) 

Mechanical exfoliation technique, (b) Liquid phase exfoliation technique, (c) Epitaxial growth 

on SiC and (d) Chemical vapor deposition technique.25 

 

 This epitaxial growth on SiC method comprises the heating of SiC surface to a high 

temperature (>1000 oC) either in vacuum or in the supply of inert gases like Argon.32 The 

differences in the vapor pressure of C and Si in SiC leads the evaporation of the Si at the surface 

leaving behind the carbon atoms and those carbon atoms rearrange themselves in hexagonal 

lattice as graphene (see Fig. 1.3(c)).33,34 The epitaxial graphene grown on Si-terminated SiC 

(0001) is quite epitaxial while that on C-terminated SiC (0001̅) is with many rotational domains 
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or even with sprouts nanotubes which account for the low degree of order of few layer graphene 

on this surface.34,35 Though the graphene flakes can be grown with this technique are limited 

up to centimeter scale, the transfer free graphene can be obtained directly on the Si substrate 

makes it easy for the application in power electronics. 

 

1.2.1.5 Chemical Vapor Deposition (CVD)  

It is the technique of deposition of thin film on a catalytic surface in which the surface 

called the substrate is exposed to the volatile materials called precursors generally at the high 

temperature. It is considered as the most convincing method for the controlled growth of 

uniform and large area graphene film. Generally, the transition metals like Cu, Ni, Ru, Co, Pt, 

Ru, Pd etc.36-42 are used as the substrate under the exposer of thermally decomposed species of 

carbonaceous sources (either gases, liquids or solids )43-46 under high  temperature, at ambient 

or low pressure, in the supply of one or both carrier gases H2 and Ar (see Fig. 1.3(d)). 

 M. Losurdo et al.47 and C. M. Seah et al.48 explained the mechanism of CVD graphene 

formation on the metals Ni and Cu. The carbon solubility in Ni is very high than compared to 

that in Cu which leads bulk mediated growth in Ni whereas surface mediated growth in Cu. 

The graphitization is completed in following steps i) in-diffusion of H atoms in the catalytic 

surface and chemisorption of hydrocarbon radicals (CH4), ii) dissociation of the chemisorbed 

CH4 radical to form CH3 radical by dehydrogenation, iii) dissolution of carbon adatoms in the 

metal bulk, iv) nucleation of graphitization and v) segregation to form the graphene.47,48 This 

mechanism of graphitization is illustrated in Fig. 1.4.   

 This work mainly focuses on the CVD synthesis of graphene on polycrystalline Cu 

substrate using solid hydrocarbons as precursor. The actual method of synthesis is described in 

detail in chapter 2 and chapter 3. However, the lower carbon solubility in copper and its mild 

catalytic activity makes it a dominant substrate to grow large area monolayer graphene film in 
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meter scale with a roll-to roll production technique49 as well as makes the growth self-limiting 

to obtain high quality and uniform monolayer graphene.43,50 Furthermore, liquid Cu surface as 

a catalytic substrate for graphene growth is established for the growth of graphene single 

crystals in various shapes by varying the composition and ratio of carrier gases Ar and H2.
51 

 

 

Figure 1.4 Graphical illustration of mechanism of graphene formation during the CVD process 

(a) the bulk mediated growth and (b) the surface mediated growth.47,48 

 

1.2.2 Properties of Graphene 

 1.2.2.1 Mechanical properties  

 Graphene is one of the strongest materials known which is considered to be more than 

300 times stronger than stainless steel. It has tremendous elasticity with Young’s modulus 

approaches to 1 TPa and the fracture strength to be 130 GPa, much higher than that of any other 

materials reported.52 This behavior of graphene is found to be helpful to reinforce the strength 

of other materials in the composite materials with graphene.53,54 
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 1.2.2.2 Thermal properties  

 Graphene has enormous thermal conductivity at room temperature which is even higher 

than that of copper.55 Balandin et al. measured the thermal conductivity of the suspended single 

layer graphene at room temperature approximately to 5000 Wm-1K-1.56 

 

 1.2.2.3 Optical properties  

 Graphene is almost transparent with the coefficient of transmittance as 0.977 for the 

optically visible light independent to the frequency.57 Optical transparency may be one of the 

best part of graphene for its potential application as in the manufacture of transparent and 

flexible electrodes in photodetectors, solar cells and touch screen based displays.58,59  

 

 1.2.2.4 Electronic properties  

 Graphene is chemically inert due to its strong sp2 hybridized honeycomb structure.52 In 

sp2 hybridization, of the four valence electrons of C atom residing in the 2s and 2p (px, py and 

pz) orbitals, the one s-orbital and two p-orbital interact in the influence of those of other three 

C atoms forming covalent σ-bonds. The next p-orbital perpendicular to this hybridized plane 

provide weak Van der Waal’s interaction between the different layers in a bulk graphite and 

contributes for the π-bond. In tight-binding approach, the C-C distance between the 

neighboring atoms is 1.42 Å which leads to a triangular lattice with two atoms per unit cell 

(Fig. 1.5(a)) and lattice constant 2.46 Å. The two points K and K’ at the corners of graphene 

Brillouin zone (Fig. 1.5(b)) are named as the Dirac points (Fig. 1.5(c)).60,61 

 The electronic dispersion diagram in Fig. 1.5(c) clearly shows the conduction band and 

the valence band touch each other at six Dirac points (zero band gap) rising the Dirac cones 
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similar to that for the mass less particles leading the relativistic behavior to the electrons near 

the Dirac points resulting into the high mobility in graphene.61 Experimentally, Bolotin et al.62 

and Du et al.63 measured the carrier mobility in suspended graphene approaching to the high 

value of 200,000 cm2V-1s-1
. In addition to this extreme mobility, graphene possesses high 

carrier concentration upto 1013 cm-2 with simultaneously tuning between electrons and holes,11 

quantum hall effect,64 Casimir effect,65 Klein tunneling effect,66 and the breakdown of the 

adiabatic Born-Oppenheimer approximation.67  

 

Figure 1.5 (a) Lattice structure of graphene with δi, (i = 1, 2, 3) being the nearest neighbor 

vectors (│δi│= 1.42 Å) and a1, a2 being the lattice unit vectors (│a│= 2.46 Å) (b) the 

corresponding Brillouin zone with K and K’ being the location of Dirac cones and (c) electronic 

dispersion in honeycomb lattice with the energy band close to Dirac point enlarged.61 
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1.2.3 Potential applications of graphene  

 Based on the novel properties of graphene mentioned in the chapter 1.2.2, graphene has 

many potentials to be applied in various disciplines of science. Among those countless potential 

applications, some are tabulated in the Table 1.1. 

 

Table 1.1 Some observed applications of graphene 

Related field Potential Applications with explanation 

Electronics Flexible and transparent electrodes and displays.59,68,69- With highly elastic, 

transparent and high carrier mobility. 

Ultra-fast transistors (100 GHz).70- Due to the atomic dimensions and high 

carrier mobility. 

Medicines Drug delivery system in the treatment of cancers.71 - Due to its chemical 

inertness, nanodimensions and easily detectable. 

Light 

processing 

Ultrathin lenses with 3D subwavelength focusing.72 – Due to its high 

transparency, flexibility. 

Energy and 

Storage 

Photovoltaics (solar cells).73 –Due to high flexibility, transparency and 

conductivity. 

Super capacitors with specific capacitance 135 Fg-1.74 – Due to its very high 

surface area to mass ratio, high conductivity leading wide voltage 

performance range. 

 

 The applications shown in Table 1.1 are only a few among the countless applications 

of graphene which are experimentally shown. In addition to them, graphene with its hardest 

nature, can be used as anti-corrosion coating in aviation and mechanical sensors. Its ultra-high 

conductivity and surface to mass ratio provides potential applications in memory devices, and 

the high thermal conductivity can be utilized in preparing interconnects in the thermal and 

electrical devices. 
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1.3 Direct graphitization of nanocarbons 

 In chapter 1.2.1, the various techniques of graphene synthesis were discussed. Those 

are the methods in which graphene is synthesized either by the exfoliation from a bulk 

(graphite) or by the application of large amount of heat (high temperature) on some 

hydrocarbons under the catalysis of metals on those metal surfaces. As discussed earlier, the 

exfoliation techniques result into the synthesis of short-range graphene usually in micrometer 

scale. Furthermore, the exfoliation techniques seem to be easier but are not recurrent specially 

for the formation of monolayer graphene. On the other hand, the graphene synthesis with CVD 

process leads in the large scale production,49,59 but the CVD graphene before its utilization 

should go under the tedious transfer process on the viable substrates.75 During this transfer 

process, there is not only the probability of mechanical damage but also the degradation of its 

quality due to the contamination arose by the chemicals used in the transfer process.  

 In order to get rid of this limitation of CVD graphene caused due to the transfer process, 

attempts were made for the direct growth of graphene on the dielectric substrate without the 

metallic catalyst either through the thermal CVD76,77 or by plasma enhanced CVD 

(PECVD).78,79 With this initiation, though, in some cases, the temperature of synthesis is 

decreased tuning the growth towards low temperature growth,76 the monolayer quality and 

uniformity to the large area synthesis is not maintained. Contrary to these CVD processes, 

Hirano et al.80 and Vishwakarma et al.81 showed the synthesis of transfer free graphene directly 

on the SiO2 substrate by the direct graphitization of amorphous carbon (αC) with simple 

annealing under the catalytic effect of thin layer of Co and Sn respectively. They easily 

eliminated the metallic layer with simple chemical etching to get the graphene on the SiO2 

substrate.  
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 Transmission electron microscopy (TEM) is the technique used in the characterization 

of nanoparticles either thin enough to transmit the electron beam or being suspended so that 

they can be observed from a side. To establish these methods of direct graphitization of αC, the 

graphitization mechanism is to be understood first and for this propose, TEM is the best option. 

In this work, the graphitization mechanism is being explored in nanoscale using TEM starting 

with the αC in the form of carbon nanofibers (CNFs) and cones synthesized using the ion beam 

bombardment method at room temperature and subsequently graphene layers with long range 

(up to micrometers) was found to be synthesized under TEM.  

 

1.3.1 Fabrication of CNFs and cones  

 The elongated nanocarbons like CNTs and CNFs are generally synthesized using the 

methods like arc discharge, laser ablation and CVD which require high temperature. On the 

other hand, CNFs can also be directly fabricated on the tip of an AFM probe or at the edge of 

a thin graphite sheet even at room temperature by the bombardment of ions (Ar+) which are 

amorphous in crystalline state and can be directly utilized for TEM study without any post 

treatment. The growth mechanism of these CNFs is proposed schematically in Fig. 1.6(a) along 

with SEM image of a typical CNF grown at the tip of a cantilever is shown in Fig. 1.6(b).82  

 To observe the catalytic effect of different elements in the graphitization of αC, the 

CNFs and cones can be incorporated with the nanoparticles (NPs) of the respective elements 

by co-sputtering them perpendicular to the substrate during the ion beam bombardment process. 
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Figure 1.6 (a) Schematic of formation mechanism of a single CNF and (b) SEM image of a 

typical CNF grown at the tip of a cantilever.82 

  

 

1.3.2 Graphitization through Joule heating during in situ TEM 

 When a biasing voltage is applied across the tip of a CNF and the conducting surface 

of the substrate with a special arrangement inside a TEM, the resistance offered by the CNF 

leads the heating effect known as Joule heating. Sim et al.83 studied the field emission (FE) 

from a single CNF with in situ SEM and measured a maximum FE current of 15 µA before it 

got damaged due to the resistive heating. The in situ processing for the FE measurement of the 

CNFs incorporated with the several metals like Fe,84 Cu,85 Ag,86 Au,87 and Si and Ge 88 showed 

not only the improvement in the FE current but also demonstrated the transformation of the 

metal incorporated CNFs from amorphous carbon to the bamboo like capped CNTs and thick 

graphene layers. This mechanism of graphitization with Joule heating is well explained in the 

schematics of Fig. 1.7. 

 Thus, the incorporation of foreign element during the ion beam fabrication of CNFs 

plays a catalytic role during graphitization. In this work, the same effect of the metals like Mo 
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and Ga which are otherwise studied less for this propose is explored in the field of graphene 

synthesis. 

Figure 1.7 Schematic diagram to show the formation process of bamboo-like CNT during FE 

process under in situ TEM. (a) Initial structure of metal incorporated CNF before FE process, 

(b) agglomeration of metal NPs and graphitization through C-diffusion induced by Joule 

heating and (c) electromigration of agglomerated metal particles forming bamboo like CNT.84 

 

1.3.3 Graphitization on direct heating  

 Based on the studies done by Hirano et al.80 and Vishwakarma et al.81 to synthesize the 

graphene directly on ordinary heating of αC deposited on SiO2, Araby et al.82 followed the 

same route for the metal In with low melting point and observed the αC to be graphitized as 
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low as the temperature of 150 oC. Prior to this, they also observed partial graphitization in the 

indium incorporated CNFs prepared by ion irradiation method at an energy of 1 KeV without 

any intentional heating. This study showed that the metals with low melting point can be 

promising in the graphitization of αC. In this work, the graphitization mechanism of αC under 

the catalysis of another low melting point metal Ga is explored though Ga has very low carbon 

solubility at low temperature. 

 

1.4 Motivation and purpose of the thesis 

 Graphene, from the day of its first observance proved itself as the best alternative 

material in the field of electronics and several other fields pioneered by its many novel 

characteristics. Though, many other 2D materials are shown in existence well after the 

graphene, the history of nature shows that carbon nanomaterials remained always in top at least 

in terms of their stability, inertness and even friendly to the livestock. These features along 

with its recently observed novel characteristics provide an approval for graphene to be used as 

potential future material. However, for any material to be used by replacing its conventional 

counterparts, its economic synthesis in mass scale is must and cannot be avoided. This thesis 

is directed towards the exploration of synthesis and characterization of this novel material 

graphene by different techniques. 

 Concerning this topic of graphene synthesis, CVD is the most convincing way for the 

synthesis of graphene as well as other 2D materials. The graphene grain boundaries in CVD 

graphene are the major reason of its degraded quality in comparison to the exfoliated one which 

urges to large single crystal growth in CVD. In what follows, the same issue is tempted to be 

solved by modifying the CVD parameters so that the growth is tuned to isotropic. This tuning 

provides a space for the smooth stitching between the smaller isotropic crystals leading towards 
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the growth of larger single crystals with the same other parameters compared to its anisotropic 

counterparts.  

 Similarly, the process of direct graphitization of αC can be another way to eliminate 

this issue of degradation of graphene quality due to the presence of grain boundaries as long 

range graphene synthesis is possible through this way. Furthermore, for the scalable growth of 

graphene, the graphitization mechanism must be understood in nanoscale. For this, TEM can 

be a promising tool of characterization but it is so difficult to prepare the TEM samples with 

CVD graphene as well as to observe the CVD process of graphitization under a TEM. So, this 

thesis aims in these different processes of graphene synthesis as well as the problem of 

understanding the graphitization mechanism in nanoscale is challenged either by well 

stablished in situ FE TEM process or by observing the graphitized nanocarbons under TEM 

graphitized by other route like direct heating. 

 

1.5 Organization of the thesis 

 The isotropic graphene crystals growth and the nano analysis of graphitization of 

nanocarbons is described in detail in this thesis. 

 Chapter 1 deals with the introduction of graphene, its recent progresses in growth, 

properties and utilization. In the same manner, the other nanocarbons are introduced with their 

synthesizing techniques and graphitization techniques. At last, the motivation and the purpose 

of the work is also mentioned. 

 Chapter 2 includes the brief discussion of the methods mainly followed in this work 

for the synthesis and characterization of the synthesized materials with the brief introduction 

of the various tools used for the purpose. 
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 Chapter 3 emphasizes on the modification on the CVD parameters for tuning the 

growth mechanism into isotropic growth to achieve the faster and larger crystals in comparison 

to their anisotropic counterparts. 

 Chapter 4 investigates the synthesis of graphene through the synthesis of Mo-CNFs 

and their graphitization along with their FE characteristics under in situ TEM processing. The 

graphitization mechanism is analyzed in nanoscale along with the structural changes in the NPs 

of high melting point metal Mo is observed to investigate its application in inter connect 

material. 

 Chapter 5 explores more on the issue of graphene synthesis by graphitization of 

nanocarbons using Ga-CNFs along with their FE characteristics under in situ TEM processing. 

The graphitization of nanaocarbons associated with Ga-CNFs was also observed by direct 

heating and analyzed under the TEM. The very contrasting characteristics of Ga NPs induces 

some strange behavior during the graphitization process. 

 Chapter 6 summarizes the whole work and recommends the future prospect. 
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Chapter 2 

Materials and Methods 

 As graphene can be visualized as a peeled single layer of sp2 hybridized carbon atoms 

from a bulk of graphite, it might be formed as the initial layer during the formation of graphite 

in rock formation. But its isolation from graphite is not an easy task at least for the larger size. 

In this chapter, among the various techniques of synthesis of graphene, chemical vapor 

deposition technique, the technique adopted in this research is explained in details. Further, the 

transfer of graphene in the arbitrary substrates and the instruments used in the characterization 

process are described in brief. In the similar manner, the synthesis technique of CNFs by ion 

beam irradiation and their graphitization, their characterization tools are discussed in detail. 

 

2.1 Graphene synthesis by chemical vapor deposition (CVD) 

 As discussed earlier in chapter 1, CVD is the technique of deposition of thin film on a 

catalytic surface in which the surface called the substrate is exposed to the volatile materials 

called precursors generally at the high temperature. In general, graphene is synthesized using 

CVD in two ways; the low pressure CVD (LPCVD) in which the exhaust is connected to a 

vacuum pump and the atmospheric pressure CVD (APCVD) in which the exhaust is left to be 

open in the atmosphere with a tube nozzle or some time the nozzle of the exhaust tube is dipped 

in water in order to make sure that the gas is flowing. Fig. 2.1 (a) represents the schematics of 

a conventional CVD whereas Fig 2.1 (b) shows the photograph of the CVD used as APCVD 

for the work described in chapter 3. On the other hand, there can be used the precursors in all 

the three states gases, liquids and solids in a CVD with respect of which they can be named as 
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gas, liquid and solid sourced CVD respectively. In contrast to the gas sourced CVD, the solid 

and liquid precursors are kept inside the quartz tube prior to starting the heating process and 

  

Figure 2.1 Graphene synthesis using a CVD system, (a) Schematic of conventional CVD to 

show different components and (b) a photograph of CVD system in APCVD mode used for 

this work. 

 

their pyrolysis is done either using a separate heating furnace or by a special magnetic sliding 

system by keeping the precursors in magnetic boat. In such sliding arrangement case as 

followed in the work described in chapter 3, the pyrolysis temperature is monitored on the basis 

of distance of the precursor from the CVD furnace followed by successive measurement of the 

temperature using infrared (IR) thermometer. 
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2.2 Graphene transfer techniques 

 As the graphene synthesized by CVD process is in the state adhered on the metallic 

substrates, it is to be transferred into the arbitrary substrate before its use and many 

characterizations. Conventionally, the Poly(methyl methacrylate) (PMMA) assisted transfer 

technique is used to transfer the graphene in any arbitrary substrate which can be either wet 

etching method1-3 or the electrochemical delamination4-6 also known as bubble transfer method. 

In the wet etching method, a layer of PMMA is spin coated on the graphene adhered to the 

metallic substrates followed by chemical etching of metal in the solutions of etchant like ferric 

chloride (FeCl3), ferric nitrate(Fe(NO3)3) and ammonium thiosulphate ((NH4)2S2O8). The 

graphene adhered to the PMMA is then rinsed in deionized (DI) water several times to remove 

the etchant contamination and then scooped on the arbitrary substrate on which it is to be 

transferred directly floated from the DI water. Finally, it is baked for some time to adhere the 

PMMA-graphene layer on the substrate and then the PMMA at the top is delaminated with 

acetone or acetone vapor. By its name, it is clear that the substrate metal is lost and also called 

metal sacrificial method. The graphical representation of different steps followed during this 

process is shown in schematics of Fig. 2.2 (a). On the other hand, in electrochemical 

delamination method, the PMMA-graphene layer is detached from the metal substrate by the 

process of electrolysis in the dilute solution like NaOH without sacrificing the metal substrate 

which can be reused.4,5 In this method, the PMMA-graphene-metal sheet is used as a cathode 

with an inactive anode (Fig. 2.2 (b)). 

 The transferred graphene by above methods is always associated with one or more of 

metallic substrate, etchant solution and PMMA contamination residues. The complete removal 

of these contamination is almost inevitable. Regan et al.7 modified this standard wet etching 

transfer method without using the PMMA coating and successfully transferred well adhered 

graphene on a TEM grid (Fig. 2.2 (c)) and termed as the direct transfer technique. In addition 
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to these, the hot press technique to transfer the CVD graphene can also be promising as a 

polymer free technique.8 

 

Figure 2.2 Graphene transfer techniques, (a) schematics to show the different steps in a 

standard wet etching method,9 (b) up: schematics, down: photographic image to show the 

electrochemical delamination5 and (c) schematics of so-called direct polymer free transfer 

technique.7 

 

2.3 Ion beam irradiation technique for CNF synthesis 

 The metal incorporated CNFs samples used in this study for the in situ TEM field 

emission (FE) characterization as well as for the vacuum annealing purposes are synthesized 

by using ion bombardment method. Ar+ ions at an incident angle 45o are used  in bombardment 
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as the inclination is belived to be suitable for ion induced CNFs synthesis.10 The vacuum system 

is managed using a rotary pump as well as a turbo molecular pump. The substrate and the 

source metal are kept mutually perpendicular to each other as shown in the shematics of Fig. 

2.3. It should be noted that the position of the source and the substrate is just reversed in case 

of the metal Ga as it liquifies just above the room temperature. This inversion in the position 

doesn’t alter the mechanism of CNF formation due to equal inclination of the ion beam to both 

the source and the substrate. The details of the experimental arrangemet is described in chapter 

4 and 5. 

 

Figure 2.3 Schematics of experimental set up for the ion beam bombardment method. 
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2.4 Vacuum annealing of gallium incorporated CNFs (Ga-CNFs) 

 For the graphitization of nanocarbons in the form of CNFs and cones, the Ga-CNFs 

samples prepared by the ion beam bombardment were heated directly in a vacuum heater at 

pressure about 5x10-3 Pa. Miller heater (MILA 3000) was used with the vacuum system 

supported by both rotary and turbo pump with the arrangement of proper cooling system. 

 

2.5 Characterization techniques 

 2.5.1 Optical microscopy 

 As its name, an optical microscope can be used to get the direct and magnified image 

of a specimen both in transmittance as well as in reflectance modes. The graphene samples on 

an opaque substrate can be viewed optically in reflectance mode. Just after the CVD synthesis 

of graphene crystals on copper substrate, the foil is heated in open atmosphere to a temperature 

150 oC so that the bare copper surface gets oxidized to red in color whereas the surface covered 

with graphene (crystals) remains unaffected. This contrast in color helps to get the optical 

images of these crystals characterizing their shape and size. However the exfoliated graphene 

flakes and the CVD graphene after transfer on SiO2/Si substrate with the SiO2 thicknesses 300 

nm and 90 nm can be characterized in terms of not only their shape and size but also the layer 

numbers can be compared with the difference in contrast between the adjacent flakes using an 

optical microscope.11 

 

2.5.2 Scanning electron microscopy (SEM) 

 A SEM is a tool to characterize the surface topography and composition of a specimen 

by scanning the surface with a focused electron beam. The secondary scattered electrons from 
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the specimen are received by the SEM detector and form a high resolution image. Fig. 2.4 

shows a schematic to explain the working principle of a SEM.12 Both the graphene crystals 

synthesized on the copper foil as well as the metal incorporated CNFs in this work can be 

analyzed under a SEM to get their morphology. Furthermore, a SEM can also be used to obtain 

the quantitative information on crystallographic orientation of the substrate in electron 

backscattered diffraction (EBSD) mode as done in this work. 

 

Figure 2.4 Schematic diagram to show the working of a typical SEM.12 

 

2.5.3 Transmission electron microscopy (TEM) 

 TEM is a characterizing technique of a specimen thin enough (up to 100 nm in 

thickness) to let an electron beam incident on it to pass and the transmitted electron beam after 
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its interaction with the specimen material is detected by a detector to form an image. Thus 

formed image is then magnified and focused on a fluorescent screen display. The crystal 

structure, morphology and the elemental composition of a specimen sample can be analyzed 

using a TEM. The CVD graphene can be transferred on a TEM grid before TEM analysis 

whereas the CNFs samples grown on the edge of a thin C-foil as in this work can be directly 

observed under TEM without any post treatment. Fig. 2.5 (a) shows a schematic of working of 

a basic TEM whereas Fig 2.5 (b) represents a photographic image of TEM: JEM-ARM200F 

(JEOL) used in the characterization in this work.  

   

 

Figure 2.5 (a) Schematic diagram to show the working of a basic TEM13 and (b) a photographic 

image of TEM (JEOL JEM ARM200F).  
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In addition to the ultra-high magnification of a specimen region to analyze in atomic level, a 

TEM is also used to detect the composition of different constituent elements of the focused 

region in energy dispersive X-ray spectroscopy (EDS) mode. Furthermore, with some external 

arrangement, in situ functioning can be performed inside a TEM to measure the FE properties 

of single CNF and the corresponding current-voltage (I-V) characteristic curve can be plotted 

at the same time.  A piezo driven TEM sample holder (JEOL; EM-Z02154T) connected to the 

external piezo system to control the sample movement in microscale and biasing voltage was 

used to explore the FE characteristics of Mo-CNFs and Ga-CNFs in the works described in 

chapter 4 and 5 respectively. In this process, a tungsten nanoprobe with tip diameter as low as 

25 nm was used as an anode whereas the base of the respective CNFs was used as cathode. 

With the external piezo system, the tip of the nanoprobe can be brought in contact with the tip 

of the single CNF. When graduating bias voltage is passed through the system with time, the 

increasing voltage starts to produce heat across the CNF called Joule heating. The catalytic 

action of the NPs of the incorporated metals leads the nanocarbons in CNF to be graphitized 

which is indicated by a sudden increase in current in I-V measurement. Based on the metal NPs 

incorporated, there can occur the electromigration or evaporation of metal NPs forming CNT 

like graphitized structures. The increasing voltage then linearly increases the current through 

the CNF and finally breakdown occurs due to the excessive heat produced. Fig. 2.6 shows the 

photographic images of different components used in in situ measurement process. 
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Figure 2.6 The photographic images of (a) the sample stage of TEM sample holder (JEOL; 

EM-Z02154T) showing the tungsten nanoprobe (magnified image of the tip inset) in piezo-

driven stage, (b) piezo system for the X (± 1 µm), Y (± 5 µm) and Z (± 5 µm) direction drive 

movement of nanoprobe and (c) set up for I-V measurement. 

 

2.5.4 Raman spectroscopy 

 Raman spectroscopy is regarded as to provide a structural fingerprint for the 

identification of molecules in chemistry by utilizing inelastic scattering of monochromatic light 

from a specimen in vibrational mode. Being non-destructive and non-contacting technique, it 

can be performed simply in ambient pressure and at room temperature. Raman spectroscopy is 

widely used in the determination of number of layers in a graphene sample as well as to check 
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the qualitative information of graphene.14-16 The Raman spectra of CVD graphene samples can 

be achieved either directly on the metallic substrate or after transferring into the SiO2 substrate. 

 A Raman spectrum of graphene is dominantly recognized by three distinct peaks viz. 

D, G and 2D at around the positions 1350, 1590 and 2690 cm-1 respectively.15 The G peak, 

known as graphitic peak is associated due to the in-plane vibration of sp2 bonding between the 

carbon atoms. The D peak also known as defect peak represents the amount of disorder present 

in the graphitic materials and is absent in a defect free graphene. Whereas, the 2D peak 

represents an overtone of D peak and is arisen from the inter-valley scattering of the electrons 

by the Brillouin zone boundary photons. Generally, the high value of 2D/G peak intensity ratio, 

low intensity of D peak and a steeper and narrower 2D peak are regarded as the characteristic 

features of a good quality graphene. Furthermore, the ratio of intensity of 2D to G peak is taken 

in account for the determination of number of layers in a graphene sample with I2D/IG >2 for 

monolayer graphene, 2 >I2D/IG>1 for bilayer graphene and I2D/IG <1 for higher number of 

layers.17,18 Fig. 2.7 represents a best example for this change in peak ratio with the graphene 

layer numbers. 

 

Figure 2.7 (a) Optical image of a CVD graphene crystal transferred onto SiO2 substrate and 

(b) Raman Spectra at different points indicated in fig. (a) indicating different number of 

graphene layers.18 
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 2.5.5 Atomic force microscopy (AFM) 

 Atomic force microscopy is another technique to analyze the surface topography of a 

specimen sample in atomic scale. It works with the movement of the tip of a cantilever over 

the graphene sample surface either directly on the metal surface or on the surface of SiO2 on 

which it is transferred in contact mode. This technique is widely used to measure the thickness 

of the graphene layer and hence is a tool to determine the number of graphene layers. Mostly 

the observed value of thickness of graphene with this method is slightly higher than the 

theoretical value due to the introduction of several impurities induced during the synthesis and 

transfer processes.19,20 
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Chapter 3 

Switching isotropic and anisotropic 

graphene growth in a solid source CVD 

system 

3.1 Introduction 

 CVD has been recognized as an ideal technique for the synthesis of graphene in wafer-

scale with controllable number of layers on metal catalyst surfaces.1-4 However, there are 

several factors that affect the CVD growth of graphene including the growth temperature, 

growth time, substrate selection, carrier gases, states and the nature of precursors, substrates 

pre-treatment etc.5-10 It is well-known fact that the electrical and mechanical properties of CVD 

graphene are predominantly affected due to their polycrystalline nature and presence of grain 

boundaries.11-16 Thus, optimization of various parameters is critical to minimize the effect of 

grain boundaries in CVD graphene, ideally by synthesizing large-area single crystals.17-19 

 The use of single crystalline metal substrates is common to obtain unidirectional 

alignment of graphene seeds to eliminate the grain boundaries.20,21 But, it has been reported 

that such self-alignment of graphene domains can be well disturbed with defects and impurities 

affecting the single crystalline nature.22 It was demonstrated that isotropic crystals can be 

grown instead of anisotropic crystals on a substrate melted to liquid state to overcome any 

specific grain orientation and growth along specific direction of graphene edges.22 The obtained 
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graphene grains were isotopically round-shaped associated with mixed zigzag (ZZ) or armchair 

(AC) edges. In the liquid substrates, the orientation of adjacent graphene grains can be easily 

self-adjusted to smoothly match each other and thereby achieving the smooth stitching of the 

adjacent crystals through the edges.23 This can be an alternative and reliable approach for 

synthesizing large-area single crystal graphene on Cu substrate without using single crystal 

metal substrates.24,25 

 Jiang et al. have demonstrated successfully that large single circular crystal graphene 

domains can be grown on a solid Cu substrate instead of using melted Cu with high supply rate 

of methane.26 Individual isotropic graphene domains have been obtained with round smooth 

edges as well as axisymmetric and centrosymmetric shapes that allow seamless merging of 

adjacent graphene crystals.24-26 However, these studies have dealt with isotropic graphene 

growth on either the liquid substrate or chemically pretreated substrates. Moreover, all these 

methods were designed for the graphene growth for gaseous carbon precursor like methane. 

Besides these, Sharma et al. have observed the growth of round-shaped crystals with waste 

plastic as the solid precursor.27 However, there was no clear information described on the 

controllable tuning of graphene crystals growth from anisotropic to isotropic and their growth 

rate for synthesis of large single crystals. In contrast to previous reports, this study focuses on 

the controllable growth of the preferential isotropic graphene crystals in a solid source CVD 

process directly on the solid Cu substrate and insight on their growth rate and quality. It was 

found that the supply rate of solid precursor can be controlled by just controlling the carrier 

gases flow rate to tune anisotropic growth to isotropic and vice versa. It was also observed that 

the growth rate of the round-shaped graphene crystals is much faster than that of hexagonal 

crystals, thereby obtaining larger round-shaped graphene crystals for the same growth time 

compared to their anisotropic hexagonal analogs. In what follows, the details of the switchable 
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round-shaped (isotropic) and hexagonal-shaped (anisotropic) graphene crystals growth process 

in a solid source CVD method to achieve synthesis of large-area single crystals is discussed. 

 

3.2 Materials and methods 

  Three sets of experiment were designed in a modified solid sourced CVD. In the first 

set (Exp. 1), the growth was performed with the supply of 100 standard cubic centimeter (sccm) 

of Ar and 2 sccm of H2 gas as carrier gases. The second set (Exp. 2) was carried out with 75 

and 1.5 sccm of Ar and H2, respectively whereas in third set (Exp. 3), the flow rate was set as 

50 and 1 sccm of Ar and H2, respectively. In all experiments, the as received Cu foil of 

dimensions 2 cm × 2 cm × 25 µm (Nilaco Corporation, 99.98% purity) was heated to the growth 

temperature of 1050 oC at an average rate of 10.5 oC min-1 with the supply of 50 sccm of Ar 

inserting inside a quartz tube of diameter 4.5 cm and length about 1 m. Subsequently, the foil 

was annealed for 30 min. in Ar and H2 environment (50 sccm of Ar and 8.5 sccm of H2). In all 

experiments, 80 mg of the solid precursor Polyethylene (PE) (Molecular mass 35000 amu, 

Sigma Aldrich Co.) was heated at first above its melting point (120 oC) for 2 min. and cooled 

down to 90 oC and again heated step wisely to 115 0C within 2 hours as this stepwise pattern 

was found favorable for crystal formation in solid sourced CVD.8 The temperature of the 

precursor was tailored suitably by a sliding arrangement towards the hot furnace which avoids 

the necessity of the separate precursor heating furnace and its temperature was carefully 

monitored with the help of an external infrared thermometer. Fig. 3.1(a) reveals the structural 

diagram of a monomer of the precursor PE used in our experiments, Fig. 3.1(b) summarizes 

the overall set-up of the developed CVD system, whereas Fig 3.1(c) and (d) show the 

temperature profiles of heating of CVD furnace and the precursor respectively. Well after the 

growth, the H2 supply was immediately stopped, and the foil with the quartz tube was cooled 
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down to the room temperature moderately within 30 min. only in the supply of Ar gas with the 

flow rate of 50 sccm whereas the solid precursor was slid far away from the heating furnace  

 

 

Figure 3.1. (a) Structural molecular formula of a monomer of the solid precursor PE, (b) 

schematic diagram to show the solid sourced CVD process. Temperature profile of (c) CVD 

furnace and (d) heating of solid precursor PE with time. 

 

and cooled immediately within 2 min. using an external fan. The synthesized sample on Cu 

foil was heated on a hot plate to 200 0C in the atmosphere for about 1 min. to oxidize the copper 

so that graphene is visible. For optical microscopic images, digital microscope VHX-500 in 

reflectance mode with a Moticam 2000; 2.0 M pixel camera was used, scanning electron 

microscopy (SEM) was performed with JEOL JSM 5600 using an accelerating voltage of 20 

kV, Raman spectra were taken using NRS 3300 laser Raman spectrometer with a laser 

excitation energy of 532.08 nm, Atomic force microscope (AFM) study was carried out for 

transferred graphene crystals on SiO2 using JSPM-5200 and Electron backscattered diffraction 

(EBSD) analysis was performed by an accelerating voltage of 20 KeV with the 700 angle of 

incident beam equipped with an EBSD detector using JSM-7001FF. The graphene samples 
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were transferred onto SiO2 (300 nm) coated Si substrate for confirmation of layer numbers and 

crystalline nature as with the wet etching method described in chapter 2 as reported 

elsewhere.28 The graphene crystals were transferred with same technique with equal 

concentrations of solutions for equal interval of time for all sample measurements. 

 

3.3 Result and discussion 

 The graphene crystals were synthesized with the varying amount of gas flow of Ar and 

H2 without changing their ratio with constant amount of solid precursor. We have performed 

three different sets of experiments with Ar:H2 gas mixture as 100: 2 (Exp. 1), 75:1.5 (Exp. 2) 

and 50:1 sccm (Exp. 3), where the ratio is constant. Synthesized graphene on the Cu foil was 

directly analyzed by optical microscope (OM) after mild oxidation at 200 0C for the clear 

visibility of graphene crystals. Fig. 3.2(a) and (b) reveal the OM image and SEM image of the 

perfect hexagonal crystals obtained in the Exp. 1 respectively, clearly indicating the anisotropic 

growth. The size distribution of these hexagonal crystals was measured to be around 20-50 µm. 

Again, the edges of the individual hexagonal crystals are aligned with some of the crystals in 

their periphery (crystals 1 and 2 in Fig. 3.2(b)), while at the same time, some others were 

orientated with an angle (crystals 1 and 3 in Fig. 3.2(b)). This difference in edge orientation of 

hexagonal crystals has been also observed in several other studies, which has been explained 

as the effect of polycrystalline nature of Cu foil substrate.5,22 Similarly, Fig. 3.2(c) and (d) 

present the OM and SEM images of hexagonal crystals with somewhat round corners to the 

hexagonal edges as if the growth is in the intermediate stage of anisotropic and isotropic growth 

for condition of Exp. 2. This evidently explains the effect of gas flow rate, as the carrier gas 

flow is reduced much precursor molecules can interact with catalyst substrate and thereby 

changing the growth dynamics. Now, further limiting the gas flow rate (Exp. 3), the growth 
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Figure 3.2. (a) OM image of the graphene crystals synthesized in Exp. 1 (100:2 sccm of Ar:H2) 

and (b) respective SEM image. (c) OM image of the graphene crystals synthesized with Exp. 

2 (75:1.5 sccm of Ar:H2) and (d) respective SEM image. (e) OM image of the graphene crystals 

synthesized by Exp. 3 (50:1 sccm of Ar:H2) and (f) respective SEM image. 

 

mode was completely switched to isotropic nature. Fig. 3.2(e) and (f) sums up the OM and 

SEM images of almost circular crystals grown by the condition of Exp. 3. Such difference in 

growth behavior of the graphene crystals can be explained with the significant variation in 

amount of polyethylene molecules interacting with Cu surface with the change in flow rate of 

carrier gases. Significant differences in growth rate were observed with average graphene 
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domain sizes of 33.73 µm, 98.48 µm and 230.58 µm respectively in the experiments 1, 2 and 

3, and the average growth speed calculated to be 0.276 µm min-1, 0.8 µm min-1 and 1.89 µm 

min-1 respectively for the three cases (see appendix Fig. A1 and Table A1). The average 

domain density was measured to be 2089.63 mm-2, 70.7402 mm-2 and 9.874 mm-2, respectively 

(see appendix Fig. A2 and Table A2) with evolution from anisotropic hexagonal to isotropic 

round-shaped crystal growth in the solid source CVD process. Again, influence in Cu grain 

size was also analyzed for the three experiments as average grain size increased with the 

decrease in Ar and H2 gas composition from 100:2 to 50:1 sccm. OM analysis confirmed an 

average grain size of 54.85 µm, 79.83 µm and 110.54 µm, respectively with decreasing the 

flow rate of carrier gases (see appendix Fig. A3 and Table A3). The electron back scattered 

diffraction (EBSD) analysis also indicated a relative increase in grain size for the 

polycrystalline Cu foil (see appendix Fig. A4). This may be due to the possible change in 

localized temperature and pressure of the Cu substrate with low stream of carrier gases in the 

CVD chamber. 

 Morphological analysis of individual crystals for all the experimental conditions (Exp. 

1, Exp.2 and Exp.3) was performed to obtain further information of the anisotropic and 

isotropic growth. Fig. 3.3(a) shows a SEM image of single hexagonal crystal grown with Exp. 

1, representing the anisotropic graphene growth. The size of the crystal is around 40 µm. 

Similarly, Fig. 3.3(b) shows the SEM image of large crystal grown with the intermediate 

condition of Exp. 2, where the crystal is neither perfectly hexagonal nor round- shaped. 

However, the crystals size is around ~230 µm for same growth duration as of the Exp. 1. Again, 

the fig. 3.3(c) shows the round-shaped crystal for the isotropic growth condition (Exp. 3). The 

size of the crystal further enhanced and was found to be around 410 µm. The obtained results 

are very conclusive that the decrease in the flow rate of carrier gases in the solid sourced CVD 
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system not only switch the mode of growth from anisotropic to isotropic but also increases the 

growth rate. The round-shaped graphene crystals size is much higher for same growth time 

 

 

Figure 3.3. SEM images of individual large graphene crystal synthesized by the (a) anisotropic 

growth condition (perfect hexagon with Exp. 1), (b) intermediate growth condition (imperfect 

hexagon with Exp. 2) and (c) isotropic growth condition (round-shaped with Exp. 3) presenting 

the difference in size for same growth duration with change in gas flow rate. 

 

without changing any growth condition rather than the flow rate of carrier gases. The round-

shaped graphene crystals in Exp. 3 are larger almost by 10 times than that of anisotropic 

hexagonal crystals of Exp. 1. The increase in growth rate can be explained with higher 

concentration of PE precursor molecules which can react for longer duration with Cu surface 

as the amount of the Ar:H2 gas mixture flowing as the carrier gas was reduced. This might be 

resulted in much higher carbon atom diffusion in the Cu surface, which led to the higher growth 

velocity preserve the isotropic nature to form the large round-shaped crystals. This isotropic 

growth nature of round-shaped crystals using PE as solid precursor is comparable with that of 

high flow rate methane CVD process as reported by Jiang et al.26 and is more sustainable due 

to its more convex shapes exposing more edges to the incoming carbon flux as reported by Fan 
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et al.29 The formation of perfect hexagonal graphene domains with six-fold symmetry by the 

CVD process is highly anisotropic, where growth along the axial direction is much faster than 

that of the radial direction. The growth of hexagonal graphene crystal with edge angle of 1200 

is along the crystallographic direction, which can be regarded as total anisotropic growth 

behavior. However, the growth of an imperfect hexagon can comprise with both axial and 

radial directions, where the anisotropy could not be preserved due to the radial growth of 

the edges. In contrast, the circular graphene can be considered as the case of highly isotropic 

growth behavior, where the growth is independent of a particular orientation and is from all 

direction. Though, isotropic growth of a circular graphene has been demonstrated on isotropic 

amorphous liquid metal substrate in previous studies, but in these experiments the circular and 

hexagonal-shaped graphene domains were obtained on a polycrystalline Cu foil, where the 

graphene domains were grown across two or more different Cu grains. Hence, the 

crystallographic orientation of the Cu foil did not determine the shapes of graphene domains 

in each growth conditions. It was confirmed that the anisotropic and isotropic growth of the 

graphene crystals is strongly dependent on to the carbon flux, which determine the surface 

diffusion of carbon atoms and edge reaction process.26,29,30 Reports have also shown that at a 

much higher carbon flow rate, sufficient carbon supply leads to diffusion in two directions 

producing a metastable state as a result the graphene crystals grows isotopically to form a 

circular domains.26 Thus, by controlling the flow dynamics of the precursors along with the 

inert carrier gas as demonstrated in this work, the growth kinetics of the hexagonal and circular 

shaped graphene domains can be switched. 

 Again, high magnification SEM analysis was performed to view the specific edges of 

the synthesized anisotropic and isotropic crystals as shown in Fig. 3.4(a) and (b) for Exp. 1 and 

Exp. 3, respectively. The higher magnification SEM image in Fig. 3.4(a) shows the straight 

edges of anisotropic hexagonal crystal. It has been found that the CVD synthesized hexagonal 
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graphene crystals possess zigzag (ZZ) or armchair (AC) edge structures. Chen et al. has 

reported that the graphene synthesized by ethanol CVD possess AC edges, unlike ZZ edges of 

graphene synthesized by methane CVD process.29 However, it is not clear enough of the edge 

structures of the hexagonal graphene obtained in the solid source CVD process using PE 

molecules as solid carbon source.  

 

 

Figure 3.4. High magnification (a) SEM image of edge of an anisotropic graphene crystal and 

schematic for the edge structure, (b) SEM image of edge of the large isotropic crystal and 

schematics of probable atomistic arrangement of the edge with mixed AC and ZZ edges and 

(c) AFM image of edge of the hexagonal crystal with line profile of thickness measurement. 

 

Fig. 3.4(b) shows high magnification SEM image of the edge of a large isotropic crystal grown 

with condition for Exp. 3. Semicircular edge structure can be observed for the round-shaped 

crystals. Such circular edges should possess both the ZZ and AC edges, where graphene growth 
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is independent of edge structures. This association of ZZ and AC edges also can contribute 

smooth merging of two or more graphene grains to achieve larger single isotropic graphene 

domains.24-26, 32 Further, the smooth edge structure and thickness of the graphene crystal was 

confirmed by AFM study. Fig. 3.4(c) shows an AFM image for the hexagonal graphene crystal 

with corresponding thickness profile image at the edge. The AFM image shows an even edge 

of the graphene crystal without any dendrite like or uneven structure. Further, the line profile 

as shown in figure 3.4(c) shows a thickness of around 0.5 nm, attributing to a monolayer 

graphene.  

 Raman spectral analysis was performed to investigate the quality and layer numbers in 

hexagonal and round-shaped graphene crystals. The comparative study was performed at three 

different points (center, inside and edge) for both the anisotropic hexagonal and isotropic round 

graphene crystals after transferring to SiO2/Si substrates. Fig. 3.5(a) shows the OM image of a 

transferred perfect hexagonal crystal on SiO2/Si as obtained from the Exp.1. Fig. 3.5(b) 

represents the Raman spectra at three different points as indicated in Fig. 3.5(a). The Raman 

spectra confirmed a monolayer graphene as the 2D/G peak intensity ratio is around 2. We 

observed slight increase in the D peak, and this increase in the defect peak at the edge has been 

observed for hexagonal crystal due to the specific edge structures of ZZ or AC.29-32 Fig. 3.5(c) 

shows the OM image of a transferred round-shaped crystal on SiO2/Si substrate. Fig. 3.5(d) 

shows Raman spectra at three different points as indicated in fig. 3.5(c). These spectra 

confirmed a monolayer graphene with 2D/G peak intensity ratio higher than 2, where the defect 

is not significant. In addition, the Raman spectra also confirmed that the quality of the 

hexagonal and round-shaped crystal does not differ significantly. Thus, controlling the flow 

rate of carrier gases in the developed solid source CVD, tuning of the anisotropic and isotropic 

graphene growth can be achieved without compromising the quality of the graphene.  
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Figure 3.5. (a) OM image of an anisotropic hexagonal crystal grown in Exp. 1 and (b) 

corresponding Raman spectra at the three different points allocated as different colors. (c) OM 

image of an isotropic round crystal grown in Exp. 3 and (d) corresponding Raman spectra at 

three different points (center, inside and edge as allocated with different colors). 

 

 Fig. 3.6(a) shows the OM image of a large round-shaped graphene crystal transferred 

on Si/SiO2 substrate. Raman mapping analysis of this isotropic crystal confirmed the single 

layer structure without any secondary nucleation within the single crystalline domain. Fig. 

3.6(b) and (c) show the G and 2D peak intensity map for the transferred round-shaped crystal. 

The homogeneous intensity of G and 2D peak here clearly indicate the single crystalline nature 

with less defects. Fig. 3.6(d) shows the Raman map for the 2D/G peak ratio in which the ratio 

throughout the crystal is higher than 2, indicating the single layered graphene without any 
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Figure 3.6. (a) OM image of single large isotropic crystal obtained in Exp. 3 and transferred 

onto the SiO2/Si, Raman mapping images to show (b) G peak, (c) 2D peak, (d) 2D/G peak and 

(e) D/G peak intensity ratios. 

 

secondary nucleation. Fig. 3.6(e) shows the Raman map of D/G peak ratio in which the ratio 

throughout the crystal is significantly less indicating minimum defect which also can be 

correlated with results of Raman spectra. Fig. 3.7(a)-(c) shows histogram plot of D/G peak 

ratio for the perfect hexagonal, imperfect hexagon and circular graphene crystals. Raman 

analysis performed at several points of the graphene crystals (see appendix Fig A5) 

consistently showed low defect induced D peak (see appendix Table A4, A5 and A6 for the 

different peak ratios). It clearly shows that the quality of graphene remains considerably 

preserved with the average D/G peak ratio 0.0317, 0.0549 and 0.0534 of the samples of the 
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Figure 3.7: Histograms of D/G peak ratio of different point spectra for the (a) perfect hexagon 

(b) imperfect hexagon and (c) circular graphene crystals (Points of spectra were indicated in 

optical microscopy images of fig A5 in appendix). 

 

Experiment 1, 2 and 3 respectively whereas the 2D/G peak ratio is averaged to be 2.2101, 

2.5492 and 3.0944 respectively revealing the formation of monolayer graphene in all the three 

cases. Thus, the isotropic circular single layered graphene crystals with pristine quality can be 

grown by reducing the flow rate of carrier gases in the developed CVD system. Again, it is 

very interesting and promising that switching the anisotropic to isotopic growth process, the 

growth rate of the individual crystal enhances significantly without hindering the monolayer 

graphene quality. 
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3.4 Conclusions 

In summary, the growth of the larger isotropic graphene crystals was achieved just by 

controlling the rate of flow of carrier gases and hence controlling the precursor supply rate in 

our solid sourced CVD system. This tuning the graphene growth from anisotropic to isotropic 

enlarges the graphene domains without compromising the quality of graphene. The synthesized 

isotropic crystals were larger than their anisotropic analogs for the same growth time signifying 

the faster growth rate of the round-shaped crystals. Difference in edge orientation was observed 

for the synthesized hexagonal crystals, while round-shaped crystals with mixed edge structure 

has no preferential edge orientation providing a better chance of seamless merging. These 

findings can be significant to understand the isotropic and anisotropic growth of graphene 

domains, their growth rate and quality for synthesizing large-area single crystals without any 

chemical pre-treatment of the substrates. 
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Chapter 4 

The Mo catalyzed graphitization of 

amorphous carbon: an in situ TEM study 

4.1 Introduction 

  The first exfoliated samples of graphene on SiO2 were of a few µm in size and were 

only suitable for studying basic electronic properties and device fabrication.1 The development 

of CVD made it possible for the scalable synthesis of high-quality graphene. The widely used 

metals as the substrate for graphene synthesis in CVD are Cu, Ni, and Pt.2–7 In addition to CVD, 

the thermal annealing of amorphous carbon and the subsequent graphitization in the presence 

of a catalyst is also popular.8 Of the various catalytic substrates, Cu has been widely studied 

due to its low carbon solubility, resulting in to the synthesis of predominantly single layer 

graphene films. In this context, the catalytic property of the metal like Mo is less explored and 

there are only a few cases reporting graphene synthesis using the Mo substrate.9,10 In this work, 

the fabrication of high-quality few-layer and multilayer graphene using Mo as a catalyst in an 

in situ TEM experiment is explored. Also the versatility nature of in situ TEM makes it possible 

to observe the morphological and structural changes during the graphitization process in real-

time frame.11–13 For example, Barriero et al. showed the catalyst-free transformation of 

amorphous carbon to graphitic sheets.14 Rosmi et al. observed the synthesis of graphene 

nanoribbons with Joule heating under the in situ TEM and reveal their current carrying capacity 

using Cu as a catalyst.15 Such in situ TEM process has been successfully shown to visualize 

graphene sublimation and the edge reconstruction phenomenon14 and can be exceptional in 
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studying the catalytic property of less explored metals, before designing experiments for large 

area film growth using CVD. 

 Though, Cu is a commonly used material as interconnects in circuits, but with the 

continued miniaturization of circuits, Cu suffers from the problem of electromigration and 

defects.17 Mo, on the other hand, suffers less from electromigration due to its very high melting 

point (2623 oC) and brittleness. Besides its higher resistivity compared to Cu, Mo is suitable 

for high-temperature electronics (300–400 oC) and compatible with integrated circuit (IC) 

manufacturing. This work summarizes the use of in situ TEM Joule heating to study the 

catalytic property of Mo during the graphitization of amorphous carbon, as well as 

demonstrating the controlled electromigration of Mo and use it as a solder material. Mo-

embedded carbon nanofiber (Mo-CNF) is taken as a starting material for the synthesis of 

graphene. Due to a bias voltage supplied across the CNF, Joule heat comes into play, leading 

to graphene formation and the electromigration of Mo. 

 

4.2 Materials and methods 

CNFs were grown on the edges of a graphite foil (2 cm X 5 cm). Mo foil of 25 µm thickness 

was used as the Mo source. Graphite foil and Mo foil were kept perpendicular to each other, as 

shown in schematic Fig. 4.2(a). Ar+ was bombarded simultaneously onto the edge of graphite 

and Mo foil using a Kaufmann-type ion gun (Iontech. Inc. Ltd, model 3-1500-100FC). During 

Ar+ bombardment, Mo and C are ejected and re-deposited on the edge of the graphite foil, 

leading to the formation of Mo-embedded CNF (Mo–CNF). 

 All the in situ experiments were carried out using Transmission electron microcope 

(JEM ARM 200F). Specialized TEM holder EM-Z13200TSCOH from JEOL was used. In this 

holder, piezo-controlled W STM probe from unisoku scientific instruments was used for 
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electrical measurement. W probe and sample with Mo-CNF were arranged facing each other 

as shown in Fig. 4.1(a).  

 

Figure 4.1 (a) Photographic image showing arrangement of W probe and sample on in situ 

TEM holder, (b) regulated DC power supply for controlling piezo electric system, (c) Agilent 

precision source/ Measure unit for supplying bias voltage, (d) schematics showing in situ 

experimental setup. 

 

 Electrical measurements were carried out using Agilent precision source/ Measure unit 

(B2912A) (Fig. 4.1(c)). As shown by the schematic in Fig. 4.1(d), during in situ experiment, 

W probe is brought in the contact the Mo-CNF. Regulated DC power supply PMC160-0.4A 

(kikusui corp.) (Fig. 4.1(b)) was used for controlling the piezo system. 
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4.3 Results and discussion 

 Mo-embedded CNFs (Mo–CNFs) were synthesized using an ion beam technique. Ar+ 

ions were co-sputtered on graphite and Mo foil to fabricate the Mo–CNFs, as shown in the 

schematics of Fig. 4.2(a). The details of the experimental process can be found elsewhere.11–

13,15 Fig. 4.2(b) shows a low-magnification TEM image of a vertical array of CNFs grown on 

the graphite edge. Fig. 4.2(c) shows a TEM image of typical CNF. CNFs have lengths in the 

range of 150– 200 nm, featuring thin fibers growing on a cone-like structure. Mo particles were 

found to be distributed uniformly, embedded inside the amorphous carbon matrix. The inset of 

Fig. 4.2(c) shows a Mo lattice along with the profile diagram showing a d spacing of 0.22 nm 

corresponding to the (110) plane (JCPDS Card no. 3-065-7442). After the fabrication of Mo–

CNFs at the edge of graphite foil, a small piece of sample was cut and mounted on a TEM 

holder with the fibers facing towards the probe. For the in situ TEM experiment, a specialized 

TEM holder (via which bias can be applied) with a W STM probe was used. The TEM holder 

is connected externally to an electrical measurement setup with a computer where all the I-V 

measurements were recorded. The position of the probe can be controlled using a nano-

manipulator, so that contact can be made between the probe and the CNF.  

 When the CNF and probe were in contact, a bias voltage was applied via the probe. 

During the application of a bias voltage, Joule heating came into play, leading to the melting 

of embedded metal particles and their movement, depending upon the direction of the applied 

voltage. At the same time the conversion of amorphous CNF to the graphitic form was observed. 

During the transformation of amorphous carbon to the graphitic form, a change in IV properties 

was noticed concurrently in the external computer. 
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Figure 4.2 (a) Schematic diagram of the experimental set up showing the fabrication of 

amorphous Mo–CNF on the edge of graphite foil by the simultaneous bombardment of Ar+ on 

graphite and Mo foil. (b) A low-magnification TEM image showing vertically upstanding 

CNFs on the edge of graphite foil. (c) TEM image of a typical Mo-CNF. The inset shows a Mo 

lattice with a lattice spacing of 0.22 nm corresponding to the {110} plane. 

 

 After a suitable CNF had been found, contact was established between the CNF and the 

W probe, as shown in Fig. 4.3(a). A bias voltage of 0–2.5 V was applied across the probe and 

the graphite foil sample for 192 s, with the probe taken as the positive terminal and the fiber as 

the negative terminal. Fig. 4.3(a–h) are snapshots taken from the real time video recorded 

during the in situ FE processing showing the agglomeration of the Mo particles and their 

movement due to electromigration. No visible transformation of CNF was observed until 126 
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s when agglomeration of Mo began. A column of agglomerated Mo could be observed to be 

moving towards the tip of the fiber near the probe. The collection of Mo around the tip shows 

that electromigration is the dominant phenomenon, pushing Mo in the direction of the applied 

electric field. Around 130 s (Fig. 4.3(c)), it was observed that smaller Mo particles were 

agglomerated into larger particles and the number of nanoparticles on the middle part of the 

CNF was reduced. An earlier agglomerated metallic column on the tip expanded to a spherical 

shape around the CNF. From 140 s to 190 s, further agglomeration of Mo was observed around 

the tip with graphitization clearly observable around the middle of the CNF near the large 

agglomerated particle. 

 It was interesting to observe that the Mo bulk particle near the tip acted as a soldering 

agent connecting the probe and as formed multilayer graphene. During the electromigration 

and graphitization process of CNF, a sudden change in IV curve was also noticed. From the IV 

curve of Fig. 4.3(l), a steep increase in current could be seen around 125 s corresponding to the 

beginning of Mo electromigration at around 125 s (Fig. 4.3(b)). Due to the conversion of 

amorphous CNF to multilayer graphene, conductivity was suddenly increased, leading to an 

increase in the value of the current. A very high current of 84.5 µA was observed through the 

fiber. Fig. 4.3(i) shows a high-magnification TEM image near the tip of the remnant part of 

CNF attached to Mo, with the graphitic lattice clearly visible. As shown in the line profile (Fig. 

4.3(k)) taken around the red rectangular selection of fig. 4.3(i), the magnified image is shown 

in Fig. 4.3(j), the lattice distance is found to be around 0.35 nm, close to the reported value for 

graphene. Since the direction of Mo electromigration is from CNF towards to the probe, no 

significant presence of W was confirmed in the synthesized graphene using electron dispersive 

X-ray spectroscopy (EDS) (see appendix Fig. A6).  
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Figure 4.3 (a–h) Screenshots taken from the real time video recorded during the in situ FE 

process showing the transformation of Mo–CNF induced by the electromigration of Mo under 

the application of a bias voltage from 0 to 190 s. (i) A high-magnification image taken at the 

tip of the fiber near agglomerated metal showing the graphitic layer. (j) A high-magnification 

image taken around the red rectangular area of (i) showing multilayer graphene and a line 

profile taken across the layer showing the interlayer distance to be 0.34 nm (k). (l) An IV curve 

corresponding to (a–h), showing the changes in the electrical properties of Mo–CNF during 

electromigration and graphitization. 

 

 For the further demonstration of the electromigration and graphitization process, 

another set of experiment was carried out. As longer CNFs are unstable and may break during 

Joule heating, a constant bias voltage was applied. Fig. 4.4(a–d), (e–g), (h–j) and (k–m) show 

the electromigration of Mo and the graphitization of CNF in 4 different steps. During the 1st 

step, triangular-shaped Mo crystal started to agglomerate near the probe. With a continuous 

supply of voltage, a triangular crystal started to grow (Fig. 4.4(c)) and a hexagonal-shaped 

crystal started to grow, as shown in Fig. 4.4(d). In the 2nd step, it was observed the further 

electromigration of Mo, and crystals near the probe merged to form a round shape, as shown 
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Figure 4.4 (a–m) Screenshots taken from an in situ TEM video recorded during the FE 

characterization, showing the gradual formation of a metallic crystal near the tip of the probe 

followed by the graphitization of the fiber. 

 

in Fig. 4.4(e–g). During the 3rd step (Fig. 4.4(h–j)), further electromigration occurred at the 

middle part of CNF being partially metal free with graphitization. The 4th step (Fig. 4.4(k–m)) 

shows complete graphitization of the CNF and its breakage.  

 Fig. 4.5(a) shows that the graphitized CNF got completely separated from the 

agglomerated Mo particle and got attached to the probe. Fig. 4.5(b and c) show high 

magnification TEM images taken near the tip of the broken CNF. It can be observed that, 5–

10 layers of bamboo-like CNT were formed. Hollow structures are visible in the middle due to 

electromigration and evaporation of the Mo particle. Core-shell like graphitic structures 

remained after evaporation of Mo particles, resembling graphitic foam. Graphitization happens 
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Figure 4.5 (a) A graphitized CNF separated from the Mo particle, (b)  and (c) parts of bamboo-

like carbon nanotube with 3–8 layers observed near positions (1) and (2) of (a) respectively. 

(d) and (f)  High magnification TEM images showing porous graphitized structures on the cone 

part of the fiber near positions (3), (4) and (5) of (a). 

 

around the Mo particle and its sudden evaporation leads to a bamboo-like carbon nanotube 

structure. Fig. 4.5(d and e) show the upper areas indicated as 3 and 4 in Fig. 4.5(a). The earlier 

CNF was found to be completely graphitized with the graphene lattice clearly visible and with 

amorphous carbon present. Earlier smaller Mo particles were completely agglomerated to a 

size of around 10 nm, as shown in Fig. 4.5(f). It should be noted that the tip of the CNF with 

its small diameter was converted to bamboolike CNT structures whereas base of the CNF with 

a large area was graphitized into multilayered graphene. From these observations, it can be 

clearly stated that Mo acts as an efficient catalyst, leading to the graphitization of amorphous 

carbon. And agglomerated Mo are collected at the edge of the fiber. 
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4.4 Conclusions 

 In conclusion, the rarely explored catalytic properties of Mo via in situ TEM studies 

was demonstrated. It was found that high quality graphene can be synthesized using Mo as a 

catalyst. It was also noticed that Joule heating induced electromigration in Mo–CNF serves the 

double purpose of the graphitization of CNF and the controllable agglomeration of Mo near 

the probe, acting as a soldering agent. This work can be a lead step for further research into 

Mo-based single-step graphene synthesis and nano-soldering. 
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Chapter 5 

Graphitization of Gallium Incorporated 

Carbon Nanofibers and Cones: In-situ and 

Ex-situ TEM Studies 

5.1 Introduction      

 The synthesis technique of graphitized nanocarbons directly onto the desirable 

substrates safely and easily at preferably lower temperature is still challenging though the 

attempt of graphitization of amorphous carbon (αC) was accelerated well after the discovery 

of graphene. Fujita et al. successfully observed the graphitization of amorphous carbon at the 

interface of liquid Ga and carbon-contained (αC deposited on a formvar resin film) film, 

resulting in the formation of large area graphene sheet.1,2 They showed also the graphene 

formation  by Joule heating for Ga droplet on single-walled carbon nanotubes in in-situ TEM.3  

They demonstrated simultaneously the graphitization of αC pillar with flash motion of Ga 

droplets incorporated originally into them with focused ion beam induced CVD.4 But no direct 

graphitization of αC was recorded under ordinary heating in their experiments. So, for the Ga-

incorporated αC system, graphitization process including the graphitization temperature is still 

a chapter to be explored. 

 Transmission electron microscopy (TEM) can be a useful technique to elucidate the 

graphitization process in nanoscale.  However, it remained always a problem to prepare the 

samples which should be thin enough to transmit the incident electrons.  For this purpose, ion-
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induced conical structures and CNFs fabricated on the edge of a thin carbon foil are known to 

be promising.5-11 They are fabricated just by the ion irradiation to the carbon substrate without 

any catalyst and intentional heating.  Usually, the ion induced CNFs are amorphous in 

crystalline state, and the composition of cones and CNFs can be controlled by a supply of the 

other element during the ion irradiation.  They are thin enough, so that the carbon foil cut into 

a small piece can be used as a sample for TEM analyses without any post treatment, such as 

thinning process of the sample. In what follows, we will challenge this interesting topic, namely, 

the elucidation of the graphitization process, using simple vacuum annealing as well as in-situ 

TEM for Ga incorporated carbon nanofibers (Ga-CNF) and cones prepared by ion irradiation 

to carbon foils with a simultaneous supply of Ga.  

 

5.2 Materials and methods 

 Commercially available carbon (graphite) foils (25 mm x 5 mm x 200 µm) was used to 

synthesize the Ga-CNFs by ion beam irradiation using a Kaufmann-type ion gun (Iontech. Inc. 

Ltd., model 3-1500-100FC). The graphite foil with its edge and small chunk of Ga were 

mounted perpendicular to each other were co-sputtered with argon ions (Ar+) at 450 from 

normal to carbon foil surface for 60 minutes without any intentional heat supply [Fig. 5.1(a)]. 

The ion energy applied was 600 eV and the beam current was maintained at 8 mA. One of the 

most important merits to use the metal-incorporated CNFs fabricated on an edge of a carbon 

foil is the comfortness in the sample preparation for TEM.  After the growth. the carbon foil 

sample was cut into a small piece of about 2 mm x 5 mm to set onto the TEM sample holder 

without any post treatment. 

The formation of the CNFs and cones was confirmed on the samples thus prepared first by 

using a scanning electron microscope (SEM; -JSM 5600). The samples were then heated in a  
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Figure 5.1. Schematics of (a) experimental arrangement to show the Ion beam irradiation for 

the synthesis of Ga-CNF and cones, and (b) the circuit diagram for the in situ I-V measurements.  

A red rectangular in (a) indicates a sampling piece used for the TEM observation in (b).      

  

vacuum heater at different elevated temperatures in order to explore out the graphitization 

temperature of α-C in the form of CNFs and cones under the catalysis of incorporated Ga. The 

ex-situ and in-situ TEM characterizations were performed using TEM (JEM-ARM200F). For 

the in-situ TEM analysis, the samples were set on a sample holder (EM-Z02154T) equipped 

with a tungsten nano-probe whose motion was controlled by piezo to measure the current-

voltage (I-V) properties [(Fig. 5.1(b)]. During this I-V measurement, structural transformation 

(graphitization) of amorphous CNF was observed simultaneously. The Raman analysis was 

done with an NRS 3300 laser Raman spectrometer with a laser excitation energy of 532.08 nm.  

The Raman measurement was done with an extra care using the spot size of 1 µm while 
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observing the optical microscope image at x100 magnification (objective) to analyze only the 

edge of the foil. 

 

5.3 Result and Discussion 

 Fig. 5.2 (a) shows a typical SEM image of an as-synthesized Ga-CNF confirming the 

growth of a CNF on the tip of each cone which is also confirmed by a low magnification TEM 

image shown in Fig. 5.2(b). Similar to the other metal included CNF cases,5-11 there was 

observed growth of no more than one CNF on respective cone tips. The growth mechanism of 

ions induced CNFs is explained in detail elsewhere.12,13   Fig. 5.2(c) reveals a typical energy 

dispersive x-ray spectroscopy (EDS) spectrum obtained at a tip region of a cone, confirming 

the presence of Ga and the Ga content was estimated to be about 12 at%. Fig. 5.2(d) shows a 

magnified TEM image taken at a tip region of a cone, showing that a black contrast part is 

dispersed in the amorphous-like matrix which otherwise be rare in non-heated samples of Ga-

CNFs. A careful inspection of Fig. 5.2(d) revealed the local crystallization mainly at the black 

contrast part, as is exemplified in the inset in Fig. 5.2(d).  Fig. 5.2(e) shows an intensity profile 

obtained along the line at the crystallized region in Fig. 5.2(d), disclosing the inter-planer 

spacing of 0.295 nm which corresponds to Ga (111).   Thus, a number of very tiny Ga 

nanoparticles (NPs) were dispersed in the matrix of amorphous carbon of these CNFs and cones.  

The Ga lattice was not always prominent at the whole black part.  This may be explicable due 

to the elevation in the melting point specific for Ga NPs.  Unlike other metals, nanocluster form 

of Ga is found to possess higher melting point than bulk Ga due to its covalent bonding property 

different from that of other metals.14-18      
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Figure 5.2. (a) A typical SEM image of as synthesized Ga-CNF and cones, (b) low 

magnification TEM image showing the distinct growth of Ga-CNFs and cones, (c) the EDS 

spectrum of a Ga-CNF with the composition of different elements in the inset, (d) high 

magnification TEM image with visible Ga lattices in the Ga-CNF with enlarged image inset, 

and (e) intensity profile diagram to show the inter-planar spacing of Ga lattices in fig. (d).  

 

 In order to observe the graphitization of thus synthesized Ga-CNFs and cones and to 

estimate the temperature of graphitization, these Ga-CNFs and cones were annealed at vacuum 

at different temperatures. When the annealing temperatures were lower than 500 oC, almost no 

structural change was observed as shown in Fig. 5.3(a). While annealing at 600 oC, several 

particles with black contrast were found to be appeared at the outer surface of CNFs and cones 

as shown in Fig. 5.3(b).   For some of those particles indicated by arrow-heads, the lattice 

fringes with inter-planar spacing 0.226 nm corresponding to Ga (200) were observable 

confirming that those protruding particles were Ga NPs.  Meanwhile, the lattice fringes 

corresponding to graphite (002) were also observed near the Ga NPs, suggesting the local 

graphitization occurred. 
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 Regarding the sample annealed at 700 oC, as shown in Fig. 5.3(c), the size of Ga NPs 

was larger compared with that in Fig. 5.3(b), suggesting the agglomeration of Ga NPs.  It should 

be noted that graphitization was prominent at the bumped region indicated by a rectangular in 

Fig. 5.3(c), where a Ga NP would have been located.  Though the TEM contrast at the bumped 

region was not black, the black contrast NPs were considered still be inside the cone, suggesting 

the evaporation of Ga started to occur at the cone surface.  The structure of a cone annealed at 

800 oC is shown in Fig. 5.3(d), disclosing the long-range graphitization not only at the surface 

but also in the cone.  It should be also noted that Ga NPs got evaporated away almost 

completely.   Fig. 5.3(e) shows the intensity profile of the fringe at the encircled region in Fig. 

5.3(d), confirming the interlayer spacing of 0.336 nm corresponding to that of graphite (002).  

For the further confirmation of the graphitization, Raman analysis was performed at the edge 

of this sample heated at 800 oC.  The Raman spectrum distinctly showed the separated D and 

G peaks with a distinct 2D peak (Fig. 5.3(f)), which confirmed the graphitization of amorphous 

carbon induced by the catalysis of Ga NPs. 

These above-described observation on the graphitization behavior at different temperatures 

performed for vacuum-annealed samples ex-situ, set a tentative graphitization temperature for 

Ga-CNFs and cones.  With the knowledge of this temperature dependence of the graphitization, 

it would be interesting to investigate the change in the electrical property due to the 

graphitization by in-situ TEM. An in-situ TEM observation for a Ga-CNF during its current-

voltage (I-V) measurement in the range from 0 to 4.5 V with an increment of voltage at 2 V/min 

was performed. Fig. 5.4(a)-(h) show a series of TEM images snapshotted from the real time 

video recorded during the process with the elapsed time from the voltage applications, along 

with the I-V characteristics [Fig. 5.4(i)]. During the structural observation, there was no distinct 
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Figure 5.3. High magnification TEM images of Ga incorporated cone annealed ex-situ at (a) 

500 0C, (b) 600 0C, (c) 700 0C and (d) 800 0C.  (a) The image reveals neither the agglomeration 

of Ga nanoclusters nor the graphitization.  (b) The image shows the distinct agglomeration of 

Ga nanoclusters with partial graphitization. Insets show the enlarged Ga lattices and the 

intensity profile of the Ga lattice. The intensity profile of the graphitic layers marked by solid 

red circles are also shown.  The graphitic layers are visible also at several places exemplified 

by dashed red circles.   (c) The image shows the agglomerated Ga nanoclusters with 

intermediate graphitization with enlarged graphitized region inset. (d) The image shows the 

high level of graphitization with complete evaporation of agglomerated Ga nanoclusters. (e) 

Intensity profile of graphitic layers marked by a red circular in fig. (d). (f) Raman spectrum 

obtained at the edge of the carbon foil after vacuum annealing at 800 0C, verifying the 

graphitization of amorphous carbon under the catalysis of Ga NPs.     

  

change noticed up to 102 sec.   At around 103 sec, the small sized black contrast of Ga NPs 

disappeared, indicating their evaporation due to Joule heating.  This disappearance of the black 

contrast, namely, the evaporation of Ga NPs, became more prominent with an increase of 

voltage (with an increase of time).  Finally, all the Ga NPs in the form of black contrasts, 
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disappeared and suddenly the breakdown of the CNF took place from around its middle at 118 

sec. 

 From the I-V measurement [Fig. 5.4(i)], the non-linear and steep increase in CNF 

current with applied voltage is seen, suggesting the conductivity increase due to the structural 

change of the CNF-tipped cone.  It would be difficult to detect the slight change in structure 

like the local graphitization observed in Fig. 5.3(b) and 5.3(c) in the dynamic TEM of this high 

magnification. After the evaporation of Ga NPs was detectable in the dynamic TEM, especially 

after ~107 sec, a dramatic but unstable increase in current was prominent.  The maximum 

current reached 15.4 µA just before the breakdown of the CNF. Fig. 5.4(j) and 5.4(k) show a 

 

 

Figure 5.4. (a) A still image of a Ga-CNF and cone with the probe arrangement before starting 

the in situ operation on a fiber.  (b)-(h) Still images of different stages during the in situ 

operation of the same fiber in fig. (a) taken from the recorded real time video. (i) I-V diagram 

of the in-situ operation of the fiber in fig. (a). (j) High magnification TEM image of tip of the 

cone after the in situ operation showing distinct graphitization, and (k) intensity profile of the 

marked graphitized region of fig. (j). 

 

high resolution TEM images taken at the broken part of the CNF and an intensity line-profile 

measured along the line shown in Fig. 5.4(j), respectively.  The intensity line-profile shows the 
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inter layer distance of 0.337 nm which certainly corresponds to that of graphene (002), thus 

confirming that the broken part of the CNF was well-graphitized.   The graphitization occurred 

in relatively long-range compared with the very local graphitization formed under the other 

conditions tested here.    

 

5.4 Conclusions 

 In summary, Ga incorporated CNFs and cones could be grown through the ion 

irradiation method in contrast to the quite low melting point of Ga.  For the material system of 

the mixture of Ga and amorphous carbon, the graphitization temperature was demonstrated for 

the first time by the ex-situ heating experiment.  In-situ TEM demonstrated that the increase in 

conductivity was accelerated with the graphitization.  This combination of the in-situ and ex-

situ TEM observations is believed to be promising to understand deeper the graphitization 

process and electrical property.  
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Chapter 6 

Conclusions and Future works 

6.1 Overall conclusions 

 Thus, the entire works that followed in the previous chapters of this thesis explored the 

graphitization process in detail. Over the countless parameters that affect the graphitization 

mechanism, the choice of catalytic substrate and the effect of flow rates of the carrier gases 

was found to play vital role while tuning the growth into isotropic in CVD. Furthermore, the 

convenient and feasible way of observation of graphitization of nanocarbons in nanoscale was 

also essential to understand the mechanism in detail. In what followed in the previous chapters 

of this thesis tempted to explore this mechanism in nanoscale so that the idea can be employed 

in other route of graphene synthesis like CVD. 

 The idea of tuning the growth into isotropic is found to be promising and lead step to 

eliminate the issue of graphene grain boundaries in CVD graphene by self-smooth stitching 

mechanism and hence the growth of larger isotropic single crystals graphene became possible 

compared to their anisotropic counterparts. Quantitative measurement showed the size of these 

round isotropic single crystals was around 410 µm, almost 10 times larger than the hexagonal 

crystals (around 40 µm only) synthesized in all other identical conditions except the flow rate 

of carrier gases. At the same time, a round isotropic crystal covers about 21% greater area 

compared to a hexagonal anisotropic counterpart even of equal dimension (distance between 

the two extremities). The isotropic graphene crystals synthesized through the route mentioned 

in chapter 3 were characterized to be single crystalline, single layered and of the equivalent 

quality of their anisotropic analogs which were shown to be synthesized with other routes. So, 
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this low flow rate of carrier gases was considered to play a role not only to increase the 

concentration of PE precursor molecules but also it led the precursor molecules to interact with 

the Cu substrate molecules for longer duration and tuned the growth process. 

 In situ TEM for characterizing the FE properties of metal incorporated CNFs is always 

remained promising to explore the graphitization process in nanoscale. Mo with its very high 

melting point (2623 oC) can be suitable for the high temperature electronics and compatible 

with integrated circuit (IC) manufacturing besides of its higher resistivity as compared to that 

of Cu. The in situ TEM Joule heating of Mo incorporated CNFs (Mo-CNFs) not only 

demonstrated the catalytic action of this less studied metal for graphitization but also 

demonstrated its controlled electromigration approving it as a potential candidate of solder 

material. The graphitized remnant of Mo-CNF was found to be able to handle a current as high 

as 84.5 µA before their break down at a biasing voltage as low as 2 V during the FE process. 

The formation of bamboo like CNT structure at the tip and multilayered graphene at the base 

of Mo-CNFs after the FE process approved Mo as a potential catalytic agent for graphitization 

which otherwise was explored less for the purpose. 

 On the other hand, what followed in chapter 5, Ga with its low melting point near to 

the room temperature showed entirely contrasting results in graphitization. The well-stablished 

fact that the liquid state of metal favors graphitization was challenged by Ga due to its some 

anomalous characters. The Ga NPs unlike to those of other metals and general perception were 

found to have higher melting point than its bulk form and exist in amorphous state. But on 

increasing the temperature, these NPs were found to be promising in graphitization. The 

graphitization process for Ga-CNFs was explored both in in situ Joule heating as well as in 

normal vacuum heating and the graphitization temperature in the vicinity of Ga was found as 

low as 600 oC for the first time. The observation of graphitized Ga-CNFs under TEM as well 

as the graphitization during the in situ FE process established Ga too a candidate material in 
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the catalysis of graphitization. Moreover, the formation of long ranged graphitized nanocarbons 

under the in situ TEM processing can be a lead step towards the elimination of graphene grain 

boundaries in the field of graphene synthesis.  

 

6.2 Future Prospective 

 As discussed throughout this work, graphene is the best 2D material that can be used 

as future material. In addition to the works described in this thesis, the following additional 

processing can be carried out in the future. 

 The nano-level study of graphitization mechanism in the catalysis of Mo and Ga made 

clear that they also have potentials to be used in this field. In my perspective, the use of an 

alloy of Ga and Cu in CVD process can introduce some revolutionary ideas in the field of 

graphene synthesis. Furthermore, it can be better if the same process is done on the NPs of 

these metals coated on a viable substrate like SiO2 leading towards the transfer free graphene 

synthesis. The tuning process of CVD graphene growth into isotropic needs to be more 

explored with more factors including the actual change in pressure inside the CVD tube due to 

the flow of low stream of carrier gases. 
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Appendix 
1. Figure A1. OM images of samples revealing the two points measurement of 

Graphene domain sizes along their longest diagonal at three different regions of (A1-

C1) Expt 1, (A2-C2) Expt 2 and (A3-C3) Expt 3 of chapter 3. Scale bars: 100 µm. 

 

 

2. Table A1. Calculation of Average graphene domain size and growth speed of three 

different regions of three samples in fig. A1. 
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3. Figure A2. SEM images of three different regions of samples of (A1-C1) Expt 1, 

(A2-C2) Expt 2 and (A3-C3) Expt 3 of chapter 3 with respective area and number of 

graphene domains counted. 

 

 

4. Table A2. Calculation of graphene domains density at three different regions of three 

samples in fig. A2. 
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5. Figure A3. OM images of annealed samples to determine Cu grains size at three 

different regions of (a1-c1) Expt 1, (a2-c2) Expt 2 and (a3-c3) Expt 3 of chapter 3. 

(Scale bars: 100 µm)   

 

 

6. Table A3. Calculation of Average Cu-grains sizes at three different regions of three 

samples in fig. A3. 
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7. Figure A4. EBSD images of Annealed samples revealing the comparative Cu – grains 

size of (a) Expt 1, (b) Expt 2 and (c) Expt 3 of chapter 3 

 

 

 

 

8. Figure A5. OM images of transferred graphene crystals on SiO2/Si of (A) Expt 1, (B) 

Expt 2 and (C) Expt 3 of chapter 3 with 20 points at which Raman spectra are taken 

for D/G and 2D/G ratios. 
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9. Table A4. Calculation of D/G and 2D/G peak ratio of Spectra in the crystal in fig A5 

(A). 
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10. Table A5. Calculation of D/G and 2D/G peak ratio of Spectra in the crystal in fig A5 

(B). 
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11. Table A6. Calculation of D/G and 2D/G peak ratio of Spectra in the crystal in fig A5 

(C). 
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12. Figure A6: (a) Mo-CNF converted to (b) graphitic structure under application of bias. 

(c) EDS measurement taken around the circled area of Fig (b) showing almost no 

presence of W of chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

List of the Publications 

1. G. Kalita, M. D. Shaarin, B. Paudel, R. Mahyavanshi and M. Tanemura; Temperature 

dependent diode and photovoltaic characteristics of graphene-GaN heterojunction, 

Appl. Phys. Lett., 2017, 111, 013504 (5pp). 

2. S. Sharma, B. Paudel Jaisi, K. P. Sharma, M. I. Araby, G. Kalita and M. Tanemura; 

Synthesis of Freestanding WS2 Trees and Fibers on Au by Chemical Vapor Deposition 

(CVD), Phys. Status Solidi A, 2018, 215, 1700566 (4pp). 

3. K. P. Sharma, S. Sharma, A. Khaniya Sharma, B. Paudel Jaisi, G. Kalita and M. 

Tanemura; Edge controlled growth of hexagonal boron nitride crystals on copper foil 

by atmospheric pressure chemical vapor deposition, CrystEngComm., 2018, 20, 550-

555. 

4. B. Paudel Jaisi, K. P. Sharma, S. Sharma, R. D. Mahyavanshi, G. Kalita and M. 

Tanemura; switching isotropic and anisotropic graphene growth in a solid source CVD 

system, CrystEngComm., 2018, 20, 5356-5363. 

5. S. Sharma, B. Paudel Jaisi, M. I. Araby, S. Elnobi, M. E. Ayhan, G. Kalita and M. 

Tanemura; The Mo catalyzed graphitization of amorphous carbon: an in situ TEM 

study, RSC Adv., 2019, 9, 34377-34381. 

6. S. Elnobi, S. Sharma, M. I. Araby, B. Paudel, G. Kalita, M. Z. M. Yusop, M. E. Ayhan 

and M. Tanemura; Room-temperature graphitization in a solid-phase reaction, RSC 

Adv., 2020, 10, 914-922. 

7. S. Sharma, T. Osugi, S. Elnobi, S. Ozeki, B. Paudel Jaisi, G. Kalita, C. Capiglia and 

M. Tanemura; Synthesis and Characterization of Li-C Nanocomposite for Easy and 

Safe Handling, Nanomater., 2020, 10, 1483 (8pp). 



96 
 

8. B. Paudel Jaisi, S. Sharma, S. Elnobi, A. A. Abuelwafa, Y. Yaakob, G. Kalita and M. 

Tanemura; Graphitization of Gallium-Incorporated Carbon Nanofibers and Cones: In 

Situ and Ex Situ Transmission Microscopy Studies, Phys. Status Solidi B, 2020, 257, 

2000309 (5pp). 

9. S. Elnobi, S. Sharma, T. Oshugi, B. Paudel, G. Kalita, M. Z. M. Yusop, M. E. Ayhan, 

Z. Q. C. Ng, D. H. C. Chua and M. Tanemura; One-step synthesis of spontaneously 

graphitized nanocarbon using cobalt-nanoparticles, SN Appl. Sci., 2020, 2, 2147 (7pp). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

List of Conferences 

1. Balaram Paudel Jaisi, Golap Kalita and Masaki Tanemura; Effect of carrier gases 

flow rate on isotropic and anisotropic growth of graphene crystals by chemical vapor 

deposition, (Oral), JSAP 65th Spring meeting, Waseda University, Tokyo, Japan, Mar. 

17-21, 2018. 

2. Balaram Paudel Jaisi, Kamal Prasad Sharma, Subash Sharma, Rakesh D. 

Mahyavanshi, Golap Kalita and Masaki Tanemura; Tuning isotropic and anisotropic 

graphene growth in a solid source Chemical Vapor Deposition (CVD) with carrier gases 

flow rate, (Oral), International Conference for Leading and Young Materials Scientists 

(IC-LYMS 2018), Zhuhai, China, Dec. 23-26, 2018.  

3. Balaram Paudel Jaisi, Subash Sharma, Golap Kalita and Masaki Tanemura; 

Observation of graphitization of Gallium incorporated Carbon Nanofibers and cones 

under In-situ TEM and their I-V characteristics, (Oral), JSAP 80th Autumn meeting, 

Hokkaido University, Sapporo, Japan, Sep. 18-21, 2019. 

 

 

 

 

 

 

 

 

 



98 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 
 

List of Figures 

Figure No. Title Page No. 

1.1 The geometrical illustration of various allotropes (nanoallotropes) 

of carbon. 

4 

1.2 Schematic illustration to show how a (a) graphene layer can be (b) 

wrapped into 0D fullerene, (c) rolled to 1D CNT and (d) stacked 

into 3D graphite. 

5 

1.3 Graphical illustration to show different graphene synthesis 

techniques (a) Mechanical exfoliation technique, (b) Liquid phase 

exfoliation technique, (c) Epitaxial growth on SiC and (d) Chemical 

vapor deposition technique. 

8 

1.4 Graphical illustration of mechanism of graphene formation during 

the CVD process (a) the bulk mediated growth and (b) the surface 

mediated growth. 

10 

1.5 (a) Lattice structure of graphene with δi, (i = 1, 2, 3) being the 

nearest neighbor vectors (│δi│= 1.42 Å) and a1, a2 being the lattice 

unit vectors (│a│= 2.46 Å) (b) the corresponding Brillouin zone 

with K and K’ being the location of Dirac cones and (c) electronic 

dispersion in honeycomb lattice with the energy band close to 

Dirac point enlarged. 

12 

1.6 (a) Schematic of formation mechanism of a single CNF and (b) SEM 

image of a typical CNF grown at the tip of a cantilever. 

16 



100 
 

1.7 Schematic diagram to show the formation process of bamboo-like 

CNT during field emission process under in situ TEM. (a) Initial 

structure of metal incorporated CNF before FE process, (b) 

agglomeration of metal NPs and graphitization through C-

diffusion induced by Joule heating and (c) electromigration of 

agglomerated metal particles forming bamboo like CNT. 

17 

2.1 Graphene synthesis using a CVD system, (a) Schematic of 

conventional CVD to show different components and (b) a 

photograph of CVD system in APCVD mode used for this work. 

30 

2.2 Graphene transfer techniques, (a) schematics to show the 

different steps in a standard wet etching method, (b) up: 

schematics, down: photographic image to show the 

electrochemical delamination and (c) schematics of so-called 

direct polymer free transfer technique. 

32 

2.3 Schematics of experimental set up for the ion beam 

bombardment method. 

33 

2.4 Schematic diagram to show the working of a typical SEM. 35 

2.5 (a) Schematic diagram to show the working of a basic TEM and (b) 

a photographic image of TEM (JEOL JEM ARM200F). 

36 

2.6 The photographic images of (a) the sample stage of TEM sample 

holder (JEOL; EM-Z02154T) showing the tungsten nanoprobe 

(magnified image of the tip inset) in piezo-driven stage, (b) piezo 

38 



101 
 

system for the X (± 1 µm), Y (± 5 µm) and Z (± 5 µm) direction drive 

movement of nanoprobe and (c) set up for I-V measurement. 

2.7 (a) Optical image of a CVD graphene crystal transferred onto SiO2 

substrate and (b) Raman Spectra at different points indicated in 

fig. (a) indicating different number of graphene layers. 

39 

3.1 (a) Structural molecular formula of a monomer of the solid 

precursor PE, (b) schematic diagram to show the solid sourced 

CVD process. Temperature profile of (c) CVD furnace and (d) 

heating of solid precursor PE with time. 

46 

3.2 (a) OM image of the graphene crystals synthesized in Exp. 1 (100:2 

sccm of Ar:H2) and (b) respective SEM image. (c) OM image of 

the graphene crystals synthesized with Exp. 2 (75:1.5 sccm of 

Ar:H2) and (d) respective SEM image. (e) OM image of the 

graphene crystals synthesized by Exp. 3 (50:1 sccm of Ar:H2) and 

(f) respective SEM image. 

48 

3.3 SEM images of individual large graphene crystal synthesized by 

the (a) anisotropic growth condition (perfect hexagon with Exp. 1), 

(b) intermediate growth condition (imperfect hexagon with Exp. 2) 

and (c) isotropic growth condition (round-shaped with Exp. 3) 

presenting the difference in size for same growth duration with 

change in gas flow rate. 

50 

3.4 High magnification (a) SEM image of edge of an anisotropic 

graphene crystal and schematic for the edge structure, (b) SEM 

image of edge of the large isotropic crystal and schematics of 

52 



102 
 

probable atomistic arrangement of the edge with mixed AC and ZZ 

edges and (c) AFM image of edge of the hexagonal crystal with 

line profile of thickness measurement. 

3.5 (a) OM image of an anisotropic hexagonal crystal grown in Exp. 1 

and (b) corresponding Raman spectra at the three different points 

allocated as different colors. (c) OM image of an isotropic round 

crystal grown in Exp. 3 and (d) corresponding Raman spectra at 

three different points (center, inside and edge as allocated with 

different colors). 

54 

3.6 (a) OM image of single large isotropic crystal obtained in Exp. 3 

and transferred onto the SiO2/Si, Raman mapping images to show 

(b) G peak, (c) 2D peak, (d) 2D/G peak and (e) D/G peak intensity 

ratios. 

55 

3.7 Histograms of D/G peak ratio of different point spectra for the (a) 

perfect hexagon (b) imperfect hexagon and (c) circular graphene 

crystals (Points of spectra were indicated in optical microscopy 

images of fig A5 in appendix) 

56 

4.1 (a) Photographic image showing arrangement of W probe and 

sample on in situ TEM holder, (b) regulated DC power supply for 

controlling piezo electric system, (c) Agilent precision source/ 

Measure unit for supplying bias voltage, (d) schematics showing 

in situ experimental setup. 

63 



103 
 

4.2 (a) Schematic diagram of the experimental set up showing the 

fabrication of amorphous Mo–CNF on the edge of graphite foil by 

the simultaneous bombardment of Ar+ on graphite and Mo foil. 

(b) A low-magnification TEM image showing vertically upstanding 

CNFs on the edge of graphite foil. (c) TEM image of a typical Mo-

CNF. The inset shows a Mo lattice with a lattice spacing of 0.22 

nm corresponding to the {110} plane. 

65 

4.3 (a–h) Screenshots taken from the real time video recorded during 

the in situ FE process showing the transformation of Mo–CNF 

induced by the electromigration of Mo under the application of a 

bias voltage from 0 to 190 s. (i) A high-magnification image taken 

at the tip of the fiber near agglomerated metal showing the 

graphitic layer. (j) A high-magnification image taken around the 

red rectangular area of (i) showing multilayer graphene and a line 

profile taken across the layer showing the interlayer distance to 

be 0.34 nm (k). (l) An IV curve corresponding to (a–h), showing the 

changes in the electrical properties of Mo–CNF during 

electromigration and graphitization 

67 

4.4 (a–m) Screenshots taken from an in situ TEM video recorded 

during the FE characterization, showing the gradual formation of 

a metallic crystal near the tip of the probe followed by the 

graphitization of the fiber. 

68 



104 
 

4.5 (a) A graphitized CNF separated from the Mo particle, (b)  and (c) 

parts of bamboo-like carbon nanotube with 3–8 layers observed 

near positions (1) and (2) of (a) respectively. (d) and (f)  High 

magnification TEM images showing porous graphitized structures 

on the cone part of the fiber near positions (3), (4) and (5) of (a). 

69 

5.1 Schematics of (a) experimental arrangement to show the Ion 

beam irradiation for the synthesis of Ga-CNF and cones, and (b) 

the circuit diagram for the in situ I-V measurements.  A red 

rectangular in (a) indicates a sampling piece used for the TEM 

observation in (b).      

75 

5.2 (a) A typical SEM image of as synthesized Ga-CNF and cones, (b) 

low magnification TEM image showing the distinct growth of Ga-

CNFs and cones, (c) the EDS spectrum of a Ga-CNF with the 

composition of different elements in the inset, (d) high 

magnification TEM image with visible Ga lattices in the Ga-CNF 

with enlarged image inset, and (e) intensity profile diagram to 

show the inter-planar spacing of Ga lattices in fig. (d).  

77 

5.3 High magnification TEM images of Ga incorporated cone annealed 

ex-situ at (a) 500 0C, (b) 600 0C, (c) 700 0C and (d) 800 0C.  (a) The 

image reveals neither the agglomeration of Ga nanoclusters nor 

the graphitization.  (b) The image shows the distinct 

agglomeration of Ga nanoclusters with partial graphitization. 

Insets show the enlarged Ga lattices and the intensity profile of 

79 



105 
 

the Ga lattice. The intensity profile of the graphitic layers marked 

by solid red circles are also shown.  The graphitic layers are visible 

also at several places exemplified by dashed red circles.   (c) The 

image shows the agglomerated Ga nanoclusters with 

intermediate graphitization with enlarged graphitized region 

inset. (d) The image shows the high level of graphitization with 

complete evaporation of agglomerated Ga nanoclusters. (e) 

Intensity profile of graphitic layers marked by a red circular in fig. 

3(d). (f) Raman spectrum obtained at the edge of the carbon foil 

after vacuum annealing at 800 0C, verifying the graphitization of 

amorphous carbon under the catalysis of Ga NPs.     

5.4 (a) A still image of a Ga-CNF and cone with the probe arrangement 

before starting the in situ operation on a fiber.  (b)-(h) Still images 

of different stages during the in situ operation of the same fiber 

in fig. (a) taken from the recorded real time video. (i) I-V diagram 

of the in-situ operation of the fiber in fig. (a). (j) High magnification 

TEM image of tip of the cone after the in situ operation showing 

distinct graphitization, and (k) intensity profile of the marked 

graphitized region of fig. (j). 

80 

A1 OM images of samples revealing the two points measurement of 

Graphene domain sizes along their longest diagonal at three 

different regions of (A1-C1) Expt 1, (A2-C2) Expt 2 and (A3-C3) 

Expt 3 of chapter 3. Scale bars: 100 µm. 

87 



106 
 

A2 SEM images of three different regions of samples of (A1-C1) Expt 

1, (A2-C2) Expt 2 and (A3-C3) Expt 3 of chapter 3 with respective 

area and number of graphene domains counted. 

88 

A3 OM images of annealed samples to determine Cu grains size at 

three different regions of (a1-c1) Expt 1, (a2-c2) Expt 2 and (a3-

c3) Expt 3 of chapter 3. (Scale bars: 100 µm). 

89 

A4 EBSD images of Annealed samples revealing the comparative Cu 

– grains size of (a) Expt 1, (b) Expt 2 and (c) Expt 3 of chapter 3. 

90 

A5 OM images of transferred graphene crystals on SiO2/Si of (A) Expt 

1, (B) Expt 2 and (C) Expt 3 of chapter 3 with 20 points at which 

Raman spectra are taken for D/G and 2D/G ratios. 

90 

A6 (a) Mo-CNF converted to (b) graphitic structure under application 

of bias. (c) EDS measurement taken around the circled area of Fig 

(b) showing almost no presence of W of chapter 4. 

94 

 
 

 

 

 

 

 

 

 

 



107 
 

List of Tables 

 

Table No. Title Page No. 

1.1 Some observed applications of graphene 13 

A1 Calculation of Average graphene domain size and growth 

speed of three different regions of three samples in fig. A1 

87 

A2 Calculation of graphene domains density at three different 

regions of three samples in fig. A2. 

88 

A3 Calculation of Average Cu-grains sizes at three different regions 

of three samples in fig. A3. 

89 

A4 Calculation of D/G and 2D/G peak ratio of Spectra in the crystal 

in fig. A5 (A). 

91 

A5 Calculation of D/G and 2D/G peak ratio of Spectra in the crystal 

in fig. A5 (B). 

92 

A6 Calculation of D/G and 2D/G peak ratio of Spectra in the crystal 

in fig. A5 (C). 

93 

 

 

 


