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Abstract 

Among hundreds of layered material investigated till now, graphene (a 

semimetal) and hexagonal boron nitride (h-BN, an insulator) attracted significant 

attention due to their promising properties in a wider range of applications.  Best 

synthesis technique is highly desirable for the synthesis of nanomaterials at least with 

their pristine quality performance.  The synthesis of graphene and h-BN by chemical 

vapor deposition (CVD) has been explored as a most scalable method than other 

synthesis techniques.  However, the issues of crystalline quality in CVD synthesized 

films should be addressed through the synthesis route of single crystals. In this thesis, 

this issue is tackled so as to control over the catalytic substrate (Cu) and precursors used.   

Chapter 1 is the introduction part about the recent progress of graphene and h-

BN, including their synthesis methods, unique properties and potential applications.  

The motivation and purpose of the thesis are also included in this chapter. 

Chapter 2 discusses the materials and methods adopted for the synthesis and 

characterization of graphene and h-BN. Their growth mechanism in CVD process and 

the most popular transfer techniques are summarized.  This chapter also emphasizes the 

CVD system and transfer process along with the detailed characterization process used 

in the present work. 

 Chapter 3 deals with the influence of the polycrystalline structure of Cu foil on 

anisotropic etching for as-synthesized graphene using polystyrene (PS) as a solid 

precursor in a low-pressure CVD system.  The etching process can be an ideal reverse 
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phenomenon to recognize graphene growth behavior as well as opening new 

opportunities to control the graphene structure.  Microscopic analysis showed that both 

the growth and post-grown etching of graphene crystals were significantly affected by 

the crystallographic nature of Cu grains.  The hexagonal hole formation with anisotropic 

etching was observed to be independent of the stripes and wrinkles in the synthesized 

graphene.  In addition, the variation in etched pattern of the graphene depending on the 

base Cu grain orientations was observed, attributing to the difference in nucleation and 

growth processes. 

Chapter 4 discusses the annealing process to create an oxide layer and 

subsequent recrystallization of Cu foil for the growth of large graphene domains using 

PS as a solid precursor by the atmospheric pressure CVD technique.  The electroless 

polished Cu foils were annealed in Ar and successively in H2 atmosphere to obtain 

smoother surfaces with reduced graphene nucleation sites. The transformation of Cu 

grain structures at various annealing steps was confirmed, where the gas atmosphere 

and annealing duration had significant influence. Graphene domains with the size larger 

than 560 µm were obtained on the processed Cu surface. It was revealed that the 

oxidation and recrystallization process of Cu foil surface significantly influenced the 

nucleation density, which enabled the growth of larger graphene domains in the 

developed CVD process. 

Chapter 5 explores the synthesis of morphology controlled h-BN crystals by 

atmospheric pressure CVD using ammonia borane (AB) as a solid precursor.  The shape 

of crystals could be modulated from hexagonal to triangular by controlling the pyrolysis 

temperature and the supply rate of AB.  These phenomena were attributed to a different 
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growth mechanism, namely, the crystal growth limited by either the edge attachment or 

diffusion of AB, dependent on the concentration of BN radicals in the growth region. 

Chapter 6 deals with the edge controlled growth of h-BN crystals by atmospheric 

pressure CVD.  By controlling the supply of borazine gas generated by the 

decomposition of AB, the edge controlled growth of an h-BN single crystal larger than 

25 µm in edge length was achieved on as-purchased Cu foils.  It was also demonstrated 

that the variation in temperature during the growth and cooling processes induced the 

formation of wrinkles larger than 20 nm due to the thermal straining of the Cu surface 

and a negative expansion coefficient of h-BN. 

Chapter 7 summarizes this work and explores future prospects. 
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Chapter 1 

Introduction 

	

1.0 Background 

The era of solid state electronics started few decades ago when Bell scientist 

John Bardeen and Walter Barttain, realized the world first successful solid state 

amplifier – a transistor. The vacuum tube triodes preceded the transistor nearly 50 years 

and by utilizing them early computers were made. However greater number of such  

triodes, space occupied and power consumed by them forced scientist to think about the 

electron controlling technique in solid material such as metal and semiconductor rather 

than electrons in vacuum. Based on the foundation of vacuum tubes, Bardeen and 

Barttain were succeeded to understand the nature of electrons at the interface of metal 

and semiconductor, hence the transistor was discovered. The spark that ignited by the 

transistor spread towards wide research in the field of electronics and hence for more 

than 30 years by the concept of integrated circuits, the number of transistors per unit 

area doubling every 1.5 years [1]. For the last five decades, Si based chips production 

companies maintained the pace of Moore’s law prediction. In a recent Intel chip 

generation, the size of transistor shrunk down to 10 nm with 100.8 millions transistors 

per square mm. The transistor scaling up process very soon going to approach its limits 

as further reducing the size, the quantum tunneling starts and the heat generated in nano 
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circuits and their thermal noise becomes uncontrollable. In order to keep boosting the 

demands of future technology a wide range applicable novel materials is highly 

desirable in nano electronics.  

Carbon based nanomaterials anticipated as a sought materials for the future 

electronics as tremendous research carried out after the discovery of hollow carbon 

sphere named C60 buckyballs or fullerene (0D) in 1985 [2, 3] and one dimensional (1D) 

carbon nanotubes (CNTs) in 1991 [4, 5]. However, two-dimensional (2D) counter part, 

graphene was theoretically studied and urged by Peierls and Landau in 1930’s that 

thermodynamically unstable and could not exist in nature [6, 7]. Arthur C. Clarke, 

science fiction writer quotes, “Anything that is theoretically possible will be achieved in 

practice, no matter what the technical difficulties are, if it is desired greatly enough”[8] 

to emphasize the efforts essential for practical achievement. 

In 1901, Charles F. Mott attempted to control carrier concentration to study the 

electric field effect as a Ph. D. project supervised by J. J. Thomson [9], who discovered 

electron by utilizing vacuum tube. Almost century later, Andre Geim, realized the 

essentiality of single atomic layered metal rather than the metal used by Mott to achieve 

at least 10 times higher induced carrier concentration than 1014 for field effect property 

on metal [10, 11]. This idea was the turning point at which the theoretically impossible 

work head on towards astonishing direction, and hence graphene for the first time found 

to be thermodynamically stable in ambient condition [12]. The discovery of graphene in 

2004 led by the simple adhesive tape pilling technique from pyrolytic graphitic sheet 

not only solve the issue of field effect property in metal but open up the door for more 

than hundred of 2D materials with various electronic properties [12, 13]. Graphene, 

hexagonal boron nitride (h-BN), and transition metal dichalcogenides (MoS2, WS2, 
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MoSe2 WSe2) realized as a conductor, insulator and semiconductors, respectively [14-

17]. Stacking of different 2D materials among them selves as well as with other in 

different fashion offers variety of electronic property according to engineering skill of 

an individual and useful for wider application as future materials [18].  

 

1.1 Graphene  

The word graphene is derived from the word graphite and the suffix -ene is used 

for polycyclic aromatic hydrocarbons like (naphthalene, anthracene, coronene, benzene, 

etc.), and graphite for the stacked layers of graphene [19]. Hence, a single carbon layer 

of the three dimensional (3D) graphitic structure, that is graphene can be considered co- 

 

Figure 1.1. (a) Graphene honeycomb structure. (b) Graphene as a 2D building material 

of all other dimensions. It can be staked up into 3D graphite, rolled up in a plane into 

1D nanotubes, wrapped up into 0D fullerene [21]. 
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nstituent material of carbon allotropes fullerenes (0D), carbon nanotubes (1D) and 

graphite (3D) [20]. Typically, 2D graphene rolled up in a plane into 1D, wrapped up 

into 0D and staked up into 3D structures as shown in Figure 1.1 (b), and hence 

considered as a mother of all graphitic forms [21].  

Graphene is a 2D crystal with a honeycomb structure of sp2 hybridized C atoms 

[Figure 1.1 (a)]. For sp2 hybridization, four valance electrons of C atom in 2s and 2p 

states excited together in the presence of an external perturbation (another atom) and 

one s-orbital and three p-orbitals (px, py, pz) being formed. One s-orbital and two p-

orbitals contribute for the sp2 hybridization resulting in planer assembly of graphene 

honeycomb structure with characteristic angle of 120o between the hybridized orbitals 

(covalent σ-bonds). The remaining p-orbital perpendicular to hybridized network 

contributes for the week van der Waals interaction between graphene layers with so 

formed π-bond [Figure 1.2 (b)] [22]. In 1947, P. R. Wallace used graphene as a simple 

theoretical model for the description of 3D material and studied the band structure of 

graphite [23]. As the interlayer distance between graphite layer is 3.37Å [Figure 1.1 

(b)], which is very high in comparison with 1.42Å [Figure 1.2 (a)], the distance 

between carbon atoms within the same plane [23, 24]. Wallace successfully identified 

graphene as a zero band gap semiconductor (semi-metal) and with extraordinarily high 

mean free path within graphene sheet [22, 25].  The linear energy distribution around 

the Dirac point [Figure 1.2 (c)] due to 2D honeycomb structure of graphene (lattice 

constant 2.46Å) makes this material different than other semiconductor in property and 

hence paves the avenues range of application [21, 26]. 
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Figure 1.2. (a) Bravais lattice of graphene with lattice constant 2.46Å. (b) π-bond σ-

bonds configuration in a honeycomb. (c) Electronic dispersion in honeycomb lattice 

with zoom in of energy band close to Dirac point [22]. 

1.1.1 Properties 

The un-hybridized p orbital (pz) comprised with only one electron to form π-

bond and hence such a highly delocalized electron contributes for the tremendous 

conductivity in graphene. The zero band gap in graphene ensures that it is mass less 

Dirac fermions [17] and gives rise to unrivalled carrier mobility for the electrical 

conduction [27]. Specifically the reported mobility of suspended graphene is more than 

200,000cm2/V.s [28, 29] and strongly depends upon the temperature and carrier 

concentration. By applying the gate voltage to the graphene, the conductivity σ is found 

to be linear with the gate voltage Vg both for holes and electrons as shown in Figure 1.3 
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(a) [26]. For the ultra high mobility, the extrinsic disorder is eliminated due to electron 

phonon interaction at room temperature is very weak [30]. Additional to, the ballistic 

conduction, graphene also exhibits chiral quantum hall effect at room temperature [31, 

32], an ambipolar electric field effect as shown in Figure 1.3 (b) with charge carriers 

concentration up to 1013 cm-2 continuously tuned between electrons to holes [12], and 

other interesting behavior like the breakdown of adiabatic Born-Oppenheimer 

approximation [33, 34], Casmir effects [35], Klein tunneling effect [36] and so on.  

 

Figure 1.3. (a) Graphene conductivity as a function of gate voltage Vg at 10K [26] and 

(b) ambipolar electric field effect in single layer graphene with insets showing shifted 

Fermi energy (EF) in conical energy spectrum of graphene with applied gate voltage Vg 

[21]. 

The thermal conductance of graphene is isotropic and conductivity is even 

higher than copper [37]. Experimentally calculated thermal conductivity of graphene is 

a b 
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in the range of 3000-5000 W/m.K and is strongly depends on the flake size and width of 

graphene sheet (the larger segment, more heat it could transfer) [38, 39]. 

Graphene has unexpected optical transparency, even atomic thick material 

absorbs πα ≈ 2.3% of visible light (where α is the fine structure constant close to 1/137) 

independent to frequency [40]. Each additional layer of graphene absorbs more 2.3% 

visible light and hence optical absorption of graphene found to be increase linearly with 

increasing number of layers (See Figure 1.4).  

 

 

Figure 1.4. One atom thick graphene crystal in ambient condition with scan profile 

shows the intensity of visible light transmitted along yellow line (left side) and 

transmittance spectrum of single layer graphene (open blue circle) with inset of 

transmittance of visible light as a function of number of layers (right side) [40].   

 

The most fascinating property that makes graphene unique material is its 

extreme strength [41]. Lee et al. reported the elastic property of graphene and 
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demonstrated the tensile strength and fracture strength of 1 TPa and 130 GPa 

respectively, which are higher than the reported values for other strong materials [42]. 

The covalent bonds that bind carbon atoms in a plane are extremely strong, possessing 

energy of 7.4 eV per atom.  Which is much higher than the energy between graphene 

layers or carbon-metal with roughly 100 meV per atom. Graphene is one of the hardest: 

10 times harder than diamond and strongest: 300 times stronger than steel known 

materials [42].    

Graphene possesses chemical inertness [43] due to its strong sp2 hybridized 

honeycomb structure and comprise of single carbon atoms. Monolayer graphene is even 

impermeable to almost all other gases, including helium [44]. 

 

1.1.2 Application  

The aforementioned hugely interesting and diverse properties exhibited by 

graphene open up its application in areas spanning throughout all disciplines of science. 

The remarkable charge carrier mobility of graphene at room temperature over silicon or 

III-V semiconducting materials [12, 45] approved it as a future successor of those 

materials in nanometer sized electronics [46] The charge carriers with few nanometers 

of mean free path [12, 47] can travel thousands of interatomic distances in graphene 

lattice without scattering. Graphene based field-effect transistors (FET) specially 

focusing on analogue and radio frequency (RF) application has been reported as a future 

high performance devices [48, 49].  

The superb thermal conductivity of graphene is beneficial for the use of 

graphene as thermal management material in the field of optoelectronics, photonics and 
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bioengineering [39]. Graphene is advantageous to the nano devices and interconnects 

which offers a heat sinking and low temperature rise during device operation. 

Furthermore due to higher in plane and low out plane thermal conduction in graphene, 

highly tunable thermal conductivity achievable on graphene composite and 3D 

architectures of graphene and CNT [50].  

Surprisingly higher transparency and conductivity have made graphene a 

suitable material for transparent conductive electrodes [51-54]. Not the least, graphene 

utility further extends to transparent conductors, photovoltaic devices, light emitting 

devices, photo detectors, touch panels, ultrafast lasers and terahertz devices [55]. 

Furthermore, Bae et al. demonstrated graphene-based strain sensors integrated into 

epoxy gloves, able to read out the bending of the fingers [56] This paves the way for 

new applications in human interface technology by utilizing the high mechanical 

flexibility combined with optical transparency of graphene.   

The most exciting and potential application of graphene is a cheapest alternative 

material for the rare and expensive indium tin oxide (ITO), widely used in liquid crystal 

display (LCD), flat panels displays and micro displays [57, 58]. The beauty added with 

transparency, conductivity and flexibility in graphene further enabled those displays 

with flexible outlook over the restriction of brittle ITO [Figure 1.5] [59]. The 

outstanding mechanical property along with high aspect ratio and low density of 

graphene is useful in the field of composite materials and enhancement of mechanical 

property of other materials [60-63]. Graphene can be used as an anode (graphene oxide) 

and cathode (reduced graphene sheet) material for Li-ion batteries due to lower specific 

capacity than commercial graphite [64]. Electrochemical capacitors (super capacitors or 

ultra capacitors) can be charged and discharged within a second due to unique 
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combination of high surface area and excellent electric conductivity of graphene [64-

66].  

 

Figure 1.5. Photograph of mobile with graphene in comparison with ITO as a touch 

screen phone (left), showing excellent flexibility of panel used [58] (middle figure), and 

Possible application in in bendable or foldable mobile device (right) [59]. 

 

Impermeability of graphene along with high surface area and excellent electrical 

conductivity makes graphene as a promising material for anticorrosion application [67]. 

Briefly, Impermeability of pristine graphene behaves as an excellent barrier to water, 

oxygen, and other corrosive materials. Graphene coating makes permitting of water 

more tortuous. Functionalized graphene if used as a protective coating then due to 

excellent electrical conductivity of graphene, an alternative path for the electrons 

generated on the surface provides so that they never reach to the cathodic site [68]. 

Nevertheless, graphene can be use in biomolecular analysis (an attempt of DNA 

sequencing with graphene pores [69]), biomedical application (proposed for artificial 

skin and orthopaedic implants [70]) and space exploration (meet some critical need for 

the aerospace arena [71]).     
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1.1.3 Synthesis Technique 

 

Table 1.1. Summery of graphene synthesis technique with their specific features. 

Technique	 Brief	
Description	

Product	details	 Advantage	 Disadvantage	

Micro	
Mechanical	
exfoliation	

Graphene	
layers	exfoliate	
by	using	sticky	
tape	

Mono	to	few	
layered	flakes	
size:	(μm-cm)	

Best	for	
Fundamental	
research,	High	
quality,	simple	and	
cheap.	

Varied	number	of	
layers,	small	scale	
production,	
inconsistent	

Liquid	
phase	
exfoliation	
(LPE)	

Specialized	
solvent	is	
utilized	for	the	
exfoliation	of	
graphite	by	
ultra	sonication	

Mono	to	few	
layer	graphene	
flakes	
dispersed	in	
liquid	
Size:	up	to	μm	

Easy	and	time	
efficient	method,	
cheap	and	scalable,	
produced	highly	
concentrated	
graphene	oxide	
suspension	

Uncontrollable	
size	and	layer	
number,	
significant	
defects,	
extraction	from	
liquid	essential	

Reduction	
of	
graphene	
oxide	(GO)	

Chemically	
reduced	the	GO	
exfoliated	
solvent	into	
graphene		

Mono	to	few	
layer	graphene	
suspension	
Size:	up	to	μm	

Versatile	technique	
for	large	area	
production,	can	be	
stored	in	water	

Hazardous	
chemical	
involved,	only	
final	product	is	
stable	in	
hydrophilic	
polymers	

Thermal	
decomposi
tion	of	SiC	

High	tempera-
ture	employed	
to	evaporate	Si	
form	SiC	wafer	

Mono	to	few	
layer	graphene	
films	
Size:	up	to	cm	

Epitaxial	growth,	
low	number	of	
defects,	control	in	
thickness	of	film	

Small	scale	
producing,	
expensive,	
unscalable	

Chemical	
vapor	
Deposition	

Gaseous	carbon	
source	
dehydrogenate
d	into	graphene	
on	the	metal	
surface	at	high	
temperature	

Mono,	bi	and	
few	layer	
graphene		
Size:	cm	to	m	

Scalable	method,	
wide	range	of	
metals	utilized	as	a	
substrate,	large	
area	up	to	few	inch	
uniform	film,	
various	technique	
approaching	
monolayer	film	

Effort	essential	
for	the	control	of	
nucleation,	High	
temperature,	
energy	and	time	
inefficient,		

 

 

Most of the above mentioned characteristics and application explored for the 

graphene are based on the mechanically exfoliated few micron-sized samples from 

HOPG. Graphene samples were directly achieved form graphite and hence are very high 
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quality. However, those samples are limited to few microns in size [71] and even with 

the expertise level, to control the flake size and layer number is very difficult. In order 

to make graphene more reliable in all means, further investigation is highly desirable. 

The table 1.1 briefly summarizes mainstream synthesis technique practiced since the 

discovery of graphene in 2004.  

 

Micromechanical exfoliation technique has been used for decades and prior to 

the discovery of graphene Lu et al. suggested that, “more extensive rubbing of the 

graphite surface against other flat surfaces might be a way to get multiple or even single 

atomic layers of graphite plates” [72]. Since the discovery of graphene [12], potentially 

utilized as an ideal technique for the principle investigation of graphene and new device 

concept. This technique is now optimized to yield high quality layers, with size limited 

by the single crystal grains in the starting graphite, of the order of millimeters [71]. The 

original idea of this technique is to apply sufficient mechanical force by using adhesive 

tape and overcome the van der Waals interaction existed between the interlayers of bulk 

material (graphite) without altering the in-plane covalent bonding. Multiple exfoliations 

are carried out from bulk graphite and then into adhesive tape itself so that few layer to 

monolayer graphene achieved [12].  Finally the adhesive tape pressed over desired 

substrate (SiO2) leaving the graphene flakes onto substrate [Figure 1.6 (a)]. 

 

Graphene can also be exfoliated in liquid environments exploiting ultrasounds to 

extract individual layers by liquid phase exfoliation (LPE) technique [Figure 1.6 (b)]. 

The LPE process generally involves three steps: (a) wet chemical dispersion of graphite 

in a solvent; (b) ultra sonication induced exfoliation of bulk graphite into thin layer 

graphene flakes; (c) purification of graphene flakes by ultracentrifugation [73]. Liquids  
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Figure 1.6. Schematic illustration of the main graphene synthesis techniques. (a) 

Micromechanical cleavage using a sticky tape onto SiO2. (b) Liquid phase exfoliation 

showing bulk graphite dispersed into graphene flakes by ultra sonication in solvents. (c) 

Epitaxial growth of graphene on the surface of the crystalline SiC. Gold and grey 

spheres represent Si and C atoms, respectively. At elevated Temperatures, Si atoms 

evaporate (arrows), leaving a carbon-rich surface that forms graphene sheets. (d) 

Chemical vapor deposition of graphene from hydrocarbon precursors onto catalytic 

metal substrates [73]. 

 

including N- methyl pyrrolidone (NMP), dimethyl formamide (DMF), benzyl benzoate, 

γ- butyrolactone (GBL), acetone, chloroform and isopropanol, etc. [74, 75] with surface 

tension ~40 mN·m-1 are found to be the ideal solvents for dispersing graphene flakes to 
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minimize the liquid-graphene interfacial tension [73, 74]. The un-exfoliated graphitic 

materials can be removed from the exfoliated graphene flakes by ultracentrifugation in a 

uniform or density gradient medium [76]. This technique can produce monolayer 

graphene flakes [77] with lateral size ranging from a few nanometres to a few 

micrometres [78, 79]. LPE technique is scalable and cost saving and is compatible for 

the applications in composite materials [80], conductive inks [81], and ink-jet printing 

of thin film transistors [81]. 

Besides the exfoliation of pristine graphene, LPE technique utilized for the 

production of graphite oxides (GO), which is finally reduced in to graphene [73]. The 

most popular methods developed by Brodie [82], Staudenmaier [83] and Hummers [84] 

are used for the graphene production in this route. For the oxidation of Graphite, strong 

chemicals potassium chlorate (KClO3) and fuming nitric acid (HNO3) (Brodie’s 

method), concentrated sulphuric acid (H2SO4) with successively added KClO3 

(Staudenmaier’s method), and mixture of H2SO4, sodium nitrate (NaNO3) and 

potassium permanganate (KMnO4) (Hummers method) are used. These aggressive 

chemical processes disrupt the sp2-bonded network and introduce different functional 

groups (hydroxyl or epoxide or etc.) into the basal plane and at the edge, which is 

essential for the GO production and subsequent liquid dispersion [73]. GO is an 

insulating material (Rs ∼ 1012 Ω □−1(Ohm per square)) [85] possessed of photo 

luminance (PL) property [73]  and is used for light emitting devices [86] and bio-

imaging application [87]. However, by using a reducing agent and washing process, GO 

sheet can be reduced into graphene sheet [88] which further restores the electrical 

conductivity by healing of sp2 network [89] as shown in Figure 1.7.  This process is an 

efficient and cost effective method for the large scale graphene production. Structural  
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Figure 1.7. Graphite can be oxidized into GO by different procedure in the presence of 

strong acids, and introduced different functional groups. Partial recovery of electronic 

property can be reached by following a reduction treatment [73]. 

defects remained on the graphene sheet during reduction process [90] and hazardous 

chemicals used during the process should be overcome in future to make this process 

more beneficial. 

Growth of graphene on SiC referred as an epitaxial growth and is done by 

annealing of SiC substrate at high temperature (>1000 oC) in ultra high vacuum [45, 

91]. Despite the large (~25%) lattice mismatch between graphene (2.46 Å) and  SiC 

(3.073 Å), epitaxial growth of graphene possible on SiC and carbon rearrange itself in 

hexagonal lattice as Si evaporates form the SiC substrate [91, 92] [Figure 1.6 (c)]. In 

this technique, both the C-terminated (000-1) and Si-terminated (0001) surfaces are 

utilized as templates [93, 94] however, the lateral size of the graphene domains formed 

on the C-face is almost three times than that on Si- face [95, 96]. This process produced 

over ∼(50-100) µm to ∼cm size of single to few layer graphene on Si- to C-faces [91, 

97-99]. The benefit of the graphene grown by this route is that it is compatible with the 
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established SiC-technology in power electronics. Drawback of this technique is to 

control on the layer thickness homogeneity and hence prevents its potential use in 

applications, [73, 100], Furthermore, for the large scale production, expensive SiC 

wafer cost should be addressed by possible alternative means (utilizing thin SiC grown 

on either Si or sapphire as a substrate) [101, 102]. 

Chemical vapor deposition (CVD) of graphene has been demonstrated as the 

most promising method to grow large area, uniform graphene film with high yield and 

scalable in controllable approach based on industrial CNT production route. In this 

process, certain metals (Cu, Ni, Ir, Ru, Co, Pt, Pd, Re, etc. [53, 102-112] are utilized as a 

substrate for the growth of graphene through the thermal decomposition of 

carbonaceous source (CH4 or liquid or solid hydrocarbons) [53, 113-118] at high 

temperature in the presence of other gases (Ar, H2, mixture of Ar and H2, N2) as shown 

in Figure 1.6 (d). Most of the earlier observation of graphene on metals, for example, 

exposing Ni to methane (1966) [119], thermal decomposition of acetylene and ethylene 

on Pt (100) (1965) [120], and carbon vapor exposed on Ir (1984) [121] are focused on 

investigation of catalytic and thermionic activity of metal surfaces [122] and hence 

removed so grown layers from metal [123].  Raina et al. explored CVD technique 

producing graphene (single- to 12-layered graphene with single and bilayer region 

larger than 20µm) film on Ni film with CH4 as precursor [53]. Kim et al. further 

explored this technique and synthesized uniform graphene film by adopting rapid 

cooling approach to control over varying layer of graphene absorbed on Ni film [104]. 

They transferred so synthesized film onto arbitrary substrate, and showed the 

macroscopic use of conducting and transparent electrodes in flexible, stretchable, 

foldable electronics. Li et al. utilized polycrystalline Cu foil and explored the low 
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carbon solubility [103] and mild catalytic activity [124] in Cu are the key factor to grow 

dominant monolayer graphene film larger than centimeter scale [113]. Since then, CVD 

method scaled up for the larger area production [125-128] with uniformity in monolayer 

[113, 129, 130], higher crystalline [131, 132] and even producible in roll-to-roll fashion 

(R2R) [51, 125, 127, 128]. Nonetheless Cu catalyst based CVD method intensively 

explored for growth of single graphene crystals with various shapes [133-138], 

improved growth rate [139-144] and domain size [131,139,140] by controlling the 

nucleation density of polycrystalline Cu substrate. It is worth noticeable that the 

precursors, substrates, catalysts, temperature, and atmospheres are among the key 

factors in determining the final graphene products in the CVD growth [145] and are 

discussed in details in chapter 2. Despites the aforementioned merits, CVD technique 

still needed to overcome certain issues such as high operating temperature (~1000 oC), 

polycrystalline nature of synthesized graphene film, and safety problems rose due to 

flammable gases (H2, CH4). 

 

1.2 Hexagonal Boron Nitride (h-BN) 

Boron nitride (BN) is an III-IV group synthetic compound, attracted much 

attention due to commercial success and applications of wide band gap semiconductors 

and III- nitrides such as GaN, AlN and SiC. BN is isoelectronic and isostructural to 

carbon with equal composition of B and N and is produced in both amorphous and 

crystalline form. Hexagonal boron nitride (h-BN), sphalerite boron nitride (β-BN), and 

wurtzite boron nitride (ɣ-BN) are three major allotropes of crystalline BN [146]. Of 

particular, interest in this thesis is 2D form of h-BN. 
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h-BN (layered BN) is an analogous to the graphite and consisted of stacking 

planes of sp2 hybridized alternating B and N atoms in honeycomb lattice with strong in 

plane bonding and weak van der Waals plane to plane bonding. After the discovery of 

0D fullerene, 1D (nanotube) and 2D (graphene) structure of carbon, their BN 

counterparts have been explored [146-150]. Just after 4 years of carbon nanotube 

discovery, h-BN nanotubes were successfully synthesized in 1995 [147]. In 1998, 

Stephan and Golberg synthesized 0D octahedral BN fullerene in cage-like and 

rectangle-like morphologies respectively [148,149]. Most curiously, atomic layer of h-

BN is investigated to be stable and exist is ambient condition [151] and free standing h-

BN pilled off BN crystal by extending micromechanical cleavage technique of graphene 

[150]. Similar to graphene, atomic sheet of h-BN can be rolled, wrapped and staked up  

 

Figure 1.8. Schematic	diagram	showing	(a)	few	layer	h-BN,	(b)	single	sheet	of	h-BN	

with	armchair	and	zigzag	edges	[152].	(c)	h-BN	nano	tube	and	(d)	h-BN	fullerene	

[146].		
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Despite the structural analog of graphene, B-N bonds in h-BN show a combined 

interaction of both ionic and covalent bonding assigned to disparity in electronegativity 

between B (2.04) and N (3.04) atoms unlike C-C bond [153, 154]. B-N bond in h-BN is 

more energetically favorable than B-B or N-N bonds as the computed energy cost 

increased from 5.5 eV to 7.1 eV while replacing adjacent B and N atoms [155]. 

Adjacent layers of h-BN are staked in AA’ ways (the adjacent hexagon rings are 

superposed with B and N atoms alternatively located along the c axis) different from 

graphene’ AB Bernal stacking (each layer is shifted by half a hexagon with C atoms 

always sitting in the centre of the hexagons). The reason for this AA’ stacking in h-BN 

is to satisfy the electrostatic or polar-polar interactions (referred to as “lip-lip” 

interactions) in individual h-BN layers [156, 157]. This AA’ configuration resulted in a 

stronger interlayer interaction and poorer exfoliation or functionalization in h-BN 

compared to graphene [156]. Despite the intrinsic nature of AA’ stacking in h-BN, the 

closest neighbor layers may also slide forming AB stacking structure [157-159]. 

1.2.1 Properties 

 

Bulk h-BN has been eagerly investigated for long time due to its low density, 

high thermal conductivity, electrical insulation, superb oxidation resistance, excellent 

inertness (i.e., passivity to reactions with acids, alkalis, and melts), and low friction 

coefficient. Based on these properties, bulky h-BN is utilized in wide range of 

application such as makeups (mascara, lipstick, and makeup pencils) in cosmetic 

industries, dry lubricant agent in spaceships and satellites, furnace and ladle linings, 

coatings, etc. in high-temperature refractory applications, and as a neutron detector in a 

laboratory scale research [160, 161].  After the discovery of h-BN most of the 
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aforementioned application further explored and extended for h-BN as well on the basis 

of following properties.  

 

Ionic and covalent nature of in-plane B-N bonds and lip lop interaction of 

neighboring h-BN layer makes it a unique material. Both experimentally and 

theoretically investigated h-BN as a wide band gap (both direct and indirect) 

semiconductor with energy ranging from 3.6 to 7.1 eV [162, 163]. Watanabe et. al 

conclusively identified the h-BN as a direct band of 5.9 eV by using highly purified h-

BN crystal [164, 165]. The optical band gap of monolayer h-BN is found to be about 

6.07 eV, being consistent with the theoretical calculations (6.0 eV) [166]. The insulating 

h-BN (an isostructural to graphene) is atomically flat, least lattice mismatch (1.3%) with 

no charge impurities and dangling bonds with graphene unlike silica substrate as shown 

in Figure 1.9 [167, 168]. Extraordinarily high (three order in magnitude) charge 

transport has exhibited while replacing SiO2/Si by h-BN [15]. 

 

h-BN has a highly anisotropic thermal conductivity, ranging from 300 to 2000 

W m-1 K-1 [169-171]. The experimental values for 11- and 5- layers h-BN were 

reported to be 360 W/mK (390 W/mK for bulk h-BN) and 250 W/mK respectively 

[172]. The reduced value in 5 layers h-BN is due to the higher polymeric residue 

contamination.  Furthermore, theoretically it is expected that the highly improved 

thermal conductivity can be obtained in monolayer h-BN due to reduction in phonon–

phonon scattering [173]. Thermal conductivity of h-BN is comparatively very low than 

graphene (see section 1.1.1 for graphene) despite their similar crystal structures, lattice 

constants, unit cell masses, and phonon dispersions. The softer phonon mode of h-BN 

and mass difference between B and N may case for this observed disparity [169]. 
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Figure 1.9. Schematic	diagram	showing	a	graphene	sheet	(red)	supported	by	SiO2	

substrate (left) and by multilayer h-BN (right). The corrugations, dangling bonds (inside 

dashedcircle), and charge inhomogeneities that are inherent to SiO2 surfaces are absent 

in h-BN [167].	

 

h-BN exhibit a sharp absorption peak in the deep ultraviolet range (200–220 nm) 

however a high transparency of 99% with wavelengths in the range of 250–900 nm, 

because of hardly any optical absorption [174,175]. 

 

Experimental nano indentation technique (AFM probe induced) reveled the 

elastic modulus of 1-2 nm thick h-BN lies in the range of 184 to 510 N/m, which is in 

good agreement to theoretical value [174, 176]. This observed value is comparable to 

steel but very less than that for graphene. Theoretically, it is further investigated that the 

impurities and dislocations in h-BN result in lowering of mechanical strength. The 

mechanical strength further calculated by bending approach of h-BN (thicknesses of 

25–300 nm and lateral sizes of 1.2–3 mm). The bending modulus of the h-BN increases 
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with the decrease in sheet thickness and approaches the theoretical value of h-BN single 

crystals in the sheets of less than 50 nm thickness [177]. Recently, Kong et al. also 

showed an elastic modulus of 18 000 N/m for multilayer h-BN measured by the AFM 

nano indentation technique [178], which corresponds to a Young’s modulus of as large 

as 1.16±0.1 TPa. 

 

Alike bulk h-BN, both few-layered and monolayer h-BN has been found to be 

oxidation resistant up to 850 °C, and 700 °C respectively in an air atmosphere [179], far 

beyond the oxidation temperature of graphene. h-BN is inert to both strong acidic and 

strong basic solutions [180] and hence difficult to functionalize [181] unlike graphene. 

 

The anti oxidative and chemical inertness property of h-BN makes it applicable 

in protective coatings as well as in gas sensing purposes [182]. The inert nature and lack 

of dangling bonds in h-BN makes it as an excellent antifriction coating material [183]. 

 

1.2.2 Application 

 

The aforementioned properties in section 1.2.1 exhibited by h-BN makes it as a 

promising material for wide ranges of applications, which will be discussed in this 

section.  

 

Hone et al. constructed graphene-FETs with h-BN as the substrate with carrier 

mobility of 60000 cm2 /V s (three times larger than that with SiO2) [15]. On further 

extending this concept h-BN/graphene/h-BN-FET for radio-frequency applications also 

demonstrated [184]. The device performances of materials based on the conventional 
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substrates such as SiO2, SiC, and Al2O3, where there can be coupling, scattering from 

charged surface states, impurities as well as the surface roughness. h-BN has been 

demonstrated as a dielectric layer for the fabrication of graphene-based field effect 

transistors (FETs) [15, 184], and explored as a tunneling barrier between graphene 

layers [185]. Similarly, h-BN supported flexible transistor explored which sought h-BN 

as a applicable materials for frontier nano-electronics [186, 187].  

 

Being an insulator with high thermal conductivity, h-BN is reliable as a suitable 

alternative to conventional heat transfer materials. The application of h-BN ranges from 

nano filler to polymeric composite to prepare thermally conductive nano-oils [188,189]	

and to make highly thermally conductive composites [190,191]. 

 

The direct wide band gap as well as the UV luminescence property of h-BN 

makes it a promising candidate for application in ultraviolet lasing [164], photon 

emission [192] and DUV detectors [193]. 

 

The large elastic modulus and high strength of low-density h-BN is useful to 

improve the mechanical performance of polymer- or ceramic- derived composites. 

Different fraction quantity of h-BN is added with polymers poly (methylmethacrylate) 

(PMMA), polyvinyl acetate (PVA), and polybenzimidazole and ceramics such as 

polycarbonate to improve the strength of composites [190, 194, 195]. 

 

1.2.3 Synthesis technique 

 

Boron nitride is a synthetic compound, synthesized in 1842 by the reaction of  
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boric oxide and potassium cyanide for the first time [196]. Nowadays, h-BN powders 

are synthesized in commercial scale by heating boric acid/boric oxide and an 

ammonia/melamine/urea mixture at 900 °C. Finally the synthesized compound is 

annealed at 1500 °C in N2 atmosphere to increase the crystallinity of the powders [197, 

198]. After the discovery of graphene in 2004, h-BN synthesized in all the possible 

ways; CVD process is most promising one, and will be discussed in this section. 

Besides the mainstream synthesis technique (discussed in this section), there are many 

h-BN synthesis approaches such as unzipping of h-BN nanotube, blender shearing, Ball 

milling, etc. [152, 146]. 

Micromechanical exfoliation technique is adopted to exfoliate high quality of h-

BN atomic layers similar to the graphene as discussed earlier in section 1.1.3 [14, 150]. 

Pacile et al isolated h-BN using adhesive tape by repeatedly peel off BN layers from 

powdered h-BN until the single layer achieved  [199]. By adopting this technique, an 

uneven h-BN flake of 10 µm had been obtained with the thinnest region of about 3.5 nm 

and the thickest region of roughly 80 nm. On the basis of such a exfoliated h-BN flakes, 

the structural arrangement, chemical nature, edge construction, and defect dynamics in 

the few years followed were studied. Accordingly, high temperature and pressure 

processed large h-BN single crystals [164,165] were employed for exfoliation, and the 

resultant size of the few-layer h-BN samples could be larger than 100 µm [see Figure 

2.5 (c)][200]. Such an exfoliated samples were used to explore the wide spread 

properties and application of h-BN [15, 167, 179, 186, 199-203]. 

Han et al. accomplished liquid based exfoliation of h-BN in 2008 [204], which is 

in principle identical with the liquid based exfoliation of graphene; to disperse and 

break the van der Waals interaction between the layers, by sonication.  This organic 
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solvent based exfoliation technique further extended by Zhi et al. [190] in surfactant 

solution based sonication for the large-scale fabrication of h-BN nano sheets. Coleman 

et al. exfoliated a number of layered materials in several common solvents without the 

use of diverse surfactant and organic solvents [205]. The amount of nanosheet 

exfoliation and retention in the solvents was found to be dependent on the solvents’ 

surface tension (best exfoliation was seen for 40 mJ/m2). Mixed solvent such as water 

and ethanol, IPA in ammonia solution has been explored as beneficial for exfoliation 

process [206, 207]. 

CVD of h-BN has been demonstrated as the most promising method to grow 

large area, uniform h-BN film with high yield and scalable in controllable approach, 

similar to graphene. CVD synthesis of h-BN can be date back to 1968 and few micron 

thick h-BN films synthesized on different substrates in following two decade [180, 208-

211].  In 1995, single layer h-BN synthesized on Ni in ultra high vacuum reported for 

the first time [212]. Various substrates (Cu, Ni, Pt, Ir, Rh, Ru, Pd, Ag, Au, Fu etc.) [175, 

213-229] have been explored for the h-BN synthesis by using single (borazine, 

ammonia borane, β-trichloroborazine, etc.) or mixed (diborane and ammonia) 

precursors in the presence of various gaseous (Ar, H2, mixture of Ar and H2, N2) 

environments. Due to toxic and unstable nature of borazine in ambient condition, 

ammonia borane (AB) is widely used as precursor, which gives borazine on heating. 

Song et al. sublimed AB to grow large-scale h-BN on Cu with 2-5 layers for the first 

time by using APCVD [174]. Since then CVD process is intensively investigated for the 

growth of high crystalline h-BN film. Various approaches focused on either 

modification of substrate or pyrolysis technique of precursor. Polycrystalline Cu, Ni, Pt 

and Fe foils have been investigated for the growth of large crystals of h-BN and hence 
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the better quality of h-BN film [213, 215, 222, 223, 230-232]. The weak chemisorption 

and the polycrystalline nature of the Cu and Pt foils, triangular h-BN islands found to be 

grown in random orientations [213, 222, 232]. Due to polycrystalline nature of substrate 

and binary elements in h-BN, CVD method even sought to be challenging approach for 

h-BN than to graphene. Optimization of CVD parameters strongly influences the 

synthesized film quality. CVD parameters and undelaying mechanism of h-BN growth 

is discussed further in chapter 3, 5 and 6. 

 

1.3 Motivations and Purposes of the Thesis 

Over the last decade, layered materials down to the atomic level thickness and 

their stacking in different ways witnessed for the manipulation of grater ranges of 

property. Based on ones imagination and critical thinking capacity many artificial 

materials could be engineered in reliable ways. This is the milestone situation in 

nanomaterials in which both material and condensed matter scientists chase one another 

for discovery of novel material and their investigation for frontier application. Best 

synthesis technique is highly desirable for the synthesis of nanomaterials at least with 

their pristine quality performance. Micromechanical cleavage technique entertained for 

the investigation of materials performance capacity complementary to the theoretical 

approach.  

CVD process established to be scalable way for the synthesis of various 

nanomaterials including graphene, h-BN and TMDCs. The moderate quality of CVD 

synthesized material and device performances than theoretically expected values 

demands detail exploration of CVD technique. Polycrystalline nature of synthesized 
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materials, which degrade the materials performance property, should be addressed at 

first. Synthesizing large single crystals could solve this issue. For the case, complete 

understanding of CVD component such as growth substrate and constituent materials 

used for the growth purpose is most essential.  

In this thesis, CVD parameters are optimized for the synthesis of large domains 

of graphene and h-BN. For this achievement, detailed understanding of Cu catalytic role 

before and after the materials growth and step-wise pyrolysis of precursor molecules are 

found to be most important. The optimized CVD parameters are almost identical for 

both graphene and h-BN synthesis, which will be most significant for the single step 

graphene and h-BN hetero-structures synthesis. 

 

1.4 Organization of the Thesis 

The controlled CVD synthesis of graphene and h-BN crystals on Cu by using 

solid precursors is emphasized in detail in the following chapters.  

Chapter 1 is the introduction part about the recent progress of graphene and h-

BN growth. Important properties, current and future application of materials is also 

summarized in this chapter. Finally, motivation and purpose of the work is also 

included. 

Chapter 2 organizes more literature review ways and brief introduction to the 

material and methods adopted in this thesis. However, the details of CVD mechanism 

and important CVD parameters are discussed. Specific transfer and synthesis process 
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kept in respective chapters. The characterization procedure is ideally summarized in this 

chapter.  

Chapter 3 deals with the variation in nucleation density, orientation and size of 

graphene crystals grown on Cu foil owing to crystallographic orientation of Cu. Post	

growth	 etching	 of	 such	 graphene	 crystals	 was	 significantly	 affected	 by	 the	

crystallographic	orientation	of	Cu	grains.		 

Chapter 4 investigates the crystallographic transformation of Cu grains on 

annealing at different duration in H2 atmosphere after pre-annealing in Ar atmosphere. 

Isolated graphene domains with size larger than 560 µm were obtained on the processed 

Cu substrate by using polystyrene (PS) as solid precursor.   

Chapter 5 demonstrates the transformation of hexagonal shape to triangular by 

controlling heating temperature of AB. With a low supply of BN building blocks, 

crystal growth was the edge attachment limited, producing triangles, whereas, under 

higher concentration of BN building blocks, crystal growth was limited by diffusion 

producing hexagons. 

Chapter 6 demonstrates the AB pyrolysis technique determining the different 

morphologies of triangular crystals within the range of 65 to 80oC. The stepwise AB 

decomposition process found to be essential for the perfect h-BN crystal growth. The 

quantitative investigation of h-BN wrinkles is also discussed. 

Chapter 7 summarizes the results to establish the concluding remarks and 

recommendation for future prospects.
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Chapter 2 

Materials and Methods 

 

2.0 Background 

This chapter will summarize the main experimental materials and methods used for 

the synthesis of both graphene and h-BN, together with their transfer and characterization 

technique employed in this thesis. This chapter is divided into three main sections: (a) details 

of CVD systems along with important CVD components; (b) transfer technique onto arbitrary 

substrates and TEM micro grids; (c) brief introduction to the instruments utilized for the 

characterization of synthesized materials.  

 

2.1 Chemical Vapor Deposition (CVD)  

Chemical Vapor Deposition (CVD) is a solid film synthesis technique by utilizing the 

gases form of precursor materials (atoms or molecules or a combination of both).  Deposition 

occurs when the precursor is absorbed and coalesced on the substrate through the process as 

described in Figure 2.1. Briefly, the process includes: (1) forced convection of gaseous 

reactant and their diffusion into substrate through boundary layers form the main stream 

flow; (2) dissociative chemisorptions of reactant on to the substrate; (3) chemical reactions 

take place either by bulk absorption or surface mediated process; (4) desorption of by-

products (absorbed species) form the surface; (5) transport of by-products towards main 



	
	

 
	

30	

stream flow by diffusion [233, 234].  

 

Figure 2.1. Schematic diagram showing sequences of  event in CVD process [233, 234]. 

CVD technique is most popular for the scalable synthesis of graphene and h-BN as 

discussed in sections 1.1.3 and 1.2.3. Wide ranges of substrates for example Ni, Pt, Ir, Rh, Ru, 

Pd, Ag, Au, Fu etc. including Cu have been explored for the growth of both graphene and h-

BN [53, 103-112, 175, 213-229]. Among them, Cu and Ni are most intensively studied and 

widely used. Graphene and h-BN reported to be strongly chemisorbed on Ni contrary to 

which weakly on Cu [235-239]. This is due to strong hybridization of Ni dz
2 orbital with B-, 

C-, and N- pz orbitals however; completely filled d-orbitals of Cu resulting in very less 

hybridization energy [235, 236]. That favors the surface migration of adatoms on Cu and 

minimum bulk diffusion unlike in Ni, and hence uniformly deposited graphene as shown in 

Figure 2.2 (a) [240]. It should be worth notable that, the h-BN growth process is quite 

complex than graphene due to different electro negativities of B and N with Cu. B found to 

be bulk adsorbed alike C in Ni however N follows surface migration process alike C in Cu. 

For perfectly balanced B and N fluxes resulted in h-BN growth on Cu surface as shown in 
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Figure 2.2 (b) [241]. To achieve the perfect balanced B and N fluxes for h-BN growth and to 

avoid the minimum possible bulk absorption of C on Cu, CVD parameters should be 

optimized. This thesis focused on the graphene and h-BN growth on Cu with least varying 

CVD parameters.  

 

 

Figure 2.2. (a) Schematic diagram showing catalyst dependent growth kinetics of graphene on 

Cu and Ni [240].  (b) Schematic diagram showing h-BN growth process on Cu. Ji is the 

impingement flux of borazine, JB is the diffusion flux of B into the Cu substrate, JN is the 

diffusion flux of N out of the Cu substrate, and JB´ and JN´ are the flux of B and N atoms to 

form h-BN on Cu [241]. 
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Methane (gas), ethanol (liquid) and solid hydrocarbons [53, 113-118] are used as a 

precursor for the growth of graphene. However, due to the weaker bond energy (between 

292kJ/mole to 305 kJ/mole) of polystyrene (PS) in comparison to methane (410 kJ/mole) 

[242], PS was used as a precursor for graphene synthesis. Not the least, solid precursor PS 

(for detail see chapter 4) is not as expensive and flammable as methane (suitable by economic 

and safety purpose). AB is non-flammable and non-explosive under ambient condition.  

Many groups explore AB for h-BN growth. We use AB for the h-BN growth; details 

discussion about AB is made in chapter 5 and 6. The pyrolysis temperature and duration of 

both PS and AB (during growth stage of CVD) were found to be most important for the 

synthesis of large domains of graphene and h-BN.  

Temperature and CVD atmosphere are key factors for the graphene and h-BN growth 

by CVD method. The ramping rate of furnace strongly influence the substrate morphology 

and hence the catalytic activity. In the CVD system, mostly Cu is preheated in Ar atmosphere 

with ramping rate of 10.5oC/min from room temperature to 1050oC.  Cu annealed in H2 or 

mixture of H2 and Ar to improve the catalytic activity. The growth time, the ways of 

precursor supplying technique and gas composition during growth are primary concern of this 

thesis and is discussed in respective chapters. Finally, fast cooling technique was employed as 

soon as growth finished with identical gas composition during the growth.  

Figure 2.3 shows CVD system used for the graphene and h-BN synthesis. Briefly a 

quartz tube of inner diameter 45 mm and length of 80 to 90 cm was used as a main reactor 

zone and is inserted into the double-splatted horizontal tubular furnace. Cu foil was kept 

inside the tube equivalent to the central part of furnace and processed through different stages 

of CVD (pre-heating, annealing, growth and cooling). During growth, either the heat utilized 

form the growth furnace (termed as single furnace CVD) or separate heating furnace was 
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used (termed as double furnace CVD) to supply the precursor. In single furnace CVD, 

temperature essential for precursor’s pyrolysis was manipulated by using magnetic boat.  

Mass flow controllers are used for flowing specified quantity of Ar and H2. By connecting 

exhaust with pump for the desired vacuum inside the chamber of atmospheric pressure CVD 

(APCVD) system and is utilized as Low pressure CVD (LPCVD) system. Most specific 

discussions are made in respective chapters.  

 

 

Figure 2.3. Schematic diagram of APCVD and LPCVD system. 
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2.2 Transfer Technique 

Transfer process is most important step for the utilization of metal catalyzed CVD 

grown graphene and h-BN for electronics, composites, and applications as well as for their 

characterization. Poly(methyl methacrylate) (PMMA) assisted transfer of graphene and h-BN 

onto arbitrary substrate is most popular. At first, finite thickness of PMMA is deposited 

(PMMA solution prepared in anisole or acetone is spin coated or ordinarily drop casted) on 

the graphene or h-BN on the substrate (Cu). PMMA is dried for the crystallization for min 

prior to graphene and h-BN separation from metal either metal sacrificial [51, 54, 174, 243-

249] (etching metals by strong etchant solution such as FeCl3, Fe(NO3)3, ammonia per sulfate, 

etc.) or electrochemical delamination [110, 250, 251], (metals can be utilize for repeated 

growth process after transfer) technique. Finally, the deposited PMMA layer is removed form 

the top of graphene and h-BN after transferring onto the desired substrate [246, 243]. The 

complete removal of PMMA and few residuals metals particles are researched to be 

impossible; and degrades the electronic performance [27]. As an alternative of PMMA 

assisted process, iso-propyl alcohol (IPA) supportive direct transfer of graphene and h-BN 

onto TEM mesh is purposed [252, 253].  The details transfer process of graphene and h-BN is 

as summarized in Figure 2.4. 

For the transfer process, 4.6 mg of PMMA was dissolved in 100 ml of acetone and the 

stock solution so prepared was deposited onto Cu substrate with graphene or h-BN (100 µl 

PMMA solution was spin coated with 4000rpm for 1 min in drop wisely). The dried PMMA 

layer along with h-BN or graphene was separated form Cu by FeCl3+ HCl (Chapter 4), 

Fe(NO3)3  (Chapter 5) a solution etching process and electrochemical delamination process 

(Chapter 3 and 6). The 1N NaOH solution processed electrochemical delamination (Cu as 

cathode and Pt as anode) technique is found to be time efficient with fewer impurities after  
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Figure 2.4. Schematics showing PMMA supportive and PMMA free transfer process onto 

TEM grid and identically onto other arbitrary substrate (left) [252]. Schematic showing 

electrochemical delamination of graphene and photograph showing pilling of PMMA and 

graphene from Cu (right) [251].  

transfer.  The scooped PMMA/graphene or PMMA/h-BN was transferred onto SiO2/Si, 

quartz, PET and TEM mesh and finally PMMA was removed by hot acetone after drying for 

5 min. As most of the samples consisted with h-BN and graphene crystals, intense care had 

been taken in different stages of transfer. 

2.3 Characterization  

The graphene and h-BN crystals grown on Cu by CVD method in this study were 
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characterized by different analytical technique based on their physical and chemical property. 

In this section, basic introduction to the instruments used for characterization of substrates 

and synthesized materials is provided along with their brief working principle.  

 

2.3.1 Optical Microscopy 

 

An Optical Microscope (OM) is found to be a straight-forwarded characterization 

tool for the identification of exfoliated graphene and h-BN transferred on to the SiO2/Si 

substrate [14, 150, 183]. The optical transparency of both graphene and h-BN decrease 

with increasing layers numbers, resulting in distinguishable optical contrast on SiO2/Si as 

shown in Figure 2.5 (a)-(d). It should be noted that Si substrate with SiO2 thickness of 

300 and 90 nm gives the maximum optical contrast of 11% and 2.3% per layer 

respectively for graphene and h-BN for white light [200, 254]. Most convenient method 

was demonstrated for direct identification of graphene deposited on Cu by oxidizing the 

undelaying Cu across the graphene grain boundary and defects and is integrated for h-BN 

as well [255, 256]. The different optical interference contrasts between oxidized and un-

oxidized Cu facilitated the direct identification of graphene and h-BN areas under an 

optical microscope as shown in Figure 2.5 (e). This technique further extended for the 

identification of grain boundaries (GBs) by selectively damaging graphene GBs using 

oxygen plasma and thermally oxidizing underlying copper through the defective GBs in 

CVD graphene film [255, 257].  
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Figure 2.5. OM images of mechanically exfoliated graphene and h-BN under white light. (a) 

graphene on 300 nm SiO2/Si, (b) enhanced in contrast with green filter and line overlaid 

showed respective thickness [254], (c) h-BN on 90 nm SiO2/Si, (d) enhanced in contrast with 

green filter [200]. Bottom most right side in (a)-(d) are representing the monolayer regions of 

graphene and h-BN. (e) Schematics of oxidation of Cu for the identification of graphene and 

similar technique adopted for h-BN [255]. 

 

An OM (VHX-500) with a Moticam 2000 2.0Mpixel camera in reflectance mode 

has been employed to obtain the optical images presented throughout this thesis. OM is 

used to rapidly investigate the various samples including the surface morphologies of 

substrates, confirmation of grown materials, layers number identification of graphene and 

h-BN after transferring onto SiO2, etc. 
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2.3.2 Raman Spectroscopy 

 

Raman spectroscopy is a technique widely used to obtain structural and electronic 

information of sample by utilizing inelastic scattering of monochromatic light source 

form the sample in a vibrational mode. This technique is relatively easy, non-destructive, 

non-contacting, and quick to obtain the spectrum at room temperature and ambient 

pressure, which can be used as a fingerprint for the identification of physical property of 

materials. This technique is intensively used for the layer number identification and 

qualitative information regarding the graphene and h-BN [53, 200, 258-260]. Raman 

scattering spectra and mapping of graphene and h-BN presented in this thesis were 

obtained by using NRS-3300 Raman spectrometer with laser source of wavelength 532.8 

nm at room temperature. 

 

Three characteristics peaks are widely recognized in graphene around 1350, 1580, 

and 2690 cm-1 named as D, G and 2D peaks respectively as shown in Figure 2.6 (a) [258] 

The G peak is assigned to in-plane vibration of sp2 carbon-carbon stitching bonds (E2g 

phonon).  Where as D peak is assigned to first-order zone boundary phonons, which 

strongly indicates the amount of disorder present in the graphitic materials and is absent 

in defect free graphene. The 2D peak arises from the inter-valley scattering of the 

electrons by the Brillouin zone boundary phonons, is an overtone of D peak representing 

the stacking order. The shift in position of individual peaks are strongly associated with 

the light source used for the detection of spectra as well as the layer numbers of graphene 

as shown in Figure 2.6 (b)-(d) [259]. The high intensity ratio of 2D to G peak (2D/G), a 

weak D peak and narrowed 2D peak width are indicators of good crystalline quality of 

graphene. Generally for layer identification, 2D/G ratio with 1 is for bilayer layer, more 
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Figure 2.6. (a) Raman spectra at 514 nm comparing bulk graphite and graphene. Changes in 

Raman spectra with increasing number of graphene layers (b) at 514 nm and (c) 633 nm. (d) 

Four components of 2D peaks in bilayer graphene showing an increased band with increasing 

layer [259]. (e) Raman spectra of mono-, bi-, tri- layer and bulk h-BN (inset left showing the 

variation in integrated intensity IT with respect to the number of layers N and inset right 

illustrating the phonon mode responsible for the Raman peak) [200]. 

 

than 1 for monolayer and less than 1 for multilayer graphene [53]. Similarly, broader 2D 

peak indicates the increasing layer number as represented by Figure 2.6 (d) with four 

different de-convoluted peaks.  

 

Analogous to the G peak in graphene, in plane vibration of sp2 Boron-Nitrogen 

stitching bond (E2g phonon) observed in h-BN and is blue shifted around 4cm-1 from the 
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peak position 1366 cm-1 for bulk h-BN as shown in Figure 2.6 (e) [156, 200]. The 

observed blue shift for monolayer h-BN expected due to slightly shorter B–N bond 

resulting in hardening of the E2g phonon mode [200, 261]. However, on increasing the 

layer thickness, the E2g mode starts to red shift with increased intensity due the softening 

of B-N bonds by interlayer interactions as represented in Figure 2.6 (e) and its inset. 

More specifically layer number of h-BN can be identified by full width half maxima 

(FWHM) of E2g peak, its intensity and position. 

 

2.3.3 Scanning electron Microscopy (SEM) 

 

Scanning electron microscope (SEM) is routinely used for the characterization of 

graphene and h-BN morphology by following its first use in CVD synthesized graphene 

on Cu [113]. SEM can generates the high resolution images of specimen by utilizing 

secondary scattered electrons received on the SEM detector form the samples surface 

when focused beam of high energy electron beam incident on the surface. SEM and field 

emission SEM (FESEM) images presented in this thesis were obtained by using JEOL 

JSM-5600 and JEOL JSM-7800F respectively operated in the accelerating voltage range of 

2-20 keV. The microscopic details of graphene and h-BN domains morphologies, wrinkles 

and etched structure were carefully analyzed with the help of SEM. SEM can be further 

utilized to obtain the varying layer number (ad-layers) within a graphene and h-BN 

domains or within a film. 

 

2.3.4 Electron Backscattered Diffraction (EBSD) 

 

Electron back-scattered diffraction (EBSD) is a micro-crystallographic	
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characterization	technique	in SEM	to obtain the quantitative information of phase analysis 

and orientation of sample. The micro-structural information of sample is obtained from 

the Braggs diffraction of the electrons by the sample crystals when fine beam of high-

energy electron beam incident on the sample surface. EBSD analysis has been carried out 

on graphene and h-BN deposited on Cu substrate to understand the substrate grain 

orientation effect on the growth of graphene and h-BN [216, 262, 263]. Polycrystalline 

Cu foils used for growth process and their influence on the grown graphene and h-BN is 

intensively studied. In this thesis, JEOL JSM-7001FF operated by an accelerating voltage 

20 keV with 70° angle of incident beam and is equipped with an EBSD detector 

performed EBSD analysis. 

 

2.3.5 Atomic force Microscopy (AFM) 

 

An atomic force microscope (AFM) has capabilities of spatially measuring the 

surface topography on an atomic scale. That is why ever since the discovery of graphene, 

AFM is relied as a characterization tools along side with OM [12, 183].  This is a straight 

way to determine the thickness of graphene and h-BN with approximate interlayer 

distance. However, the measured height of monolayer is prone to be higher than in theory 

for both graphene and h-BN. Various impurities and functional groups as well as the 

unavoidable solvent derived from the transfer process may account for the relatively 

larger layer thickness [74, 150, 183, 205, 264, 265]. Therefore, AFM is a complementary 

approach for the thickness measurement. AFM (JSPM-5200) study was carried out for the 

as-synthesized and transferred graphene and h-BN by using CNF incorporated Si tip 

cantilever in contact mode. 
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2.3.6 Transmission Electron Microscopy (TEM) 

 

In transmission electron microscopy (TEM), a fine beam of electrons is 

transmitted through an ultra-thin specimen and the image is recorded based on the 

information of interacting beam with the specimen as it passes through. TEM is found to 

be promising characterizing tool for graphene, h-BN and other 2D materials due to their 

ultra thin ness. The elemental composition, crystallinity, layer number (at the folded and 

twisted edges) information, defects etc. can be obtained precisely by using TEM. In this 

thesis, JEM ARM-200F and JEOL 2010 were used for the structural analysis of graphene 

and h-BN.  

 

2.3.7 X-Ray Photoelectron Spectroscopy (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique that 

measures the elemental composition of a sample surface by irradiating a substrate with 

monochromatic X-rays. The photo-emitted electrons from the sample surface (5-10 nm 

depth from surface) being received at the electron energy analyzer and hence resulting 

spectra produced. Thus produced spectra of the binding energy and intensity of a 

photoelectron peak from which the elemental composition, chemical state, and quantity of 

a detected element can be determined. In this thesis, the elemental composition and 

bonding of foreign elements on Cu substrates as well as grown materials (h-BN and 

graphene) were acquired by XPS (Versa Probe) using a monochromated Al Kα excitation 

source (1486.6 eV). 
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Chapter 3 

Influence of copper foil polycrystalline structure on 

graphene crystals growth and anisotropic etching 

3.0 Introduction 

Growth of single crystals, bi-layer stacking, and controlling layer numbers in large-

area continuous film are explored by the CVD process for practical device applications [51, 

139, 140, 266-270]. In this prospect, carrier gases, precursor materials, catalyst substrates, 

reaction zone temperature and pressure etc. have been realized as the fundamental aspects for 

graphene growth by most of the research groups [263, 271-273]. Difference in shape, size, 

orientation and quality of graphene crystals with substrate crystallographic nature have been 

explored [263, 274, 275]. Variation of nucleation density of graphene with different faces of 

polycrystalline Cu substrate has been also reported [275, 276]. At the same time, H2 gas 

concentration and base pressure in a CVD process have been explored on the graphene 

crystal growth on Cu surface [141, 277]. Thus, graphene crystals growth process on 

polycrystalline Cu substrate has been significantly investigated and reported on the effect of 

various CVD parameters on graphene growth.	Another important aspect is the anisotropic 

etching of graphene lattice, which enabled to understand growth dynamics, wrinkle formation 

as well as enabling fabrication of well-defined graphene nanostructures [278-281].  
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Recent studies have revealed anisotropic etching process of graphene and other 2D 

materials for nanoribbon fabrication with control edge structures [282-284]. Anisotropic 

etching of the graphene basal plane has been achieved with metal nanoparticles in presence of 

H2, selective oxidation, and water vapor at an elevated temperature [283-287]. It has been 

also observed that graphene etching in H2 atmosphere can be caused by the ppm level 

oxidizing impurities in 99.999% H2 gas [288]. The H2 etching of graphene crystals on Cu 

substrate also provide significant information on growth as well as detecting graphene 

wrinkles [289]. Very recently, Zhang et al. had shown formation of different graphene 

morphologies depending on hydrogen etching process [290]. Edge passivation of CVD 

graphene has been observed based on the etching behavior.  

The etching process can be an ideal reverse phenomenon to recognize graphene 

growth behavior as well as opening new opportunities to control the graphene structure. In all 

of the previous studies, effect of the polycrystalline nature of Cu foil has not been explored 

for etching behavior of graphene crystals. This chapter reveals the influence of Cu foil 

crystallographic structure on as-synthesized graphene anisotropic etching process. Graphene 

crystals were synthesized on polycrystalline Cu foil by a LPCVD system. Post growth 

etching of such graphene crystals significantly affected by the crystallographic orientation of 

Cu grains, where the difference in graphene structures depending on Cu grains can be 

recognized. 

3.1 Experimental 

The Cu foil (Nilaco, 99.9% purity) of thickness 20 µm was used in these experiments 

of graphene growth. Bare Cu foil of the size ~2 × 4 cm2 was kept on boat and loaded into the 

horizontal tubular growth furnace. A LPCVD system is developed for graphene growth using 
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solid source precursor. The CVD chamber was evacuated by a rotatory pump and base 

pressure of 2 Pa was maintained. Here, it should be noted that the solid source vapor pressure 

is significantly important, such that the inserted precursor does not evaporate at low pressure. 

The growth furnace was heated at 10.5 OC/min from room temperature to 1050 OC with 2.8 

standard cubic centimeter per minute (sccm) H2 flow at a pressure of 13 Pa. Cu foil annealed 

for 1 hour without changing gas to remove impurities and increase the grain size. PS as the 

carbon source was evaporated (detailed discussion of PS is provided in chapter 4) for 20 min 

and carried to growth chamber with H2. For the evaporation of carbon, second furnace was 

used and programmed with average heating rate of 3 OC/min. After the growth process, the 

growth furnace was rapidly cooled down to room temp within 30 min.  

 

3.2 Results and Discussion 

Figure 3.1 (a) shows optical microscope image of graphene crystals synthesized on 

various Cu grains of a Cu foil in a LPCVD technique. It can be observed that in some of the 

Cu grain the graphene domains are less dense and larger in size, while on some other grains 

there are significantly dense and smaller domains. This can be related to the influence of Cu 

crystallographic structure and anisotropy in carbon species diffusivity for graphene 

nucleation and growth process [291]. Figure 3.1 (b) shows a FESEM image of the nucleated 

graphene crystals on different Cu grains. The structure of the graphene crystal varies with Cu 

grains is also observed from the optical microscopy analysis. Figure 3.1 (c) shows 

corresponding EBSD analysis of Cu grain bellow the graphene crystal. The EBSD analysis 

clearly confirmed difference in Cu crystallographic orientation, which influence the size and 

shape of graphene crystals. The observed result can be correlated to previous findings for 

methane based CVD process [263, 274]. Raman studies were carried out for the graphene  
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Figure 3.1. (a) Optical microscope image of graphene crystals synthesized on various Cu 

grains of a Cu foil by LPCVD technique. (b) FESEM image of the nucleated graphene 

crystals on different Cu grains and (c) Corresponding EBSD analysis. (d) and (e) Raman 

analysis of graphene at two different Cu grains. 

crystals with contrasting shape on different Cu grains. Figure 3.1(d) and (e) shows Raman 

spectra at two different place of the Cu foil with different shape of graphene crystals. A 

graphitic G band and second order 2D band are observed at 1580 and 2700 cm−1, 

respectively. In all the spectra 2D peak intensity is higher than that of G peak, confirming 

monolayer graphene in both the places. The obtained result of graphene crystal growth on 

polycrystalline foil can be correlated with various previous studies [274-276]. In contrast to 

previous report, this chapter demonstrates the anisotropic etching behavior of such graphene 

crystals on polycrystalline Cu surface. As followed, the etching behavior of graphene crystals 

is elaborated depending on the copper crystallographic structure. 
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The stripes and wrinkles of graphene on Cu grains and effect of anisotropic etching 

were explored. Figure 3.2 (a) shows an FESEM image of graphene crystals on 

polycrystalline Cu grains and grain boundaries. The formation of parallel stripes in the 

individual graphene crystals on Cu surface was observed. It has been reported that the 

graphene stripes are due to Cu surface reconstruction and related to two main factors, namely, 

the distribution of Cu grains and the cooling rate after graphene growth [292]. The stripes 

directions are different on different Cu grains. The formation of Cu grains with differ- 

 

Figure 3.2. (a) Graphene crystal on different Cu grain with parallel stripes on individual 

crystals. (b) Hexagonal hole formation near Cu grain boundaries, where the graphene stripes 

direction are different in two neighboring Cu grain. (c) Difference in stripes direction of 

graphene on Cu grain and twins. (d) Hexagonal hole formation in the graphene crystal in 

presence of stripes and wrinkles. 
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ent orientations during high temperature annealing process for graphene growth determines 

the appearance of the stripes. Figure 3.2 (b) shows graphene on two different Cu grains and 

formation of stripes across the grain. A hexagonal hole with anisotropic etching also can be 

observed, which is independent of the graphene stripes directions. Figure 3.2 (c) shows the 

etched graphene crystal across twin boundaries and the strips direction in individual graphene 

on Cu grain and twins. It was observed that the stripes of same graphene crystal can be in 

different directions in the twin and Cu grain. Finally, the effect of stripes and wrinkles in 

formation of hexagonal holes by anisotropic etching process was confirmed. Figure 3.2 (d) 

shows a hexagonal hole formation in the graphene crystal in presence of stripes and wrinkles. 

The wrinkles were formed perpendicular to the stripes as also observed from APCVD 

technique [289, 292]. The hexagonal hole edges are formed independent of the stripes and 

wrinkles in the graphene synthesized by the LPCVD process. The observation of the Cu 

crystallographic orientation dependent etching effect of graphene crystals as well as 

formation of hexagonal holes in presence of stripes and wrinkles can be significant to 

understand the etching process in details.  

Figure 3.3 (a) shows an FESEM image of the etched graphene crystals on different 

Cu grains. Dendritic and regular graphene crystals on two different Cu grain separated by the 

grain boundaries can be observed. The dendritic crystals were etched symmetrically from the 

branches of individual lob creating fractal pattern (position 1 of Cu grain), whereas etching of 

regular crystal from edge or creating hexagonal holes (position 2 of Cu grain). Formation of 

hexagonal holes and ribbon-like structures can be attributed to anisotropic etching process. 

Figure 3.3 (b) shows a higher resolution image of the dendritic etched graphene crystals. The 

image clearly shows lob structure of the graphene crystal and etched pattern similar to 

snowflake-dendritic crystals. Similarly, Figure 3.3 (c) shows regular  
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Figure 3.3. (a) FESEM image of the etched graphene crystals on different Cu grains, (b) and 

(c) higher resolution FESEM images at two different Cu grain with contrasting graphene 

etched structures. (d) Corresponding EBSD analysis of the Cu surface with different graphene 

etched structures. (e) Image quality parameter map for the EBSD pattern. 

graphene crystals etched from edges or creating hexagonal hole, which can be related to 

Thangaraja et al. findings [281]. The etching of graphene crystal evidently shows effect of 

graphene growth on different grain and their anisotropic etching. We carried out EBSD 

analysis was carried out to confirm the Cu grain with respect to the etched graphene 
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structures. This will provide us the understanding of graphene growth and etching behavior 

on individual Cu grain in the LPCVD process. Figure 3.3 (d) shows EBSD mapping image 

with respect to Figure 3.3 (a), in presence of the synthesized graphene crystals. The Cu grain 

structure are clearly visible in presence of graphene than that of oxidized region of Cu foil as 

shown in Figure 3.3 (d). The dendritic crystals with lob structures are obtained on the (111) 

Cu grain. The dendritic lobed structure of the graphene domains suggests the growth 

mechanism associating with the six-fold symmetry of Cu(111) facet. Formation of dendritic 

lobed structure on Cu(111) using the solid PS as carbon source in the LPCVD process also 

can be related to the substrate mediated growth process, which is also observed for ethanol 

CVD process [293]. Nevertheless, regular graphene crystals are observed on the other facet 

of Cu grain. Due to the differences in nucleation and growth of graphene crystal on the 

polycrystalline Cu grain, the anisotropic etching behavior also significantly changes. This 

provides us tool to correlate the graphene growth and their anisotropic etching behavior. 

Figure 3.3 (e) shows image quality parameter mapping for EBSD pattern as of Figure 3.3 

(d). The image quality significantly changes due to oxidation of the Cu surfaces, while the 

image quality is higher for intact Cu surface in presence of the monolayer graphene. Thus, the 

EBSD analysis provides clear structural information of anisotropic etched graphene crystals 

on different Cu grains. 

The graphene structures on two Cu grains were further investigated by Raman 

spectroscopy analysis. Figure 3.4 (a) and (b) shows FESEM image of the etched lobed 

dendritic and non-dendritic graphene crystals. Raman studies were carried out to investigate 

the structural properties of these two graphene crystals. Figure 3.4 (c) shows Raman spectra 

of the etched dendritic crystals on Cu foil. Graphitic G and second-order 2D Raman peaks are 

observed at around 1589 and 2704 cm−1, respectively. The intensity of G peak is lower than  
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Figure 3.4. (a) Dendritic and (b) regular graphene crystal on two individual Cu grains. 

Raman spectra for the respective (c) dendritic and (d) regular graphene crystals. 

that of 2D peak, indicating a monolayer graphene. In contrast to Thangaraja et al. findings, 

the dendritic crystals are monolayer graphene, whereas few-layer dendrites are formed in 

APCVD [281]. The regular graphene crystals as of Figure 3.4 (d) show a graphitic G and 

second-order 2D Raman peaks at around 1587 and 2705 cm−1, respectively. There was not 

significant difference in 2D to G peak intensity than that of previous case. Raman analysis 

confirms formation of a monolayer, independent of dendritic or non-dendritic structural 

morphology of the graphene crystals. 

Figure 3.5 (a) shows FESEM image of etched graphene crystals on different Cu grain 

to present the variation in etching rate. As shown in the figure, there is significant difference 

in etching rate at position 1 and 2. This suggests sharp contrast in graphene crystal structure 
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in the two different Cu grains. Figure 3.5 (b) and (c) shows the higher resolution FESEM 

images at position 1 and 2 of Figure 3.5 (a). Figure 3.5 (b) shows smaller graphene flakes 

and ribbon like structures owing to higher etching rate at that particular Cu grain. Figure 3.5 

(c) shows larger graphene flakes with etching in contrast to previous case. The Cu grain 

structure was explored to establish the cause in difference in etching  

 

Figure 3.5. (a) Etched graphene crystals with dissimilar etching rate on different Cu grain. 

High resolution FESEM images for (b) highly etched and (c) less etched graphene crystals. 

(d) Corresponding EBSD analysis of the Cu surface with different graphene etched structures. 

(e) Schematic representation of graphene etched structure on polycrystalline Cu depending on 

the grain orientation. 
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rate. Figure 3.5 (d) shows corresponding EBSD analysis of the Cu surface with different 

graphene etched structures. In this case oxidation of the Cu surface was less so clear 

crystallographic structure in presence of the monolayer graphene also can be obtained. Faster 

graphene etching is observed on the Cu (111) grain, attributing to the minimum surface 

energy compared to other facets. Thus, it was observed that not only the growth of graphene 

crystals but the etching rate and structure also significantly depend on crystallographic nature 

of the Cu surface. Figure 3.5 (e) shows a schematic of the graphene etched structure with 

distinct morphology on different Cu facets. These etching behaviors can be related with 

hydrogen interaction, such as adsorption and desorption on various Cu facets [294-296]. The 

inter- action of atomic hydrogen with the basal Cu grains and thereby with carbon atoms can 

determine the etching rate and structures of the graphene crystals. The understanding of 

etching process will enable to identify the morphology of the graphene depending on the 

particular Cu facet. 

3.3 Conclusions 

In this chapter, the influence of Cu foil crystalline structure on as-synthesized 

graphene anisotropic etching process have been demonstrated. Graphene crystals were 

synthesized on polycrystalline Cu foil by a LPCVD technique using solid carbon source. 

Microscopic analysis shows difference in shape and size of graphene crystals with dis- 

similar nucleation within closure vicinity of neighboring Cu grains. It has been observed that 

the synthesized graphene stripes directions are different on different Cu grains and twins. 

Hexagonal hole with anisotropic etching are formed independent of the stripes and wrinkles 

in the graphene synthesized by the LPCVD process. FESEM and EBSD analysis of graphene 

crystals were performed after the etching process to visualize the etched direction and 

particular shapes formation. The difference in etched direction and formation of graphene 
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structures depending on the base Cu grain orientations were observed. The finding can be 

significant to understand etching kinetics of graphene crystals synthesized on polycrystalline 

Cu surface, and thereby recognizing the growth and etched structures. 
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Chapter 4 

Effect of copper foil annealing process on large 

graphene domain growth by solid source-based 

chemical vapor deposition  

4.0 Introduction 

Variation of crystals size, structures and nucleation density of graphene crystals within 

closure vicinity of Cu grains was found to be strongly influenced by the crystallographic 

orientation of Cu as discussed in Chapter 3. Polycrystalline Cu employed for the growth 

substrate should be processed such a way that the nucleation density could be highly reduced. 

Besides this, the supply technique of precursor molecules essentially should not to initiate the 

secondary nucleation. Recently, significant effort has been given to synthesize large single 

crystal graphene on Cu and other catalytic substrates using the low pressure- and atmospheric 

pressure- CVD techniques [111, 126, 131, 266, 267, 297]. In this process, various factors 

significantly affect graphene nucleation and growth on Cu surface, such as, gas composition, 

growth temperature, flow rate of carbon source, and substrate surface [275, 293, 297-299]. 

Graphene domains with various shapes and crystalline structure have been obtained in a CVD 

process depending on the growth parameters. Graphene crystals nucleation and growth 

kinetics on substrate surface are important aspects, which control formation of monolayer, bi-

layer, hexagonal structure, layer-stacking, and dendrite growth process [134, 137, 268, 300]. 
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Creating an oxide layer on Cu surface and pre-annealing process to reduce nucleation density 

are important aspects to obtain large graphene domains [140]. Thus, it signifies that the 

processing of Cu surface is a critical step to achieve growth of larger graphene domains.  

 

Sharma et al. reported the growth of individual graphene crystals on Cu foil using 

waste plastic as solid carbon source [117]. The waste plastic is composed of polyethylene- 

and PS-based polymers, which decompose to produce carbon-containing organic molecules. 

In a solid source CVD process, various other carbon-containing organic molecules can be 

used for graphene growth [115, 116, 301]. The solid precursor material can be directly 

inserted into the CVD chamber; thus, solid wastes or various other non-gaseous hydrocarbons 

can be used as precursors in the developed process without supplying hydrocarbon gas from 

external source. This  chapter explores graphene growth using solid PS as precursor in the 

APCVD process on  processed Cu foil surface. PS has been significantly used in production 

of plastic-based materials and single largest components in various waste plastics [302, 303]. 

PS is formed with inter- connection of styrene monomers, where benzene, toluene, and 

styrene molecules can be obtained with decomposition. These types of organic molecules 

contain both π and σ-bonds, in contrast to only C–H σ-bonds of methane (CH4) molecules. 

Dehydrogenation and decomposition of these organic molecules for graphene growth can be 

significantly affected by the catalytic Cu surface [137, 293, 304]. The solid PS precursor is 

investigated for graphene synthesis as an alternative to gaseous sources, considering the 

weaker C–H bond energy (~292–305 kJ/mol) than that of methane  (410 kJ/mol) [242]. The 

suitable melting point (~240 OC) and vapor pressure of PS allows us to control heating and 

evaporation of the precursors for longer growth duration. The key factor to achieve growth of 

large graphene domains in the CVD process is controlling the metal catalyst surface structure. 

Here, the transformation of Cu surface morphology and crystallographic structures in the 
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annealing process has been reveled by EBSD analysis to achieve large graphene domain 

growth.  

 

4.1 Experimental Methods 

Identical Cu foils as discussed in section 3.1 were polished by electroless process in a 

FeCl3 solution. 5 g of FeCl3 was dissolved in 10 ml of HCl and 100 ml of deionized (DI) 

water. Electroless polishing was carried out by dipping the Cu foil pieces into the solution for 

around 15 second. Subsequently, Cu foil pieces were rinsed with DI water. Finally, Cu pieces 

were rinsed with acetone by sonication to remove any residual FeCl3.  

PS of molecular weight ~192000 was used as a solid precursor for graphene synthesis 

alike in chapter 3. Figure 4.1 (a) shows the molecular structure of PS [(C8H8)n]. The Cu foils 

were put in the horizontal quartz tube of single furnace CVD system as shown in Figure 4.1 

(b). Temperature of the furnace was increased by 10.5 oC/min up to 1050 oC in Ar 

atmosphere before maintaining constant temperature of 1050 oC in H2 environment for 4 

hour. It took 100 min to reach the set temperature of the furnace in Ar atmosphere; within this 

period, the surface of Cu foil oxidized significantly to form a copper oxide layer [Figure 4.1 

(c)]. Subsequently, the copper oxide layer was reduced and Cu surface recrystallized by 

annealing in H2 atmosphere. PS was evaporated in a control process, such that the 

temperature on the precursor increased by 5 oC/ 20 min for 4 hour as shown in the 

temperature profile Figure 4.1 (d). For the graphene growth, a mixture of Ar and H2 in 98:2 

sccm is used as carrier gas. Subsequently, the CVD furnace was cooled down to the room 

temperature in the same Ar and H2 gas mixture. 
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Figure 4.1. (a) Molecular structure of PS [(C8H8)n]. (b) Schematic diagram of the graphene 

synthesis process using solid PS precursor. (c) Four different stages of annealing of Cu foil, 

graphene growth, and cooling process. (d) Precursor evaporation profile (time vs 

temperature) for uninterrupted graphene growth. 

 

4.2 Results and Discussion 

The as-purchased Cu foil was treated with FeCl3 solution to remove the impurity layer 

from top surface. The electroless polishing also enables to remove the Cu rolling lines to 

obtain a much uniform Cu surface for better lateral growth of graphene. The pre-treated Cu 

foil was annealed in Ar and H2 atmosphere to achieve growth of large graphene domains. 

Figure 4.2 (a) shows photographs of Cu foils after the annealing treatments. Significant 

difference in Cu foils color can be observed with surface oxidation. The Cu foils pieces were 

heated in Ar atmosphere in the initial stage, which significantly oxidize the Cu surface. 
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Subsequently, annealing in H2 the oxidized layer was reduced and Cu surface recrystallized. 

Figure 4.2 (b) shows XPS analysis of the Cu surface at different stages of the annealing 

treatment. The Cu sample was removed only after heating in Ar atmosphere (stage 1), which 

shows reddish color of the Cu surface indicating surface oxidation. Cu2p XPS spectra with 

four split peaks for the oxide surface were observed as shown in Figure 2b (stage 1). The 

peak centers at 932.6 and 952.5 eV correspond to Cu 2p3/2 and Cu 2p1/2, respectively. The 

other two peaks at around 944.1 and 962.5 eV are known as shake-up satellite peaks of 

copper oxide. The shake-up features of Cu2p XPS spectra clearly indicate oxidation of Cu 

foil and formation of an oxide surface. Now, annealing the substrate in H2 atmosphere for 1 

hour, the Cu 2p shake-up satellite peaks reduce, and further annealing for 4 hour (stage 2), the 

oxidation states reduces significantly. This suggests reduction of oxide layer and successive 

recrystallization of Cu surface. Previously Gan et al. [305] has demonstrated significant 

reduction in nucleation density by annealing in Ar only in the preheating step, followed by 

annealing in Ar/H2 atmosphere. Here, it was observed that the oxidation and subsequent 

recrystallization of Cu foil occurred with the annealing process in Ar and H2 atmospheres, 

respectively. The oxidation and subsequent recrystallization process can reduce graphene 

nucleation points and provides a smother surface for lateral growth of graphene domains 

[305]. The Cu surface structures were further investigated by EBSD mapping analysis of Cu 

surface.  

EBSD analysis was performed at every step of annealing process to explore the 

transformation of crystallographic structures of the Cu foil. Figure 4.3 (a) shows EBSD 

mapping image of the as-received Cu foil without any annealing treatments. The as- 

purchased Cu foil does not contain any regular grain structures, where the smaller grains 

consist with various orientations. Now, the grain structure of Cu foil was analyzed at various 
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Figure 4.2. (a) Photographs of Cu foils after the annealing treatment in Ar and H2 

atmospheres. (b) XPS spectra of the Cu surface at different stages of the annealing treatment. 

stages of annealing process. Figure 4.3 (b) shows EBSD mapping image of the same Cu foil 

after heating the Cu foil from room temperature to 1050 oC in Ar atmosphere. Significant 

transformation in grain structure than that of the as- purchased Cu foil can be observed. Cu 

grains of 20–25 µm were obtained, where the crystallographic orientations of the grains are 

(111), (101), (001), and several other higher index planes. Subsequently, the Cu foil was 

annealed in H2 atmosphere at 1050 oC for 4 hour, to achieve recrystallization of Cu surface. 

Figure 4.3 (c) shows EBSD mapping image of the Cu foil in the intermediate stage of 1 hour 

annealing in H2 atmosphere. The Cu grain size enhanced significantly (as high as 500 µm) 

than that of the previous case; however, the crystallographic orientations remained random. 

Now, increasing the annealed duration to 4 hour not only enhanced the Cu grain size, but also 

Cu(111) crystallographic orientation was predominant as shown in Figure 4.3 (d). It is well 

known that Cu crystallizes in the simple fcc crystal structure, where the (100), (110), and 

(111) surfaces are with the lowest surface energy. Again, Robinson et al. [306] has reported 

that Cu(111) surface is with lower surface energy among the lower index crystalline surface. 

This may be due to the fact that annealing the Cu foil around its melting temperature for 

longer duration, the Cu(111) predominantly appears in the Cu foil surface. Thus, the  
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Figure 4.3. EBSD mapping image presenting the crystallographic nature of (a) the as-

received Cu foil without any annealing treatments, (b) after heating the Cu foil up to 1050 oC 

(1 hour 40 min duration), (c) annealing in H2 atmosphere for 1 hour (intermediate stage), and 

(d) annealing in H2 atmosphere for 4 hour duration. 

pre-treated Cu foil with preferential crystallographic orientation can be most suitable to grow 

larger graphene domain in developed solid source-based CVD process. Thus, it has 

confirmed the transformation of Cu grain structures at various annealing steps with different 

gas atmospheres and annealing durations. 

Figure 4.4 (a)–(c) shows optical microscope images of graphene domains synthesized 

on the treated Cu surface. The optical images were taken with mild oxidation of the Cu 
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substrates. Round and hexagonal shapes with brighter contrast on the Cu foil represent the 

graphene domains. Growth of several such individual graphene domains was observed on the 

Cu foil, where the lateral size is measured to be 300–825 µm. The graphene domains were 

obtained across different Cu grain and grain boundaries, which has been also confirmed in 

various other reports. In this particular process, growth of round- [Figure 4.4 (a)] as well as 

hexagonal [Figure 4.4 (b)] -shaped graphene domains with large lateral size has been 

observed. Growth of individual graphene domain with a distinct shape was further confirmed 

by FESEM analysis. 

Figure 4.5 (a) – (c) shows SEM images of the graphene domains on Cu foil. The 

lateral size of the graphene domains are around 350–825 µm and also confirmed by SEM 

 

Figure 4.4. (a) – (c) Optical microscope images of graphene domains synthesize on the 

pretreated Cu foil. The optical images were taken with mild oxidation of the Cu substrates. 
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analysis. Figure 4.5 (a) shows a large individual graphene domain with lateral size of ~510 

µm. The graphene domains also merged together for much larger graphene structures. Figure 

4.5 (b) shows two individual graphene domain of the size around of ~350 µm merged 

together. Such two merged graphene domains were obtained in millimeter scale. Figure 4.5 

(c) shows two individual graphene domain of size 560 and 825 µm merging to form a 

millimeter scale structure. The optical microscopy and SEM analysis clearly shows 

possibility of synthesizing millimeter scale graphene domains on the processed Cu foil. For 

the growth of large graphene domains, the PS precursor was evaporated slowly at a control 

 

Figure 4.5. SEM images of (a) an individual graphene domain (~510 µm), (b) merging of 

two individual graphene domains of sizes 350 and 375 µm. (c) Formation of millimeter scale 

structures with merging of 560 and 825 µm large two graphene domains. 
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rate (stage 3). In the beginning, the precursor was heated to a higher temperature (165 oC) to 

initiate the graphene nucleation. Subsequently, the heating temperature was reduced and then 

gradually increased at a fixed rate as shown in Figure 4.1 (c). In the growth process, 

controlling the carbon flux with evaporation of precursor plays critical role to obtain larger 

graphene domains [307]. It is important that there is continuous flow of organic molecules 

with the decomposition of PS for uninterrupted graphene growth. 

Figure 4.6 shows Raman analysis of two different types of hexagonal-shaped 

graphene domains obtained in these experiments. Figure 4.6 (a) shows an optical microscope 

image of monolayer graphene domain of 240 µm size transferred on SiO2/Si substrate, with a 

secondary nucleation site. Raman analysis was carried out at different points of the domains 

as shown in Figure 4.6 (b). Graphitic G and second-order 2D Raman peaks are observed 

around 1589 and 2686 cm-1, respectively. The FWHM of G and 2D peaks are around 15 and 

33 cm-1, respectively. The higher intensity of 2D peak than that of G peak corresponds to 

monolayer graphene. However, around the secondary nucleation sites smaller domain-like 

structures with more than single-layer graphene were observed. Raman study shows less 

defect in the as-synthesized monolayer graphene domain, while transferring to the SiO2/Si 

substrate, defect- induced D band was observed due to the effect of impurities from the wet 

etching process. On the other hand, Figure 4.6 (c) shows an optical microscope image of a 

few-layer graphene domain transferred on SiO2/Si substrate. Graphitic G and second-order 

2D Raman peaks are observed around 1600 and 2690 cm-1, respectively. The intensity of 2D 

peak reduces than that of G peak as measured inside of the graphene domain. The color 

contrast of the optical microscope images and the Raman spectra provides the evidence of 

graphene layer numbers in the domain. Such type of overlapped single hexagonal domain is 

difficult to identify on the as-synthesized Cu foil. Transferring the graphene on SiO2/Si 



	
	

 
	

65	

substrate provides a clear insight of the structure. Previously, it has been reported that 

additional layers can grow in the underneath of the individual graphene domain, forming bi-

layer or few-layer structures [308, 309]. Thus, in this chapter large monolayer as well as 

overlapped layers individual graphene domains were obtained on the pre-treated Cu foil. It is 

expected that this study will provide an insight for synthesis of centimeter scale single-layer, 

bi-layer, or tri-layer individual graphene domain by the solid source-based APCVD 

technique. 

	

	

Figure 4.6. (a) Optical microscope image of monolayer graphene domain (~240 µm) 

transferred on SiO2/Si substrate and (b) Raman spectra at different points of the domains 

(excluding the secondary nucleation point). (c) Optical microscope image of a few-layer 

graphene domain transferred on SiO2/Si substrate (~243 µm). (d) Raman spectra at five 

different points for different layer numbers of the domain. 
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4.3 Conclusions 

In summary, the transformation of Cu surface crystallographic structures in every step 

of an annealing process by EBSD analysis have been reveled to achieve large graphene 

domain growth. Electroless polished Cu foils were annealed at 1050 oC to obtain a smoother 

and favorable crystallographic surface with reduced nucleation density. Cu grains structures 

evolved at various stages of the annealing process and significantly transformed as confirmed 

by EBSD studies. Large grains (~560 µm) with preferential Cu(111) crystallographic 

orientation were obtained by annealing the Cu foil for 4 hour in H2 atmosphere. Hexagonal- 

and round-shaped graphene domains with the size of 240 and 560 µm, respectively, were 

obtained on the processed Cu surface. Optical microscopy and Raman analysis showed the 

presence of monolayer graphene domain; however, few-layer individual domain was also 

observed depending on the absorbed carbon atoms on Cu surface. Our findings show the 

significant transformation of the Cu surface at different annealing stages to achieve less 

nucleation density and enabling growth of larger graphene domains. 
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Chapter 5 

Morphology-Controlled Synthesis of Hexagonal 

Boron Nitride Crystals by Chemical Vapor 

Deposition 

5.0 Introduction 

As summarized in chapters 1 and 2, h-BN is well accepted as a better substrate than 

the conventionally used SiO2 due to the absence of dangling bonds and charge traps. The 

highest mobility of graphene has been reported on an h-BN substrate, mimicking the property 

of freestanding graphene [15]. Exfoliating h-BN layers from a bulk h-BN crystal, however, is 

not very effective due to the presence of chemical bonding between neighboring layers [146]. 

Recent development in CVD has made large-area synthesis of high-quality h-BN film 

possible with high controllability over the quality and number of layers [51, 174, 310, 311]. 

For graphene case, the shape evolution of graphene crystal has been studied extensively with 

shapes ranging from hexagonal, triangle, round shape, flower shaped and fractals [117, 132, 

312-314]. Crystals with different morphology offer different catalytic, magnetic and 

electronic behavior due to different edge orientations [315, 316]. Experimental factors, such 

as use of H2, pressure inside growth chamber and surface orientation of underlying substrates, 

has been shown to have vital role in determining shape of graphene crystal [118, 312, 321]. 

In contrast for h-BN, few studies have been reported on morphological studies of h-BN 
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crystal and their experimental manipulation. Previously, Sharma et al. revealed the etching 

mechanism of triangular h-BN crystals in the presence of H2 in CVD study [317]. 

 

This chapter discuses about the synthesis of high quality h-BN on Cu foil using 

APCVD with controlled shape of h-BN crystals ranging from conventional triangular to 

hexagonal shape. Very recently, it has been noticed that the precursor temperature has 

decisive role in the control of the morphology of synthesized h-BN crystal on Cu foil in the 

APCVD process. Tuning the supply rate of BN building blocks by manipulating precursor-

heating temperature, even the transformation of hexagonal h-BN crystal to triangular 

symmetry was controllable. Hexagon shaped h-BN crystal is believed to have alternating B 

and N terminated vertices contrast with N terminated triangular crystals. Magnetic, catalytic 

and electronic properties of 2D crystals are found to be highly dependent on edge termination. 

In this regard, different properties can be expected from hexagonal crystals compared to 

triangular. Recent studies on synthesis of in plane hetero-structure of h-BN and graphene can 

also benefit from morphology-tuned synthesis of h-BN. Only N-C bond can be expected on 

interface during synthesis of triangular h-BN crystals followed by graphene growth. Whereas 

on hexagonal h-BN crystal surrounded by graphene, both B-C and N-C bonding is expected 

on interface providing rich variety of edge related of properties. These B-C and N-C edges 

can be cut into nano-ribbons and their properties explored for device fabrications. 

 

5.1 Experimental Methods 

In the present investigation, single furnace APCVD is used for the synthesis of h-BN 

on Cu substrate using AB (H3NBH3) as precursor. CVD system employed to grow h-BN 

consisted of single zone split furnace with quartz tube as reactor zone. AB was placed in a 
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magnetic boat, which can be dragged towards and away from furnace with an external 

magnet as shown in Figure 5.1 (a). As AB is solid it is easy to handle and less hazardous 

compared to gaseous precursors. Rate of sublimation of precursor is controlled by varying 

distance between precursor-boat and furnace.  

Before h-BN synthesis, Cu foil was annealed in H2 (100 sccm) atmosphere for 30 min 

at 1020ºC. During growth H2 was replaced with 84 sccm of Ar. AB was heated by dragging 

magnetic boat with precursor towards growth furnace. Temperature of precursor was 

examined with infrared thermometer (IRT). Growth period was around 10 min for both 

temperatures (90ºC and 130ºC) for the synthesis of triangular and hexagonal crystals 

respectively. Absorbance of h-BN on quartz substrate was measured with UV-Vis.  

Under thermal treatment, AB decomposes to borazine and amino borane with 

production of H2 [Figure 5.1 (b)] [318]. Borazine is the main building block for h-BN 

synthesis, which dehydrogenate on catalytic substrate to produce h-BN flake. Prior to growth 

Cu foil was annealed at 1020ºC in 100 sccm H2 for 30 min. Annealing in H2 helps to get rid 

of organic impurities, oxide layer and surface oxygen as well as makes surface flat with 

reduced roughness. During growth H2 was replaced with 84 sccm of Ar.   Magnetic boat with 

precursor was maintained at distance of 15 cm from furnace. Temperature of precursor 

increased slowly from room temperature to 90ºC observed with external IRT. After growth of 

10 min, furnace was for cooled under atmospheric condition. 

 

5.2 Results and Discussion 

Figure 5.1 (c), (d), and (e) shows OM and SEM images of as synthesized triangular 



	
	

 
	

70	

h-BN crystals. h-BN triangles are found to be almost equiangular with sharp edges with size 

5~10 µm. At some places, multiple triangular crystals overlap to form polygonal structures as 

seen in Figure 5.1 (d). For optical characterization, h-BN on Cu foil was slightly annealed at 

170ºC under atmospheric condition to partially oxidize the Cu substrate. Oxidized Cu 

substrate helps easier identification of h-BN crystals due to its distinct pinkish contrast with 

an ordinary optical microscope.  With growth time as long as 30 min, individual h-BN 

crystals merged to form the continuous film as shown in Figure 5.1 (f).  Some reddish 

patches are partially oxidized bare Cu surface. 

As-synthesized continuous h-BN film on Cu was characterized with XPS. Figure 5.2 

(a) shows binding energy values of B and N at 190.6 eV and 398.23 eV which are close to 

 

Figure 5.1. (a) Schematics of CVD system (b) Decomposition mechanism of AB. (c, d) 

Optical images of triangular h-BN crystal of size 5~10 µm. (e) SEM image of h-BN crystal 

with strips demonstrating negative thermal expansion of h-BN. (f) Continuous h-BN film 

synthesized with growth time around 30 min. 
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Figure 5.2. XPS spectra of (a) B and (b) N core edges at 190.6 eV and 398.2 eV 

respectively. TEM image showing presence of (c) monolayer and (d) bilayer h-BN film. 

(e) h-BN film on quartz showing negligible absorbance (less than 0.01). 

 

reported values for h-BN. PMMA was spin coated on h-BN/Cu to transfer film to TEM grid. 

Cu was etched using Iron (III) Nitrate Nonahydrate (Fe (NO3 )3.9.H2O ) solution. As-

transferred h-BN was characterized with TEM. Figure 5.2 (a), (b) shows the presence of 

monolayer and bilayer h-BN film. The h-BN film was also transferred to quartz substrate to 

study optical properties. Transferred h-BN film is found to be highly transparent as shown by 

Figure 5.2 (e). In case of graphene, different experimental conditions affect growth 

mechanism. Parameters, such as carrier gas and its flow rate, substrate treatment, background 

pressure, synthesis temperatures, have found to play major role during graphene nucleation 

and growth.  It will be also the case for h-BN growth. 
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Understanding the effect of these parameters, especially kinetic and thermodynamical 

factors, will be crucial for the synthesis of h-BN with desired attributes such as thickness and 

morphology and size of crystals. Growth temperature is a major thermodynamic parameter. 

Gas flow rate, supply rate of precursor and the constituent carrier gas are kinetic factors. In 

the following, effect of precursor heating temperature on morphology of crystals will be 

discussed. Making an analogy with CVD synthesis of graphene, h-BN synthesis on Cu 

involves following major steps: (1) Adsorption of BN building blocks on Cu substrate, (2) 

dehydrogenation of BN radicals, (3) surface diffusion, and (4) edge attachment. Beside these 

steps, etching of h-BN during growth is also a major phenomenon, which cannot be neglected 

for understanding overall crystal growth phenomenon. Since growth and etching occur 

simultaneously in the APCVD, crystal growth is regular attachment of atoms to the crystal 

edges after certain atoms are etched. Sharma et al. revealed H2 as highly efficient etching 

agent of h-BN at high temperature, similar to graphene case where H2 plays an important role 

in determining shape of graphene crystal by etching the weak carbon-carbon bond on crystal 

edges [226]. To avoid H2 induced etching, only Ar was used as carrier gas during crystal 

growth in this work. 

Vlassiouk et al. showed that the role of evaporating Cu on determining morphology of 

h-BN crystal in low pressure CVD [141]. The APCVD system was operated at low 

temperature (1020 oC) so that one can avoid the major Cu evaporation during h-BN synthesis. 

After avoiding etching of h-BN and evaporation of Cu during growth, the role of precursor 

temperature on crystal growth and morphology of h-BN was studied while all other 

experimental conditions remaining same. As demonstrated above, regular sharp edge 

triangular h-BN crystals was obtained with precursor heating temperature 90ºC, further 

designed second set of experiment in which precursor boat was placed closer (10cm) to 
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furnace for rapid decomposition and increased supply of borazine. Temperature around 

130ºC was maintained on precursor boat. The growth was carried for 10 min and subjected to 

cooling. 

h-BN crystals with hexagonal morphology were observed instead of triangular 

crystals as shown in Figure 5.3. Hexagonal crystals were almost same size as that of 

triangular. Bigger crystals along with smaller h-BN crystals have roughly adopted hexagonal 

morphology with irregular edge. Some h-BN crystals [Figure 5.3 (c) and 5.3 (d)] showed 

wrinkled surface due to negative thermal expansion coefficient of h-BN. During cooling of h-

BN/Cu after growth, Cu substrate shrinks whereas h-BN expands leading to formation of 

wrinkles. Since grain boundaries are defective sites, large number of h-BN nucleation can be 

observed around Cu grain boundary [Figure 3 (c)]. Due to chemical potential difference 

between B and N species, triangles are the equilibrium shapes for h-BN crystals [320]. In the 

present work, by maintaining high concentration of precursor in growth zone, more 

homogeneous crystal growth occurs leading to formation of hexagonal h-BN crystals. Tay et 

al. mentioned surface oxygen on Cu foil as contributing factor for hexagonal crystal [215]. In 

this work, presence of oxygen was avoided by high temperature annealing in H2 atmosphere. 

Further to prove the role of borazine concentration, the experiment was conducted for 

10 min, in which first half part of experiment grew hexagonal crystals by high supply rate of 

precursor (at 130ºC) and rapidly reducing the precursor temperature (90ºC) in the remaining 

part of the experiment. Samples were cooled at atmospheric condition and characterized with 

optical microscope and SEM.  

Figure 5.4 shows the modulation of hexagonal crystal under decreased supply rate of 
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Figure 5.3. (a, b) Optical image of hexagonal shaped h-BN crystals synthesized at 

precursor heating temperature of 130oC.  (c, d) SEM images of hexagon shaped h-BN 

crystal. 

precursor. It is observed that under low concentration of precursor, growth dynamic is 

abruptly shifted from isotropic to directional. Figure 5.4 (a), (b), (c), and (d) shows crystals 

with unidirectional and bidirectional growth. As seen in Figures 5.4 (h), (i), and (j), low 

precursor supply makes overall crystal growth velocity drastically reduced and crystal adopts 

one or two particular growth directions in other half of experiment. Interestingly, under 

continuous supply of low precursor (at 90ºC), double lobed h-BN crystal is transformed to 

triangular h-BN crystal with almost same angles (60º). Figures 5.4 (i) and (j) show the 

intermediate stage of transformation and almost transformed h-BN crystal to adopt triangular 
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morphology with clear bump feature from earlier hexagonal crystal, respectively. Figure 5.4 

(k) presents schematics for transformation of hexagonal h-BN crystal to triangular form with 

different shape evolutions. 

Effect of supply rate of precursor on morphology of synthesized graphene has been 

observed in previous reports [325]. Since all other experimental conditions remained identical 

in this work, it is obvious that the concentration of BN building blocks played major role in 

determining morphology of crystal. In the present work, triangular h-BN crystals 

demonstrated sharp interface synthesized under precursor heating temperature (90ºC)  

 

Figure 5.4. (a, b, c, d) Evolution of single lobed and bilobed structures from hexagon 

shaped h-BN crystal. Close up view of (e) hexagonal crystal, (f) single and (g) bilobed 

crystal. (h) Optical image of hexagonal crystal and its modulation to (i) intermediate state 

and almost (j) modulated triangle, showing little bump. k) Schematics representing growth 

zone.   
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transformation of hexagonal crystal to triangular with decreased supply of borazine to 

whereas hexagonal crystals had irregular and curved vertices. Crystals with straight edges in 

zigzag direction were synthesized when edge attachment is the limiting factor for crystal 

growth [317]. In addition, irregular edges would be attributed to growth mechanism where 

diffusion is rate-limiting factor [123, 322]. With knowledge of graphene synthesis process on 

Cu substrate, formation of triangular, hexagonal crystals and transformation of hexagonal to 

triangular crystal can be explained as follows. Triangles with zigzag edges are equilibrium 

shape for h-BN crystal under low supply of precursor due to edge attachment as the rate- 

 

Figure 5.5. (a) EGA thermogram of AB heated at 1300C showing maximum 

decomposition around 9th min. (b) Mass spectra complied at 9th min, showing relative 

abundance of borazine around 30%. (c) EGA thermogram of AB heated at 90ºC showing 

maximum decomposition around 13.5th min (d) Mass spectra complied at 13.5th min, 

showing relative abundance of borazine around 2%. 
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limiting phenomenon. During high concentration supply of BN radicals, kinetics at edge 

would be changed, with diffusion becoming rate-limiting phenomenon for crystal growth. 

Increased diffusion and availability of free B and N radicals makes crystal growth favorable 

on both B and N terminated edges for maintaining hexagonal morphology.  In fact, h-BN 

synthesis under LPCVD, edges of h-BN crystal is known to be modulated from straight edges 

to curved morphology by heating AB at different temperatures [332]. In the present 

investigation, it was achieved by tuning the growth mechanism from edge attachment limited 

to diffusion limited by drastic reduction in supply of BN building blocks hence modulating 

crystal morphology.  

To further analyze volumetric evolution of Borazine at different temperature, evolved 

gas analysis (EGA) followed by gas chromatography was done for the decomposition of AB 

at 90 and 130ºC under Ar atmosphere. Figure 5.5 (a), shows EGA spectra of AB 

decomposition at 130ºC where the highest volume of gases is evolved around 9th min. Figure 

5.5 (b) presents mass spectra complied at 9th min showing relative abundance of main 

building block borazine (atomic mass 80.5) around 30%. Similarly, Figure 5.5 (c) shows the 

decomposition of AB at 90ºC with main evolution of gas mainly around 13.5th min. Follow 

up mass spectra was compiled at 13.5th min as shown in Figure 5.5 (d). Relative abundance 

of borazine was found to be around 2%. Thus, it can be concluded that with changing in 

precursor heating temperature, borazine concentration can be varied significantly, leading to 

different growth mechanism of h-BN crystals.  

5.3 Conclusions 

In summary, it was successfully adopted a method to synthesis of triangular and 

hexagonal shaped h-BN by APCVD. The synthesized method was highly controllable with 
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the transformation of hexagonal shape to triangular by controlling heating temperature of AB. 

The different modes of crystal growth were attributed to the concentration of BN building 

block in growth region as proved by EGA and gas chromatography analysis. This work 

would be promising as milestone for synthesis of h-BN crystals with variety of morphologies 

with different edge related electronic, magnetic and catalytic properties.  
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Chapter 6 

Edge Controlled Growth of Hexagonal Boron 

Nitride Crystals on Copper Foil by Atmospheric 

Pressure Chemical Vapor Deposition 

6.0 Introduction 

 

In the previous chapter, it was demonstrated that AB pyrolysis in a wide range of 

temperature (90 to 130 oC) resulted in triangular and hexagonal h-BN crystals formation. The 

synthesized triangular crystals size was around 5~10 µm in edge length. Previous chapters 

clearly show the CVD synthesized h-BN crystals were more than 10 times smaller than 

graphene crystals. This is the clear indication of complexity in crystals growth mechanism of 

h-BN than graphene. The binary elements N and B should properly sp2 hybridize for h-BN 

crystals. The CVD method is widely adopted in order to investigate complex growth 

mechanism as well as the synthesis of wafer-scale thin films and also h-BN domains [175, 

213-229]. Thus, much effort has been devoted to synthesize the larger domain size h-BN 

[216, 217, 228, 229].  However, the achieved size is still as small as ~20 µm in edge length 

by APCVD [214]. From a simple geometric consideration, the number of crystal consisting 

atoms increases with an increase of crystal size in proportional to the square of edge length of 

the crystal.  This implies that the amount of source atoms for the crystal growth should be 

increased properly to keep the growth rate proper and to not terminate the growth.  
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Nevertheless, this has not yet been attempted for the h-BN growth, maybe due to the 

difficulty in controlling the decomposition rate of AB.  In what follows, in order to achieve 

the larger domain size h-BN growth, the controllable increase in the supply of B-N molecular 

species have been challenged by stepwise decomposition of AB in APCVD for the first time. 

 

6.1 Experimental Methods 

Figure 6.1 (a) shows a schematic representation of the APCVD system employed in 

this chapter.  A solid source AB (H3BNH3) with B and N atoms in 1:1 stoichiometric ratio 

was used as a precursor. Cu foil, 2x4 cm2 in size and 20 µm in thickness (Nilaco corporation), 

was used for substrates.  For APCVD, 2-inch diameter horizontal tubular furnace was 

employed. A typical example of the change in furnace temperature is shown in Figure 6.1 (b). 

100 sccm Ar was introduced for 5 min before heating the furnace to make sure of an inert 

environment and then, the furnace was ramped at an average rate of 10.5 oC/min from room 

temperature to 1050 oC to pre-anneal the Cu substrate.  Prior to the h-BN growth, Cu was 

annealed at 1050 oC for 30 min by introducing 17 sccm of H2 mixed with 100 sccm Ar. Then, 

the H2 gas flow rate was switched to 2 sccm mixed with 100 sccm Ar for the individual 

crystal growth of h-BN. After the h-BN growth, the sample was cooled down to room 

temperature rapidly without changing gas composition.  

12 mg of AB, which was kept in magnetic boat [see Figure 6.1 (c) inset], was heated 

to the required temperatures monitored with an external IRT.  The temperature of the AB 

loaded boat was controlled by the distance from the 1050 oC heated furnace.  At the elevated 

temperatures, AB thermally decomposed into aminoborane (BH2NH2, solid), H2 and borazine 

((HBNH)3, gas), and further pyrolysized borazine resulted in the h-BN on Cu [213, 317]. The 

decomposition temperature range of 60-85 oC of AB was sufficient to produce h-BN in 
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developed APCVD system. Two different methods, namely, (i) stepwise and (ii) constant 

decomposition of AB, were employed. In the stepwise decomposition, the increment step was 

set to be 5 oC in the temperature range of 65-80 oC [see Figure 6.1 (c)], namely, 

decomposition temperature increased at 4 steps in 65-80 oC.  For the h-BN growth duration of 

38, 50, 62, and 72 min (referred to Methods A, B, C and D, respectively, hereafter), the 

decomposition temperature of AB was kept at the respective step temperatures for 9, 12, 15 

and 17.5 min, respectively [see Figures 6.1 (b) and 6.1 (c)].  By contrast, in the experiment 

of the constant decomposition of AB, the decomposition temperature of AB was kept 

constant at 70 or 75 oC (referred to Methods E and F, respectively, hereafter).  

 

Figure 6.1. (a) Schematic illustration of the APCVD system with molecular 

decomposition in respective zone, (b) temperatures profile diagram of the furnace (with 

growth Methods A-F), (c) an example of temperature profile for heating AB for the growth 

time of 62 min (Method C; 15 min/step at 65-80 oC), and inset showing AB kept in 

magnetic boat. 
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For the transfer of the synthesized h-BN film and crystals onto SiO2 (300 nm)/Si and 

TEM grids, PMMA assisted delamination [251] technique was adopted. Briefly, 4000 rpm 

for 1 min spin coated PMMA layer on the sample was cured in a hot oven at 80 oC for 5 min 

and then electrochemical delamination was done with 0.1N NaOH solution. PMMA assisted 

film was rinsed in deionized water several times to be transferred onto the desired substrate, 

and then the PMMA was removed by hot acetone. 

 

6.2 Results and Discussion 

Figure 6.2 shows OM images of as-synthesized h-BN crystals obtained with various 

AB heating durations. Individual h-BN crystals were distinctly recognizable due to the 

environmental oxidation of Cu at 200 oC and oxidative resistant of h-BN. Figure 6.2 (a) 

shows sparsely distributed regular triangular h-BN crystals of average domain size >10 µm 

obtained for the shortest growth time (38 min; Method A).  With increasing the growth time, 

h-BN crystals of larger domains with preserved domain morphology grew, as shown in 

Figures 6.2 (b) and 2 (c).   For the longest growth time (62 min; Method C), regular 

triangular shaped crystals of domains larger than 25 mm in edge length was obtained [see red 

arrow-indicated in (d)]. Figure 6.2(C) shows that h-BN crystals almost merged to form 

continuous film with bare Cu observed at only few places. On further increasing the growth 

time by 10 min (Method D) a fully covered continuous h-BN film was obtained. 

Minimization of crystal nucleation points is highly desirable during CVD synthesis of h-BN, 

so that high quality film can be synthesized with few grain boundaries. 



	
	

 
	

83	

 

Figure 6.2. Optical microscope images of h-BN crystals grown for (a) 38 min (Method A; 

9 min/step), (b) 50 min (Method B; 12 min/step) and (c) 62 min (Method C; 15 min/step). 

Arrows in (c), see text. 

For a comparison, synthesis at constant AB heating temperatures was also carried out 

with other parameters maintained unchanged. Figures 6.3 (a) and 6.3 (b) show OM images 

of as synthesized h-BN crystals for 62 min at 70 and 75 oC (Methods E and F), respectively.   

It should be noted that h-BN crystal shape strongly depends on the decomposition condition 

of AB: The crystal shape was regular triangular with sharp edges for the stepwise 

decomposition of AB, while it was truncated triangles and round shaped [see magnified AFM 

images in Figure 6.7(c) and (d)] for constant decomposition of AB at 70 and 75 oC, 

respectively, as summarized in Figure 6.3 (c) together with possible atomic arrangements of 

B and N in Figure 6.3 (d). The evolution of regular triangular shape might be attributed to 

atomistic growth mechanism with N-rich zigzag and combination of B and N-rich armchair 

termination for straight and truncated part of triangles, respectively [320, 325]. By stepwise  
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Figure 6.3. OM images of h-BN crystals obtained after the growth for 62 min at constant 

AB decomposition temperature at (a) 70 oC (Method D), and (b) 75 oC (Method E). (c) 

Schematic representation of observed crystal shapes and (d) corresponding atomic 

arrangements of B and N. 

 

decomposition, geometrical demands of borazine quantity was believed to be supplied in 

every succeeding step, similar to the case of graphene growth [118, 319, 326]. With increase 

in decomposition temperature, many fold increase in quantity of borazine was reported in 

past work [317]. Hence increase in AB decomposition temperature during growth can be 

essential for preserving or accelerating crystal growth velocity. Hereafter the key aspects of 

h-BN growth in APCVD by stepwise growth technique will be discussed.  

XPS analyses has been carried out to check the stoichiometry of different shaped h- 
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BN flakes synthesized on Cu by the methods C (perfect triangles), E (truncated triangles) and 

F (reuleaux triangles) as shown in Figure 6.4. XPS analysis was performed on the sample 

containing more than one crystal with similar shape by using 20 µm spot size of x-Ray. The 

h-BN characteristic peaks were confirmed at ~190.3 and ~397.7 eV for all types of samples, 

corresponding to B1s and N1s, respectively [Figure 6.4(a) and 6.4(b)]. The stoichiometry of 

the three h-BN samples with different edge structures was investigated from the highlighted 

peak areas. It was observed almost no difference in calculated atomic percent of B and N 

within the experimental error [inset of Figure 6.4(a) and (b)]. The reason would be as 

follows: For the atomic models shown in Figure 6.3(d), the numbers of respective (N and B) 

atoms and atomic ratios for the respective shapes are as listed in Table 6.1. The sizes of those  

 

Figure 6.4. Characterization of h-BN. (a) B1s and (b) N1s XPS spectra of the h-BN 

crystals synthesized with Method C, E and F by blue, green and red colors, respectively. 

Inset shows the atomic percentage calculated from integral intensity peaks. XPS 

observation was performed using 20 µm spot size of x-Ray. 
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crystals are about 4 nm on edge length (calculated for 9 N atoms on edge with lattice constant 

for unit cell a= 2.504 Å [324]). Apparently, with increasing the crystal size, the atomic ratio 

of N to B decreases towards unity independent of the crystals shape.  As shown in Figure 

6.2(c), 6.3(a) and 6.3(b) the synthesized crystals were around 25 µm in size, thus the 

difference in atomic ratio of N to B should have been too small to be detected by XPS. 

Table 6.1. Atomic ratio of N to B based on the atomic model of Figure 5.3 (d). 

 

 

 

Figure 6.5(a) shows typical Raman spectra of the h-BN crystal, which was grown 

with the stepwise supply of AB for 38 min (Method A) and then transferred onto SiO2/Si. A 

peak at 1373 cm-1 corresponds to E2g vibration mode of monolayer sp2 hybridized B-N bond 

stitching [200, 223]. The crystallinity of synthesized h-BN by method D was investigated by 

TEM. Low-magnification TEM image [Figure 6.5(b)] shows that h-BN mostly comprised of 

the continuous film. Residual Cu particles [red arrow-indicated in (b)] and fragility of h-BN 

at the folded edge in Figure 6.5(b) would occur due to the transfer process. Figure 6.5(c) and 

6.5(d) show the magnified TEM images on the edge of the film shown in Figure 6.5(b), 

confirming that the synthesized film comprised of dominantly monolayer and bilayer h-BN at 

the folded edge. Interlayer distance was found to be around 0.35 nm close to the reported 

[175] values [Figure 6.5(d)]. Inset of Figure 6.5(c) shows six fold symmetric selected area 
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diffraction (SAED) pattern taken over continuous film at red circle area of Figure 6.5(b) 

showing high crystallinity. 

Figure 6.6 shows SEM and corresponding EBSD images of the h-BN on Cu 

synthesized with Method A. As see in Figure 6.6 (b), the h-BN crystals were characterized 

by dark contrast polygons with various size and orientation.  The most of the polygons were 

triangular, and it should be noted that several triangular crystals grow across the grain 

boundary of Cu with keeping the triangular shape. In order to investigate the influence of the 

 

Figure 6.5. Characterization of h-BN. (a) Raman spectra of h-BN crystals (synthesized 

with Method A) on SiO2/Si with characteristic peak position at 1373 cm-1 with FWHM ~14 

cm-1. (b) Low and (c, d) high magnification TEM images of the suspended h-BN film 

(Method D) on a holy carbon net. Inset shows typical diffraction pattern taken at red circle 

of   6.5(b).   
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crystallographic orientation of catalyst grains, EBSD mapping of the region corresponding to 

Figure 6.6 (b) was carried out [Figure 6.6 (a)].   As typically shown by red ellipses in 

Figure 6.6 (b), h-BN crystals differed in shape and edge direction even on a single Cu grain, 

suggesting that h-BN crystal shape was not influenced strictly by the Cu orientation. 

However, h-BN triangular crystals differed in edge orientation by 0o, 30o, 60o and 90o 

(isolated h-BN crystals) on Cu (001) grains as shown in Figure 6(b) which is in agreement  

 

Figure 6.6. EBSD mapping with color key inset and (b) corresponding SEM image of the 

h-BN on Cu synthesized with Method A (stepwise growth for 38min).  (c, d) Enlarged 

SEM images of typical (c) h-BN single crystal grown across Cu grains and (d) h-BN 

crystals with wrinkles well-aligned over several h-BN crystals on a single Cu grain. 
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with Song et al. [216]. Magnified SEM images, Figure 6.6 (c) and 6.6 (d), show typical 

examples of wrinkled h-BN on Cu grains. The parallel wrinkles aligned in a certain direction 

independent of the shape and orientation of h-BN crystals on a single Cu grain as shown in 

Figure 6.6 (d).  By contrast, as seen in Figure 6.6 (c), the aligned direction of the wrinkles 

changed abruptly across the Cu grain boundary, although h-BN edge symmetry unaltered at 

all. 

In order to obtain the quantitative information of the height of the wrinkles, AFM 

analysis was performed. Figure 6.7 (a) shows an AFM image of another example of the same 

sample as in Figure 6.6, disclosing the several triangular shaped h-BN crystals with aligned 

wrinkles grow on a single Cu grain.  Figure 6.7 (b) shows an AFM line profile of the wrinkle 

attained along the arrow shown in Figure 6.7 (a), revealing that the aligned h-BN wrinkle 

was sinusoidal-like with maximum 20 nm in heights and about 0.25 µm in wavelength. Line 

profile clearly shows that wavelength and height of h-BN wrinkles continuously increases 

from edge towards the center of crystal. This phenomenon was previously reported for 

graphene wrinkles [327] with no report on h-BN up to now.  Nevertheless, after the transfer 

onto SiO2/Si, h-BN was quite smooth without any wrinkles, as shown in Figure 6.7 (c). AFM 

images Figure 6.7(d) and 6.7 (e) show the h-BN crystal synthesized by method E and F 

respectively with truncated and reuleaux shaped morphology with aligned wrinkles similar to 

Figure 6.7 (a). Variation in wrinkles alignment occurred with preserved edge orientation for 

reuleaux shaped h-BN crystal [Figure 6.7 (e)] as observed in Figure 6.6 (c) and (d). 

It was expected that with the growth of perfect triangle, a seamless continuous film 

can be obtained with less grain boundary and better electronic property. The h-BN film with 

less grain boundary can be significant for application as dielectric insulting layer in graphene 



	
	

 
	

90	

 

Figure 6.7. (a) AFM images of h-BN grown on Cu synthesized by method A. (b) AFM 

line profile measured along a blue arrow in Figure 6.7 (a).  (c) AFM images of h-BN 

transfered onto SiO2/Si. h-BN was synthesized with Method A. AFM images of h-BN 

grown on Cu synthesized by (d) method E and (e) method F. 

and other two dimensional layered electronic devices. Graphene edges depending on different 

morphologies highly influence the electronic, magnetic properties and its chemical reactivity 

[328, 329]. Making an analogy to graphene, it is believed h-BN crystals with various 

morphologies such as truncated or reuleaux triangular can be attractive as they might offer 

various catalytic and edge related properties making their controlled growth highly desirable.  
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6.3 Conclusions 

In summary, the edge controlled growth of h-BN crystals from regular to truncated 

triangles and round shapes have been explored by controlling the decomposition of AB in 

APCVD. The stepwise decomposition of AB rendered the regular triangular monolayer h-BN 

crystals with edge length of larger than 25 µm on Cu substrates, thus indicating the 

importance of partial pressure of precursor molecules for h-BN growth. Aligned wrinkles 

larger than 20nm formed on Cu due to the thermal strain of Cu surface and a negative 

expansion coefficient of h-BN.  Nevertheless the h-BN transferred onto SiO2/Si substrates 

was quite smooth without any wrinkles.  Thus, it is believed that the stepwise decomposition 

technique is promising for the growth of the high quality and large domain size h-BN, which 

will be utilized as a platform for the further stacking of other 2D materials.  
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Chapter 7 
	

Conclusions & Future Works  

7.0 Overall conclusions 

This thesis has demonstrated the CVD synthesis and characterization of graphene 

and h-BN crystals with detailed insight into control over two major factors: enhanced Cu 

catalytic property via thermal treatment, timely supplied precursor molecules to fulfill the 

geometrical demands of crystal growth at the graphene and h-BN basal planes via step-wise 

pyrolysis of PS and AB. The importance of larger graphene and h-BN crystals with almost 

identical growth condition is highly desirable to overcome the challenging issues for the 

single step synthesis of graphene and h-BN hetero-structures with graphene on h-BN or vice- 

versa. This thesis presented highly convincing graphene and h-BN synthesis approach as 

presented in previous chapters, which further ascertained the CVD emergence as of scalable 

approach. This thesis solely focused on understanding of graphene and h-BN growth kinetics 

and their characterization approach, and hence the materials implication into device 

performance is desirably expected as a future work. Because of single crystals synthetic 

approach, it can be believe that the devices fabricated by utilizing synthesized materials or 

materials produced by employing synthesis technique will overcomes various shortcomings 

of materials of other technique. This chapter will summarize major findings of high 

crystalline quality of graphene and h-BN crystals by optimizing numerous CVD parameters.   
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The influence of Cu foil crystalline structure on as-synthesized graphene crystals and 

their anisotropic etching process was studied. The highest nucleation density and etching rate 

was achieved on Cu (111) which due to its lowest surface energy than Cu (001) to Cu (110). 

The lattice parameters of FCC crystals for {111}, {001} and {110} planes are 0.577, 0.666 

and 0.707 respectively and found their effects on growth and etching rates within closure 

vicinity of respective planes. The lattice parameters highly influence the strips and wrinkles 

alignment in synthesized graphene crystals and their anisotropic etching as well. However, 

hexagonal holes formed due to anisotropic etching were independent to strips and wrinkles 

alignments in graphene. The growth nature of graphene investigated in Chapter 3 through 

LPCVD synthesis technique was crucial to understand the growth mechanism and to optimize 

the CVD parameters for lager graphene domains.  

Electroless polishing of Cu was done to remove native oxides and rolling lines, and 

further annealed at 1050 oC for subsequent recrystallization with predominance of Cu (111). 

Ar and H2 environment annealing of Cu significantly influence the grain transformation 

thereby obtained a smother Cu surface with reducing nucleation density. On step-wisely 

supplying the precursor molecules on processed Cu, single graphene crystals larger than 560 

µm were obtained. Either by using different gas composition or by using different annealing 

duration and speed, other facet terminated mono crystalline Cu surface may achieved. The 

precursor supplying technique was most effective over predominantly Cu (111) to synthesize 

larger crystals. Optical microscopy and Raman analysis showed the presence of monolayer 

graphene domain; however, few-layer individual domain was also observed depending on the 

absorbed carbon atoms on Cu surface. Similarly, the hexagonal- and circular- morphologies 

of graphene crystals on a substrate form single experiment were observed and symbolically 

indicated the crucial growth mechanism. 
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Controlled decomposition of PS was achieved for elapsed graphene crystals growth 

due to the chosen temperature range (165 - 175 °C), which was far below than the melting 

point (240 °C) of PS. For h-BN growth, AB was heated at 90 °C (below the melting 

point), 130 °C (higher than melting point) and form 130 to 90 °C in separate sets of 

experiments. Triangular and hexagonal crystals synthesized for respective temperatures of 90 

°C and 130 °C, and the crystals morphology modulation occurred for combination of both. In 

this way a fully precursor supplied technique controlled h-BN crystals growth was achieved. 

The different modes of crystal growth were attributed to the concentration of BN building 

block in growth region as proved by EGA and gas chromatography analysis.  

For pyrolysis of AB closure to melting point, rapidly decomposed into amino borane 

and borazine. The excess amount of borazine at a time resulted into continuous h-BN film 

few micron grins size due to catalytic limitation of Cu for excess supply. The controlled 

partial pressure of precursor molecules achieved with the pyrolysis of AB far below the 

melting temperature based on the result observed in chapter 5. However, the processing 

technique of crystals growth were terminate around 10 min with domain size around 5 to 10 

µm, otherwise synthesized h-BN resulted into continuous film. Based on the experience of 

large graphene crystals case, AB heated step-wisely in a temperature range of 65-85oC. With 

the elapsed growth time of 62 min large single crystal h-BN was synthesized with edge 

length of 25 µm. Aligned wrinkles larger than 20nm were also observed on h-BN due to the 

thermal strain of Cu surface and a negative expansion coefficient of h-BN. Synthesized 

materials were characterized by Raman, TEM, XPS which showed higher crystalline material 

quality.  
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7.1 Recommendation for Future Works 

For the next generation nano-electronics, graphene and h-BN are intensively studied 

and sought as promising materials. Technological potential could be achieved with 2D system 

by using high quality and large area graphene and h-BN films synthesized via CVD methods. 

Despite the many interesting results presented in this thesis, the following additional works 

could be done in near future.  

Solid precursors were advantageous in the environment friendly issues and offered 

ease in manipulation than liquid and gas precursors. Vapors of precursors were generated by 

instant pyrolysis of AB and PS inside the reactor zone. The issues of homogeneously mixing 

of precursor molecules with carrier gases could be solved by external pyrolysis chamber to 

ease the growth process. Furthermore rapidly heating and cooling of substrate could be done 

to modify the substrate crystalline structures and make shorter the CVD processing time. A 

modified precursor feeding system can be developed to make localized growth process of 

graphene and h-BN crystals. The catalytic activity of Cu closure its melting point found to be 

most effective, so low temperatures melting metals can be used to lower the processing 

temperatures. Catalytic activities of Cu further make effective at low temperatures (below 

400oC) either by Cu chlorination process, or by composite alloys with techniques such as Cu-

Al, Cu-Ga.  

Graphene and h-BN nano ribbon extensively investigated for the band gap issues 

(tunable band gap in graphene nano ribbon and reducible band gap in h-BN nano ribbon). 

The plasma etching process of the surfaces could be employed on the well aligned graphene 

and h-BN wrinkles leaving behind aligned graphene and h-BN nano ribbon on Cu. Well 

aligned nano ribbons are highly desirable in nano electronics.  
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PMMA transferred based hetero-structures were intensively explored. However, the 

residual polymer left behind hinders the electronic performance. The single batch hetero-

structure synthesis of graphene and h-BN and with other 2D materials is highly desirable. 

Most specifically, single batch synthesis of graphene and other 2D materials on h-BN (if 

could possible) is most promising for extended device performance. The optimized condition 

for the growth of graphene and h-BN crystals with various edge orientations offers suitable 

single batch synthesis route. The step-wisely pyrolysis technique employed for the AB and 

PS can switch into one another during single batch synthesis process for the synthesis of 

graphene and h-BN lateral hetero-structures. The precursor controlling technique further 

employed for other 2D materials (MoS2, WS2, MoSe2, WSe2, etc.) for their larger domain 

synthesis purpose. Hetero-structures of two or more 2D materials synthesized in single batch 

CVD process could be most promising materials in nano electronics. 
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regular graphene crystals. 
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3.5 

 

 

 

(a) Etched graphene crystals with dissimilar etching rate on 

different Cu grain. High resolution FESEM images for (b) highly 

etched and (c) less etched graphene crystals. (d) Corresponding 

EBSD analysis of the Cu surface with different graphene etched 

structures. (e) Schematic representation of graphene etched 

structure on polycrystalline Cu depending on the grain 

orientation. 
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4.1 (a) Molecular structure of PS [(C8H8)n]. (b) Schematic diagram 

of the graphene synthesis process using solid PS precursor. (c) 

Four different stages of annealing of Cu foil, graphene growth, 

and cooling process. (d) Precursor evaporation profile (time vs 

temperature) for uninterrupted graphene growth. 

58 

4.2 (a) Photographs of Cu foils after the annealing treatment in Ar 

and H2 atmospheres. (b) XPS spectra of the Cu surface at 

different stages of the annealing treatment. 

60 

4.3 EBSD mapping image presenting the crystallographic nature of 

(a) the as-received Cu foil without any annealing treatments, (b) 

after heating the Cu foil up to 1050 oC (1 h 40 min duration), (c) 

annealing in H2 atmosphere for 1 hour (intermediate stage), and 

(d) annealing in H2 atmosphere for 4 hour duration. 

61 

4.4 (a) – (c) Optical microscope images of graphene domains 

synthesize on the pretreated Cu foil. The optical images were 

taken with mild oxidation of the Cu substrates. 

62 

4.5 SEM images of (a) an individual graphene domain (~510 µm), 

(b) merging of two individual graphene domains of sizes 350 and 

375 µm. (c) Formation of millimeter scale structures with 
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merging of 560 and 825 µm large two graphene domains. 

4.6 (a) Optical microscope image of monolayer graphene domain 

(~240 µm) transferred on SiO2/Si substrate and (b) Raman 

spectra at different points of the domains (excluding the 

secondary nucleation point). (c) Optical microscope image of a 

few-layer graphene domain transferred on SiO2/Si substrate 

(~243 µm). (d) Raman spectra at five different points for 

different layer numbers of the domain. 

65 

5.1 (a) Schematics of CVD system b) Decomposition mechanism 

of AB (c, d) Optical images of triangular h-BN crystal of size 

5~10 µm. e) SEM image of h-BN crystal with strips 

demonstrating negative thermal expansion of h-BN f) 

Continuous h-BN film synthesized with growth time around 30 

min. 

70 

5.2 XPS spectra of (a) B and (b) N core edges at 190.6 eV and 

398.2 eV respectively.  TEM image showing presence of (c) 

monolayer and (d) bilayer h-BN film. (e) h-BN film on quartz 

showing negligible absorbance (less than 0.01). 

71 

5.3 (a, b) Optical image of hexagonal shaped h-BN crystals 

synthesized at precursor heating temperature of 130oC. (c, d) 

SEM images of hexagon shaped h-BN crystal. 

74 

5.4 (a, b, c, d) Evolution of single lobed and bi-lobed structures from 

hexagon shaped h-BN crystal. Close up view of (e) hexagonal 

crystal (f) single and (g) bi-lobed crystal (h) Optical image of 

hexagonal crystal and its modulation to (i) intermediate state and 

almost (j) modulated triangle, showing little bump. (k) 

Schematics representing transformation of hexagonal crystal to 

triangular with decreased supply of borazine to growth zone. 

75 

5.5 (a) EGA thermogram of AB heated at 1300C showing 

maximum decomposition around 9th min (b) Mass spectra 

complied at 9th min, showing relative abundance of borazine 
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around 30% (c) EGA thermogram of AB heated at 90ºC 

showing maximum decomposition around 13.5th min (d) Mass 

spectra complied at 13.5th min, showing relative abundance of 

borazine around 2%.. 

6.1 (a) Schematic illustration of the APCVD system with 

molecular decomposition in respective zone, (b) temperatures 

profile diagram of the furnace (with growth Methods A-F), (c) 

an example of temperature profile for heating AB for the 

growth time of 62 min (Method C; 15 min/step at 65-80 oC), 

and inset showing AB kept in magnetic boat. 

81 

6.2 Optical microscope images of h-BN crystals grown for (a) 38 

min (Method A; 9 min/step), (b) 50 min (Method B; 12 

min/step) and (c) 62 min (Method C; 15 min/step). Arrows in 

(c), see text. 

83 

6.3 OM images of h-BN crystals obtained after the growth for 62 

min at constant AB decomposition temperature at (a) 70 oC 

(Method D), and (b) 75 oC (Method E). (c) Schematic 

representation of observed crystal shapes and (d) 

corresponding atomic arrangements of B and N. 

84 

6.4 Characterization of h-BN. (a) B1s and (b) N1s XPS spectra of 

the h-BN crystals synthesized with Method C, E and F by blue, 

green and red colors, respectively. Inset shows the atomic 

percentage calculated from integral intensity peaks. XPS 

observation was performed using 20 µm spot size of x-Ray. 

85 

6.5 Characterization of h-BN. (a) Raman spectra of h-BN crystals 

(synthesized with Method A) on SiO2/Si with characteristic 

peak position at 1373 cm-1 with FWHM ~14 cm-1. (b) Low and 

(c, d) high magnification TEM images of the suspended h-BN 

film (Method D) on a holy carbon net. Inset shows typical 

diffraction pattern taken at red circle of   6.5(b).   

87 

6.6 EBSD mapping with color key inset and (b) corresponding 88 
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SEM image of the h-BN on Cu synthesized with Method A 

(stepwise growth for 38min).  (c, d) Enlarged SEM images of 

typical (c) h-BN single crystal grown across Cu grains and (d) 

h-BN crystals with wrinkles well-aligned over several h-BN 

crystals on a single Cu grain. 

6.7 (a) AFM images of h-BN grown on Cu synthesized by method 

A. (b) AFM line profile measured along a blue arrow in Figure 

6.7(a).  (c) AFM images of h-BN transfered onto SiO2/Si. h-

BN was synthesized with Method A. AFM images of h-BN 

grown on Cu synthesized by (d) method E and (e) method F. 
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