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ABSTRACT 

 
CNT-Graphene hybrids are three-dimensional, densely packed carbon atoms 

organized hexagonally in a three-dimensional lattice. Vertically aligned hybrids are 

promising candidates for applications such as field emission devices, electronic 

sensors, and electron emission displays. There are several ways available for 

synthesizing hybrids; however, plasma-based techniques, such as plasma enhanced 

chemical vapour deposition (PECVD), are only utilized to manufacture vertically 

oriented hybrids at low temperatures. The purpose of this thesis is to gain a thorough 

understanding of the hybrid's growth mechanism in a reactive plasma environment, 

as well as the field emission characteristics that result. 

 

In this paper, multiscale analytical models characterizing the growth mechanism of 

the CNT-graphene hybrid on the catalyst-substrate interface are created. The model 

for hybrid growth in plasma takes into account the hybrid's charging in the plasma, 

the particle and energy balance of the plasma species (charged and neutral), and the 

energy balance of the CNT and catalyst surface. For typical glow discharge plasma 

parameters, the model equations were solved simultaneously. Plasma parameters 

(number densities and temperatures of electrons and ions), as well as the presence 

of dopant species (nitrogen species), have been discovered to have a substantial 

impact on the hybrid's development characteristics and, as a result, its field emission 

properties. 

 

The multistage model for plasma-assisted catalyzed hybrid growth consists mostly 

of two sub-analytical models. The plasma sheath model accounts for the excitation 

of gaseous sources caused by applied plasma power and plasma species kinetics, 

whereas the surface deposition model incorporates the adsorption and dissociation 

of carbon bearing species over the catalyst nanoislands active surface (free surface 

available for plasma species adsorption) to generate building species (carbon 

species) through a variety of surface processes, including the diffusion of building 

species over the catalyst nanoislands' surface, the production of carbon clusters, the 

nucleation and growth of graphene islands, and the vertical growth of hybrids. The 

model equations were solved using experimentally determined initial conditions. 

Plasma parameters, doping elements (nitrogen), gas flow rate, catalyst layer 
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thickness, substrate temperature, and cooling rate all have a significant impact on 

the hybrid's growth characteristics and, as a result, its field emission properties. 

Furthermore, it is assumed that graphene sheet formation over the CNT surface is 

defect guided, and that the density profiles of the defects formed over the CNT 

surface may be controlled by appropriately altering the plasma working parameters 

A thorough comparison of the acquired theoretical results to the available 

experimental observations verifies the current model's appropriateness. 

 

The current thesis work can be extended to build thin and long vertically oriented 

hybrids for prospective uses in field emitters, as the hybrid's field emission 

characteristics are determined by its geometrical properties, i.e., height and 

thickness. Furthermore, the current study might be extended to evaluate the 

formation of additional carbon-based nanostructures. 
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Chapter 1 

Introduction 

Nanomaterials are anchors of nanoscience and nanotechnology. From the past few 

years, nanostructure science and technology is an extensive and integrative area of 

research and advancement. It has competence to modernize the techniques, the ways 

products are created, the range and functionalities that can be acquired. It is 

commercially significant which will surely upsurge in future. Nanomaterials are 

those substances whose at least one dimension is less than approximately 100 

nanometers (100 millionth of a millimeter). They have a much greater surface area 

to volume ratio than their conventional forms, which can lead to greater chemical 

reactivity and affect their strength. Also at the nanoscale, quantum effect can become 

much more important in determining the materials properties and characteristics, 

leading to novel optical, electrical and magnetic behavior. Discovery of one 

dimensional (1-D) carbon nanotube (CNT) by Iijima [1] have captivated the 

scientists towards graphitic carbon nanostructures including fullerenes, graphene, 

nanodiamonds, nanoporous and their other derived forms. CNT and two dimensional 

(2-D) graphene owing to their remarkable properties among others are combined to 

create three dimensional (3-D) hybrid nanocarbons, which hold fascinating 

properties even better than they could on their own. 

 

1.1 Graphene 

  

Graphene is a 2-D material comprising monolayer of densely packed sp2 hybridized 

carbon atoms forming six-membered rings. After 440 years of graphite invention, in 

2004 graphene was explicitly prepared by peeling its single layer using sticky tape 

and pencil [2]. It is an elementary unit of other allotropes of carbon. Wrapped, rolled 

up, and stacked graphene generate zero dimensional (0-D) fullerenes, CNT, and 

stacked graphite [3].  

 

Following a thorough examination of graphene's structure, scientists concluded that 

imperfections in the graphene sheet made it stable [4]. This demonstrates that 

graphene is not completely flat and has ripples (out of plane aberrations) on its 

surface. Mayer et al. [5] observed the ripples inside the graphene membrane. 

 

1.2 Structure of Graphene 
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In the structure of graphene, six electrons encircling carbon atom nucleus follows 

electronic configuration 1s2 2s2 2p2. The outer 2s, 2px, 2py orbitals contribute to sp2 

hybridization by forming three planar covalent σ bonds with neighbouring carbon 

atoms at an angle of 120° with respect to each other. 

 

 
Figure 1.1 Transformation of two-dimensional graphene into different dimensional carbon 

nanostructures [3]. 

 

The remaining pz orbital lies perpendicular to the three sp2 orbitals, containing the 

free π electron that is responsible for unique electrical properties of graphene along 

with interaction between the stacked graphene sheets [6]  

 

1.3 Properties of graphene 
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Graphene, ultra-thin (105 order thinner than human hair) possible material composed 

of single layer of carbon atoms in the form of hexagonal rings. Owing to the 

outstanding mechanical, electronic, chemical, thermal, and optical properties, 

 

graphene gained the huge research attention in the field of physics and chemistry. 
 

1.3.1 Mechanical Properties 

 

Graphene is recognized as toughest 2-D material, much harder than either steel or 

diamond of the same dimension. With the same thickness, the strength of graphene 

is about 100 times the strength of steel- a 1m2 of graphene could withstand 4 kg of 

weight. In addition, considering elasticity, graphene can retain its original dimension 

after applied strain. Hone and coworkers measured the intrinsic strength of the 

monolayer graphene to be 42 N m -1, which equates to an intrinsic strength of 130 

GPa [7].  The stability of the sp2 bonds makes it mechanically exceptional. The 

parameters measuring graphene strength are listed in table 1.1. 

 

  Table 1.1 Parameters measuring graphene strength [8-9] 

Parameters  Numerical value for graphene  

Tensile strength 130GPa 

Young’s modulus  0.5 Tpa 

Elastic limit ~20% 

Thickness 0.35-1 nm 
 

 

Owing to the impressive mechanical properties of graphene, it is employed as an 

individual material and as a reinforcing agent in composites [10]. 

 

1.3.2 Electronic properties: 

 

Graphene is a semi-metal or zero - gap semiconductor with both holes and electrons 

as charge carriers [11]. In carbon, four electrons are available in the outermost shell 

for chemical bonding. In graphene, each carbon atom is bonded to three carbon 

atoms due to sp2 hybridization, leaving one free electron (π electron) in the third 

dimension for electronic conduction. Attributing to ultrahigh mobility of 2 ×
105 𝑐𝑚2 𝑉𝑠,⁄  which is almost 140 times the silicon’s mobility, graphene is the most 

conductive material so far at room temperature, with a conductivity of 106 𝑆 𝑚⁄  and 

sheet resistance of 31Ω 𝑠𝑞⁄  [12-13].  
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1.3.3 Chemical Properties 

 

Graphene has a high surface –volume ratio and low mass density [14], allowing other 

atoms and molecules for adsorption or desorption to/from its surface. The pz orbitals 

are accessible for chemical functionalization that could yield various graphene 

derivative. In addition, defects within the sheet increases the chemical reactivity. It 

is reported that single layer graphene is 100 times more chemically reactive than 

thicker multilayer sheets [15]. Under normal conditions graphene show inert 

behavior. However, it shows reactive nature when exposed to crucial reactive 

environment. 

 

1.3.4 Thermal Properties 

 

Specific heat and thermal conductivity are the parameters to determine the thermal 

properties of any material. Graphene’s sp2 bonding between carbon atoms results in 

high in-plane thermal conductivity and weak van der Waals interaction among the 

adjacent graphene planes limits the out-of- plane heat flow. Thermal time constant  

(how quickly the body cools or heats)  for single graphene sheet is 0.1 ns. Among 

any known material (diamond, graphite, graphene nano ribbons, graphene 

supported) freely suspended graphene has highest in-plane thermal conductivity o 

about 2000-4000 Wm-1K-1 at room temperature. Thermal conductivity of the pristine 

graphene can be reduced by introducing alterations or defects in it, making it suitable 

for thermoelectric applications, if the high electronic conduction of graphene can be 

preserved [16]. 

 

1.3.5 Optical Properties 
 

 The π bond in graphene determines its electronic and optical properties. Its 2-D 

electron confinement and exceptional band structure with zero band gap leads to 

fascinating interaction with electromagnetic radiation. Single layer thick graphene 

absorbs 2.3% of the incident light and negligible reflectance < 0.01%, wherein the 

absorption intensity is independent of incident light frequency. With each layer of 

graphene, the absorption increases in multiples of 2.3%. Owing to the unique optical 

properties, graphene has found potential application in photoluminescence and 

electromagnetic transport. [17-18] 

 

1.3.6 Magnetic properties 
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Graphene is nonmagnetic, as all the electrons in the outermost orbit of carbon atoms 

are paired via σ and π bonds. Point defects such as vacancies, zigzag edges and 

chemical doping with magnetic impurities can bring about localized magnetic 

moment in graphene [19].  While maintaining its exceptional electronic properties 

Wang et al.  to induce ferromagnetism, incorporated graphene sheet with the 

magnetic insulator (yttrium iron garnet) [20]. 

 
 
Figure 1.2 (a) Schematic of nonequilibrium molecular dynamics (NEMD) methodology for 

examining thermal transport in a GNR. (b) GNR showing different types of defects (vacancies, 

grain boundaries, Stone–Wales defects, substitutional and functionalization defects, and wrinkles 

or folds) that have a profound effect on tuning thermal transport in graphene [16] 

 

1.4 Carbon Nanotubes 

 

Carbon nanotube (CNT) can be described as elongated C60 molecule with rolled up 

hexagonal lattice in the form of cylinder. It is a single molecule of length tens of 

micrometer constituting millions of atoms with diameter in nano-meter range [21]. 

Iijima in 1991discovered Multiwalled carbon nanotubes (MWCNTs) using arc 

discharge evaporation method and later in 1993 he confirmed the presence of Single-

walled carbon nanotubes (SWCNTs). 
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SWCNTs consists of single roll of graphene layer and MWCNTs are multiple roll 

of graphene layer with equalized spacing among the graphene cylinders and outer 

diameter nearly in the range 0.34 to 0.39 nm and 2 nm to 30 nm [22].  

 

1.4.1 Structure of CNT 

 

Based on wrapping of graphene layer in cylindrical form, SWCNTs can assume 

three different types of configurations such as armchair, chiral, zigzag defined by 

pair of indices (n,m) that comprise chiral vector, C = na1+ma2 (vector determining 

the direction of wrapping of graphene sheet), with n and m integers, a1 and a2 are the 

unit cell vectors of the graphene crystal lattice.  

                           

The diameter (d) of the CNT is represented by the relation d = 
𝑐

𝜋
 , where c is the 

circumference of the CNT  and is given by th relation c=|𝐶|=𝑎(𝑛2 + 𝑛𝑚 +𝑚2)0.5. 

The relation between length a and carbon- carbon bond length is given by 𝑎 =

|𝑎1| = |𝑎2| = 𝑎𝑐√3, where 𝑎𝑐 = 0.144𝑛𝑚. Chiral angle (θ) the angle between zig-

zag nanotube axis and chiral vector is calculated via 𝜃 = tan−1{(𝑚√3) (𝑚 + 2𝑛)⁄ }. 
Hexagonal symmetry of the graphene lattice and chiral symmetry of the tubes restrict 

𝜃 in the range 0°≤θ≤30°. Both symmetric and asymmetric configuration (concerning 

to arrangement of circumferential hexagons) of the nanotube depend on the chiral 

angle θ. Zigzag nanotube (m=0 and θ =0°) and armchair nanotube (n=m and θ = 

30°) make up symmetric configuration. Chiral nanotube (n ≠ m and 0°<θ<30° ) goes 

with asymmetric configuration. CNTs for which |𝑛 − 𝑚| is multiple of 3 are metallic 

type and for semiconducting tubes |𝑛 − 𝑚| = 3𝑝 ± 1 [23].  

 

1.4.2 Electrical properties 

 

The sp2 carbon-carbon bond gives CNTs extraordinary electrical properties. It 

performs as metal and semiconductor, wherein the band gap in semiconducting 

nanotube varies inversely with the diameter, ranging from 1.8eV to 0.18eV for small 

to large diameter SWCNT. Thus, CNTs have more conductivity than that copper, 

and some have conductivity equivalent to silicon [24]. Under ballistic conduction 

the lowest resistivity of SWCNT and MWCNT is measured out to be 10-6Ωcm and 

3 × 10−5Ωcm, manifesting CNTs better conductivity than copper at room 

temperature [25]. Janas et al. [26] reported an increase in electrical conductivity of 

CNTs by doping them with efficacious interhalogen (iodine monochloride or iodine 

monobromide) doping agents, due to the increase in number of holes and 

simultaneously preserving the highly conductive sp2 carbon network . Its resistivity 
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decreases by 67% and 42% by doping iodine monochloride and iodine. Defect free 

individual CNT has more conductivity in comparison to CNT with various defects. 

 

1.4.3 Thermal properties 

 

 CNTs have miraculous thermal properties. At room temperature thermal 

conductivity (K) of carbon nanotubes reaches≈3000-3500W/mK, exceeding 

diamond. Thermal conductivity in CNT is dominated via phonon conduction 

mechanism. As studied by Han et al. [27], thermal conductivity varies inversely 

 

 
 

Figure 1.3 The 2D graphene sheet diagram showing a vector structure classification used to define 

CNT structure [23]. 

 

 

with the diameter of the tube, at room temperature MWCNT thermal conductivity is 

500W/mK for an outer diameter of 28nm and 2069W/mK for a 10nm diameter. In 

addition, thermal conductivity increases with tube length and is likely to become 
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constant when tube length is much more than the mean free path of phonon. It 

decreases with increasing topological defects on the CNT as reported by Che et al.  

[28]. With temperature thermal conductivity first increases with peak at 320 K and 

then decreases owing to strong phonon-phonon umklapp scattering as observed by 

Kim et al.[29]. 

 

1.4.4 Mechanical Properties 

 

CNTs are one of the tough and rigid materials yet discovered concerning tensile 

strength and elastic modulus. This toughness is due to sp2 covalent bonds formed 

between the carbon- carbon atoms. Its remarkably high Young’s modulus of 1 Tpa 

and tensile strength approximate 60 GPa constitute them as ideal candidates for 

reinforcement of various materials like polymers. This shows that CNTs are more 

stiffer than steel with Young’s modulus of about 0.2 Tpa and tensile strength about 

0.38 GPa. 

 

1.4.5 Optical properties 

 

CNTs are both semiconducting and metallic depending on their twist, so they show 

interesting optical properties including excitonic effects in semiconducting carbon 

nanotubes, large optical nonlinearity in semiconducting species than metallic ones 

[30]. Bao et al. studied that in the entire visible band CNT array exhibit low 

reflectance and relatively high absorbance, longer tubes have higher absorbance 

because reflection from the bottom surface become weaker and fewer CNT array 

make the array less absorptive [31]. Owing to its high charge mobility as well as 

chemical inertness, CNTs have emerged as active materials to be incorporated in 

organic photovoltaics [32]. 

 

1.5 CNT- Graphene Composite 

 

CNT – Graphene composite composes of a covalently bonded CNT and graphene. 

The combination of 2D graphene and 1D CNT generates a versatile 3D CNT–

graphene hybrid with synergic properties. Since owing to strong van der Waals force 

the agglomeration of carbon materials specially graphene and CNTs is inevitable, 

which makes CNT-graphene hybrid superior over them by preventing 

agglomeration. The interconnected CNT – graphene are high surface area material 

with efficient electrical connections leading to high- performance supercapacitor 

devices [33] and enhanced mechanical strength of hybrid owes to strong π-π 

interaction between CNT – graphene [34]. 
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1.5.1 Electrical Properties 

 

The CNT- graphene hybrid/composite having the advantage of both the graphene 

(excellent FE stability) and the CNT (incomparable large aspect ratio) make them 

attractive candidates for high-performance field emitters. Deng et al. observed an 

enhancement in field enhancement factor (β=6244) of the hybrid in comparison to 

as grown CNT arrays β=4799 and an improved field emission stability [35]. The 

bond between CNT and graphene creates more charge transfer, upgrading the 

conductivity of the hybrid. Yusuf et al. reported 34.5 S/cm as the electrical 

conductivity of g-CNT hybrid, which is remarkably higher in comparison to CNT10 

(4.76 S/cm) [36]. Because of hybrid’s larger electron transfer capacity in comparison 

to graphene, they serve as great candidate for electrode in supercapacitors with 

specific capacitance of 290.4 Fg-1 wherein specific capacitance obtained using 

graphene as electrode is 175 Fg-1 [37]. 

 

1.5.2 Mechanical Properties 

 

CNT- Graphene composite exhibits superior mechanical properties in comparison to 

CNT and graphene. This is attributed to π-π stack and covalent bond connections 

between CNT and graphene. Jyoti et al. studied that hardness and elastic modulus of 

the graphene oxide - CNT reinforced acrylonitrile-butadiene-styrene (ABS) polymer 

nanocomposite are 389.98±91.79 MPa and 7669.6±1179.12 MPa respectively which 

are considerably higher than Multiwalled CNT – ABS hardness 306.32±26.74 MPa 

and  elastic modulus 6096.99±185.96MPa [38]. Owing to unique mechanical 

stability, the CNT-Graphene hybrid is employed as robust flexible electrode in 

energy storage devices [39]. 

 

1.5.3 Thermal Properties 

 

 Wrinkles and disconnections on the graphene layer deteriorate its thermal 

conduction performance. So owing to the interconnection between CNT and 

graphene, CNT-graphene hybrid exhibit enhanced thermal conductivity in 

comparison to them. Seo et al. reported exceptional critical heat flux (CHF) of 

graphene- CNT hybrid i.e .141.6 𝑘𝑊
𝑚2⁄  representing it appropriate for high power 

density heating devices whereas CHF for graphene and CNT is 130.5 𝑘𝑊
𝑚2⁄  and 

123.0 𝑘𝑊
𝑚2⁄  [40]. Lu et al. demonstrated the ultra-high thermal conductivity of 
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1388.7 W/mK  for  CNT- Graphene hybrid as CNT bridges the graphene layers 

preventing their corrugation due to strong π-π interactions consequently 
promoting phonon propagation [41]. 
 
1.5.4  Application of CNT –Graphene Composite 
 
The CNT –Graphene composite are promising materials for the electric 
energy applications such as in batteries, cells, field emission devices. 
 
1.5.4.1 Applications in electron emission devices 

 
Field emission is a method for electron emission from material surface under the 

influence of external electric field. Owing the one-dimensional (1-D) nanomaterial 

geometry with high aspect ratio, sharp nanosize tip, and excellent electrical 

conductivity, CNT is considered a potential candidate for field emission (FE) 

devices. Furthermore, graphene is also a promising FE material due to atomic thin 

edges, unique two-dimensional shape and excellent FE stability. The CNT- graphene 

hybrid/composite having the advantage of both the graphene (excellent FE stability) 

and the CNT (incomparable large aspect ratio) make them attractive candidates for 

high-performance field emitters. By measuring emission current density at a turn on 

voltage, field emission properties of CNT-Graphene hybrid is evaluated. However, 

field enhancement factor characterizes field emission property of a material.  Xu et 

al. have calculated the field enhancement factor of the Graphene – Double Walled 

Carbon Nanotube (DWCNT) Hybrid using Fowler-Nordheim (FN) equation; 𝐽 =
𝐴(𝛽2𝐸2 𝜑⁄ ) exp(−𝐵𝜑1.5 𝛽𝐸⁄ ), where constant A= 1.56 × 10−6𝐴𝑉−2𝑒𝑉, 𝐵 =
6.83 × 109𝑒𝑉−1.5𝑉𝑚−1  ,β is the field enhancement factor, φ is the work function , 

E is the electric field. The value of the field enhancement factor is calculated from 

the slope of the high- field and low- field regions of the FN plot using the following 

equation 𝛽 = −(𝐵𝜑1.5) 𝑠𝑙𝑜𝑝𝑒⁄ . 𝛽 for pure DWCNT is 10800, and increases to 

27300 with increase of graphene ratio from 0 to 20 [42].  

 

1.5.4.2 Applications in Fuel Cells 

 

CNT – Graphene hybrid are used as carbonaceous support for platinum catalyst in 

Fuel cells. Hybrid supported platinum catalyst exhibits higher catalyst activity as 

compared  to carbon black and CNT supported, as graphitic edges of hybrid boosts 

the reaction kinetics on Pt catalyst which is resisted by CNT side walls. High charge 

density and fast electron transfer of the graphitic edges ease the charge transfer 
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process on hybrid supported Pt catalyst. In addition its high crystallinity offers 

enhanced electrochemical stability compared to carbon black and CNT supported 

catalyst stability [43]. 

 

1.5.4.3 Application in Biosensors 

 

Owing to 3D network, CNT-Graphene hybrid have large active surface area, high 

conductivity and fast electron transfer which makes it an efficient electrode in 

biosensors  in comparison to reduced graphene oxide and CNT alone. They show 

good electrocatalytic activity toward the determination of biomolecules via excellent 

analytical parameters such as high sensitivity (137.9 mAM-1), low detection limit (1 

M), wide sensor working range (10M-1mM) [44].  

 

1.5.4.4 Application in rechargeable batteries 

 

CNT –Graphene hybrid is used as potential candidate for anode materials in 

Li ion batteries. Graphene sheet boost faster ion diffusion on the surface, whereas 

the resistance faced by ions in moving from on sheet to the other  is reduced by the 

high electrical conductivity of CNT as it bridges the gap among graphene sheets. 

Large interfacial area provided by hybrid between electrode and electrolyte improve 

the electrochemical performance in comparison to implementation via pristine 

graphene [45]. 

 

1.5.4.5 Application in gas sensors 

 

The gas sensing mechanism is described as the adsorption and desorption of gaseous 

molecules on the surface, accompanying changes in the conducting properties. 

Taking into consideration the synergetic effect of CNT and graphene, CNT graphene 

hybrid is integrated in gas sensing devices wherein graphene provides mechanical 

flexible substrate withstanding extreme bending and CNT contributes in gas sensing 

which is larger and rapid than graphene [46].  

 

1.5.5 Synthesis techniques of CNT – Graphene Hybrid 

 

1.5.5.1 Layer-by-Layer (LBL) assembly 

 

Patel et al. [47] reported LBL ultrasonic spray approach for hybridization of CNT 

and graphene. Coating of carbon nanomaterials of varying sizes and architectures is 

done on heated titanium substrate to activate in situ crosslink formation where 
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benzoyl peroxide is utilized as a free radical initiator to create crosslinks among the 

nanoparticles. Hong et al. [48] reported LBL hybridization via electrostatic 

interaction between positively and negatively charged CNT and graphene oxide 

sheets. CNTs maintain electrical contact with the graphene sheets providing 

electrical conductivity to hybrid as well as mechanical plasticity. 

 

1.5.5.2 Dispersion Blending 

 

Hummers method is employed to prepare Graphene oxide (GO) enhancing it with 

oxygen containing functional groups and making it water-soluble. CNT get 

agglomerates when suspended in water, therefore require surfactants. However, 

owing to π-π interaction between CNT and GO and its prominent dispersibility in 

water provide effective dispersion route omitting the use of surfactants [49].  

 

1.5.5.3 Liquid Phase methods 

 

This method include conventional techniques such as electrochemical, solution 

chemistry and hydrothermal methods. With regard to hydrothermal method, 

MWCNT with oxygen functional group on the surface and aqueously dispersed GO 

are mixed, then transferred and kept in autoclave for 12 hour at160℃. Finally, the 

hybrid mixture is washed and dried or 10 hour at 70℃ [50]. Owing to high defect 

density and weak interconnections obtained in final product, this method is not 

suitable for industrial production. 

 

1.5.5.4 Thermal Chemical Vapour Deposition (TCVD) 

 

TCVD is a key method for the synthesis of CNT and graphene. It is also employed 

for synthesizing CNT-Graphene hybrid. It is long established due to its low cost, 

high productivity, easy controllability, scalability. It is a gas phase heating process 

to activate the thermal decomposition of the precursor gases, generating radicals, 

ions and neutrals that diffuses over the catalyst surface to initiate the hybrid growth. 

The catalyst film deposited over the substrate owing to its high surface temperature 

(750℃− 1200℃ ) get fragmented into nanoparticles. Commonly used catalyst in 

CVD for hybrid growth are Ni, Co, Fe. The following steps are involved in the 

growth of hybrid through TCVD [51-52]. 

 

1. To avoid the oxidation process, all gases inside the chamber are removed, 

and carbon precursors are then escorted into the TCVD chamber with inert 

gases like Ar, He.  
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2. Generated carbon species decompose into active carbon which then adsorb 

and diffuse on and into the catalyst. 

3. Due to saturation of the catalyst nanoparticle, carbon atom diffuse out of 

the catalyst bulk and form graphene islands which coalescence to form 

graphene layer. 

4. Vertical aligned MWCNT array start nucleating under continuous 

graphene layers, as carbon not bound in graphitic layers (free carbon) reach 

the catalyst surface. 

5. Hydrogen atoms desorb from the hybrid surface and removed from the 

chamber as hydrogen molecules via carrier gases.  

 

1.5.5.5 Plasma Enhanced Chemical Vapour Deposition (PECVD) 

 

PECVD is a CVD process in which chemical reactions takes place after formation 

of plasma of reactive gases. In PECVD process, electron impact processes stimulate 

the gaseous reactants in the plasma and consequently, generating profusion of ions, 

radicals and neutral species. Electric ionization assisted energetic reactions at low 

temperature in plasma supersedes high temperature CVD technique. In plasma, 

energetic electrons dissociate the source gas molecules directing the generation of 

the highly energetic ions, and afterwards reactions between these highly energetic 

ions and gaseous sources begins to continue. Vertical hybrid growth is a convoluted 

process as gas phase and surface reactions involved in growth are biased by the 

plasma source and plasma operational parameters, eventually affecting the 

morphology and structure of as-grown vertical hybrid. Moreover, this method offers 

the advantage of low-temperature processing and higher growth selectivity. Gas 

pressure is kept low and source power is kept high to maintain the plasma inside the 

chamber. In the PECVD growth process, proper knowledge of the source of plasma 

excitation is essentially important. Few of the plasma source are, microwave (MW) 

plasma, radiofrequency (RF) plasma, direct current (DC) plasma, and combinations 

of them are used to ignite the plasma. The plasma sources with various sources gases 

and operating conditions are listed in Table 1.2. 

 

 1.5.5.5.1 DC- PECVD 

 

Synthesis of graphite like nanostructure via DC-PECVD is reported by Obraztsov et 

al. [53]. Vertical hybrid growth employing DC- PECVD has been realized with two 

geometrical setups: parallel plate and pin to plate. In parallel plate DC glow 

discharge setup, between planar cathode and anode a dc voltage is applied. Space 

between the electrodes is filled with low-pressure gas for breakdown to eventuate. 
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Usually substrate is placed at cathode or it directly serves as cathode. The sheath 

electric field accelerates the ions towards the substrate and resulting electric force is 

responsible for alignment of the hybrid in vertical direction. In pin to plate DC glow 

discharge, asymmetric electrodes i.e. tungsten tip and a planar substrate prompts 

non-uniform plasma. Conductive substrate requirement is the main disadvantage of 

this technique. Y et al. have successfully synthesized branched carbon nanotubes 

using DC-PECVD. 

 

 1.5.5.5.2 RF-PECVD 

 

Radio Frequency (RF) typically 13.56 MHz creates the plasma. RF-PECVD 

technique results in effective ionization of gas molecules, as electron density 

generated is higher in comparison to former DC- PECVD setup. The system work 

in three modes depending on coupling between the energy from RF generator and 

the plasma source: evanescent electromagnetic (H) mode, the propagating wave (W) 

mode, and the electrostatic (E) mode [54].  

 

In H mode, Inductively Coupled Plasma (ICP), inductive coil antenna connected to 

RF generators are the plasma source. The inductive coils can be cylindrical or planar. 

Upon passing time varying electric field through coil antenna, time varying magnetic 

field is generated around the coil, which in turn induces electric current inside the 

chamber, leading to ionization of gases, hence production of high-density plasma. 

 

In W mode, a propagating static magnetic field is introduced to a plasma excited by 

ICP with cylindrical circuit element. Resulting in the generation of plasma of larger 

volume and high energy density. 

 

In E mode Capacitively Coupled Plasma (CCP), circular electrode is connected to 

RF voltage source and the other electrode is grounded, separating both the electrodes 

by 5 cm distance. Owing to comparable low electron energy and density, it cannot 

be used as independent plasma source. Gautier et al. [55] synthesized graphenated 

MWCNT via RF-PECVD technique. 

 

1.5.5.5.3 MW-PECVD 

 

MW-PECVD technique operates in electromagnetic radiation of frequency 2.54 

GHz to dissociate source gas molecules via high-density energetic electrons. The 

MW source is coupled with vacuum heating chamber via transverse rectangular 
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cavity guide or using an external antenna, producing the electric field effect inside 

the chamber [56]. Plasma is created at high MW power and low pressure. Deng t al. 

[35] have studied the synthesis of graphene flake CNT composite employing MW-

PECVD under varying plasma power (400W-800W). It is concluded that owing to 

rise in etching of C with increasing plasma power, the size and density of graphene 

flakes decreases and CNT array disappears at 800W. 

Table 1.2 Overview of operating parameters used in the different PECVD systems 

Source of plasma 
excitation  

Gaseous 
sources  

Operating 
pressure 
(Pa)  

Substrate 
temperature 
(℃)  

Flow rate 
(sccm)  

Gas ratio  Ref.  

Microwave (MW)  CH4/Ar  17.33  450-500  -  1:8  [57]  

(MW)  CH4/N2  5.32×103
 1250  -  -  [58]  

(MW)  CH4/N2  5.32×103
 >1000  -  -  [59]  

(MW)  C2H2/N2/Ar  1.33×104
 650-1050  200  0.5% of C2H2  [60]  

(MW)  CH4/N2/Ar  1.33×104 650-1050  200  4% of C2H2  [60]  

(MW)  CH4/H2  133  650-700  50  1:4  [61]  

(MW)  CH4/H2  220  550  -  1:20  [62]  

(MW)  CO/H2  250  700  50  23:2  [63]  

(MW)  CH4/H2  5.32×103
 700  200  1:8  [64]  

(MW)  CH4/H2/Ar  1.33×104
 650  44  1:1:20  [65]  

(MW)  C2H2/NH3  1.33×103
  -  -  >1:1  [66]  

Inductively 
coupled plasma 
(ICP)  

CH4  12  630-830  10  -  [67]   

(ICP)  CH4/Ar  0.3  400  30.4  16.4:14  [68]  

(ICP)  CH4/H2  12  630-830  10  >1:9  [67]  

(ICP)  CH4/H2  2.66-53.2  600-950  -  >1:19  [69]  

(ICP)  CH4/H2  13.33  700  10  2:3  [70]  

(ICP)  C2H2/H2  4-5.33  550-600  5  4:1  [70]  

CCP+ICP  CH4/H2,  
CH4/H2,  
CHF3/H2,  
C2F6/H2,  

13.3  500  45  1:2  [71]  

Direct current 
(DC) glow  

CH4/H2  1×104
 1000  -  1:9  [72]  

DC glow  CH4/H2  9975  1000  -  8:92  [73]  

DC glow  CH4/H2  2.66×104
  900-1000  50  3.8% of CH4  [74]  

DC glow  CH4/H2/Ar  1.3  550-800  87  1:1.25:5  [75]  

DC glow  CH4/H2O/Ar  1.05×105
  700  1500  10% of CH4 

with 40% 
[76]  



 
 

16 

Shruti Sharma 

Delhi Technological University 
 

relative 
humidity  

 

 

1.6 Plasma and Formation of Plasma sheath 

 

Plasma is generally called “the fourth of matter”, in company with solid, liquid, gas. 

Just as a liquid will boil, changing into a gas when energy is added, heating a gas 

will form a plasma – a soup of positively charged particles (ions) and negatively 

charged particles (electrons). When the gas is heated to very high temperature 

(10,000°𝐾 or above), the constituting atoms, molecules gain immense high thermal 

energy  and collide with each other , ripping away the electrons, consequently 

forming ions, electrons, neutrals and radicals species. The resultant ions, electrons, 

neutrals, and radicals are said to form the plasma or ionized gas. For every ionized 

gas to be referred to as plasma, quasineutrality and collective behaviour need to be 

satisfied [77]. According to quasineutrality condition, ion number density and 

electron number density are at equilibrium in plasma of length more than the Debye 

length (𝜆𝐷) i.e.,𝑙 ≫ 𝜆𝐷. The Debye length is a measure of how far into the plasma 

the potential of probe or electrode is realized and is expressed as 𝜆𝐷 =

{𝜀0𝑘𝐵𝑇𝑒 𝑛𝑒𝑒
2⁄ }
1

2. 

 

In plasma-aided growth of hybrid, the PECVD chamber is split into three regions: 

bulk plasma, plasma sheath, substrate surface. In bulk plasma quasineutrality 

condition is maintained comprising high density of electrons and positively charged 

species. Due to high thermal velocity of electrons {
𝑇𝑒
𝑚𝑒⁄ }

0.5

 than ions 

{
𝑇𝑖
𝑚𝑖⁄ }

0.5

(because, 𝑚𝑒 ≪ 𝑚𝑖  and  𝑇𝑒 ≫ 𝑇𝑖) , electrons head faster towards the 

substrate generating negative potential on its surface, scooting bulk plasma with 

positively charged species hence net positive potential in bulk. Consequently setting 

up a strong electric field in region between bulk plasma and substrate surface, which 

accelerates the ions towards the substrate, reflecting back the electrons in bulk. This 

region of charge separation between bulk plasma and substrate surface is plasma 

sheath. To induce a strong electric field in plasma sheath region, a negative potential 

is also applied to the substrate surface. 

 

1.7 Nucleation and growth of CNT- Graphene Hybrid 
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Initially, a catalyst thin film is deposited over the substrate surface, which after 

plasma treatment process (physical sputtering) or etching, transforms or breaks into 

catalyst nanoparticles. These catalyst nanoparticles act as nucleation seeds for the 

hybrid growth. The transition metal, iron (Fe), cobalt (Co) and nickel (Ni) are 

employed as catalyst thin film materials for hybrid synthesis. Plasma pretreatment 

of thin catalyst film allows better reaction between catalyst nanoparticles and C 

species. The hydrocarbon species adsorb and break on catalyst nanoparticle surface 

to generate C species and atomic radicals via various surface processes like thermal 

dissociation, ion – induced dissociation, adsorbed layer interaction [78] to initiate 

the CNT growth. The generated C species via surface and bulk diffusion regenerate 

into graphitic cylinder, which simultaneously get vertically aligned under the 

influence of plasma sheath electric field and other intermediate forces. After CNTs 

are formed, and with increase of reaction time, the energetic ions under the influence 

of sheath electric field continuously bombard the CNT surface, splitting C-C bonds, 

thereby creating cracks and dangling bonds (local defects). These defects act as 

nucleation sites for the growth of vertical graphene (VG) sheet. Carbon clusters 

accumulated at the defected sites diffuse and agglomerate to form graphene islands 

which further diffuse and agglomerate to form VG sheet normal to surface of CNT 

under the effect of sheath electric field and other inbuilt forces. 

 

1.8 Analysis of plasma process parameters on the CNT-Graphene hybrid 

growth 
 

Plasma process parameters: Plasma power, pressure, bias, precursor gases, substrate 

temperature, substrate involved, type of catalyst and catalyst thickness all influence 

the morphology of the carbon nanostructure along with growth of CNT –graphene 

hybrid. Below mentioned are the few studies on these parameters and their impact 

on the nanostructure morphology and  CNT-Graphene hybrid growth.  

 

Deng et al. [35] investigated that with C concentration the growth rate and density 

of graphene flakes on CNT increases and their distribution expand from tip to deep 

CNT forest. Moreover, with the increase of input plasma power graphene flakes size 

, density and amount of  amorphous carbon on CNT surface decreases and with 

further increase in power (600 W) no graphene flakes are obtained and at 800 W 

CNT disappears. These morphological changes are attributed to plasma power 

related hydrogen etching on carbon. Field emission performance is significantly 

controlled by graphene flakes distribution,  as CNT with densely distributed flakes 

show poor field emission property in comparison to CNT’s with sparsely distributed 

graphene flakes on its surface. 
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Gorodetskiy et al. [79] performed hydrogen plasma modification on CNT array. 

Owing to enhanced plasma etching of the CNT array with increase of plasma 

treatment time, the average thickness of the CNT array decreases from 1760 m to 

1470 m. With increase of plasma power from 1500 W to 3000 W the iron 

nanoparticles isolates out of the CNT channels owing to enhanced etching and form 

agglomerates or sinter into micron-sized iron balls under high power. Moreover with 

treatment of CNTs at 600 W amorphous carbon etches away with the formation of 

exfoliated graphene flakes at CNT surface and no iron nanoparticles were observed 

near the CNT tip. 

 

Garg et al. [80] have studied the effect of increasing CH4 partial pressure in PECVD 

chamber on the growth of single to few layer graphene flakes on Si nanowire mesh 

template. It is observed that size and density of the flakes increases with CH4 partial 

pressure varying from 8.3mTorrr to 25mTorr. This is attributed to a decrease in H/C 

ratio in the gas feed. In addition the obtained hybrid material exhibits low resistance 

and exceptional conductivity owing to increase in density of single to few layer 

graphene flakes with CH4 partial pressure.  

 

Thapa et al. [81] simulated the electric field distribution for a single vertically 

aligned carbon nanotube (VACNT), an array of VACNTs and bundled CNTs with 

different number of CNT.  The local electric field at the tip of VACNT (455V/m) 

was found to be extreme in comparison to the field distribution (188 V/m) at the 

tip of emitters in VACNT array. This is attributed to the screening effect from the 

neighbouring CNTs leading to weak penetration of equipotential lines between the 

VACNT emitters. The local electric field at the tip of emitters in bundled CNTs (9 

CNTs) is found to be 355 V/m, this remarkable amelioration in the local electric 

field is attributed to increased inter-bundle distance (0.9 m) lowering the screening 

effect. Consequently, bundled CNT emitters can deliver better field emission 

performance as compared to that from dense CNTs emitters.  

 

Qi et al. [82] studied the effect of Co catalyst and catalyst film thickness being 

crucial for the growth states and morphology of the vertically oriented few layer 

graphene (V-FLG). Slow growth rate and lower density of V-FLG is realized on 

substrates without catalysts compared to dense V-FLG obtained on catalyst film 

coated substrate under the same experimental conditions. As the thickness increases 

to 14 nm, CNT coated with densely packed FLG morphology is obtained. Growth 

of FLG on graphene is defect mediated. Furthermore, at catalyst thickness of 200nm 

only FLG morphology is obtained with no CNTs.  



 
 

19 

Shruti Sharma 

Delhi Technological University 
 

 

1.9 Objective and organization of thesis 

 

Following the literature and studies appertain to growth of CNT- Graphene hybrid 

in plasma and field emission from them, the present thesis direct towards modelling 

and analyzing the growth and field emission properties of CNT –Graphene hybrid. 

The outcome of plasma control parameters such as total gas pressure , plasma power 

,substrate temperature on the hybrid growth and its field emission properties is 

scrutinized in present thesis along with effect of H2 gas flow rate, catalyst film 

thickness on the hybrid growth. Furthermore, CNT- Planar Graphene Layer (PGL) 

hybrid is modeled and explored under varying conditions. The entire work in present 

thesis is divided into five chapters. 

 

Chapter 2 incorporates modelling of Vertical nanocone –Graphene hybrid via 

PECVD technique in C2H2/NH3 environment. The growth of hybrid is analyzed by 

altering the plasma control parameters viz. total gas pressure, plasma power. The 

parameters effect the ion and neutral density in plasma sheath, consequently altering 

the sputtering yield and etching phenomenon. Consequently the obtained 

dimensions of  hybrid corresponding to preferable plasma power is employed to 

compute its field enhancement factor to be used as efficient field emission source. 

 

Chapter 3 accounts for modelling the growth of CNT array with precipitation of 

planar graphene layers (PGL) on its top (CNT-PGL hybrid) in PECVD chamber in 

C2H2/NH3 plasma. Varying  neutral density in bulk plasma, ion and neutral flux to 

the catalyst film surface  owing to  different C2H2 gas flow rate, varying catalyst 

film thickness, substrate temperature, and cooling rate, all engineer the geometry of 

the CNT-PGL hybrid. Thus obtaining the optimized conditions which are suitable 

for the growth of CNT-PGL hybrid to be used as efficient field emission source in 

field emission devices. In addition the field enhancement factor of CNT array and 

CNT –PGL hybrid are compared  to redeem the refined field emission properties. 

 

Chapter 4:  This chapter features two different plasma environments. In case 1, 

𝐶𝑥𝐻𝑦/𝐻2 plasma is used to numerically analyze the effect of H2 gas under varying 

plasma power on the growth of CNT with graphitic leaves over it. It is observed that 

with increase of plasma power the growth rate of CNT along with graphene 

decreases. In case 2, 𝐶𝐻4/𝐴𝑟 plasma is considered. The growth of CNT adorned 

with graphene foliates; under varying Co catalyst film thickness is investigated. It is 

found that morphology of the carbon nanomaterial varies with the catalyst film 
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thickness. The analyses are performed by solving the first-order simultaneous 

differential equations using experimentally determined initial conditions and plasma 

glow discharge parameters. Efficient field emission devices can then be designed by 

employing CNT-G hybrid obtained at optimized plasma power and catalyst film 

thickness. 

 

Chapter 5:  The final chapter includes the thesis' conclusion and future study scope. 

It discusses future work that can be performed to explore plasma-assisted growth of 

CNT-G hybrid more extensively and effectively in order to make its production more 

accessible and improve its applicability in numerous industries. 
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Chapter 2 

 

Effect of Plasma Control Parameters on the Growth of 

Nitrogen‑Doped Nanocone‑Vertical Graphene Hybrid: 

Theoretical Investigations 
 

 

2.1 Brief Outline 

 

In the present chapter, a phenomenological model describing the growth of nitrogen-

doped nanocone-vertical graphene hybrid (N-NCN-VG) is developed. The model 

contains the plasma sheath equations to compute the conditions needed for hybrid 

growth. Surface deposition kinetics and gas-phase processes of the species 

responsible for catalyst-assisted growth of hybrid are investigated to study the 

dependence of growth characteristics on the plasma parameters (total gas pressure, 

plasma power). Defect mediated growth of graphene over nanocone is examined. 

Henceforth field enhancement factor of the hybrid is probed at different input plasma 

power to analyse its utility in field emission devices.  

 

2.2 Introduction 

 

In material engineering, Plasma Enhanced Chemical Vapor Deposition (PECVD) is 

a well-established technique for growing nanostructures in which, the source gas is 

ionized via electrical energy to produce plasma comprising energetic electrons, 

positive, negative charged ions, neutrals, and radicals. The strength of the electric 

field formed within the plasma sheath (area of uncompensated charges) effectively 

controls the flux of energy and ionized species on the catalyst surface. Plasma 

control parameters influence sheath dynamics, which in turn affect the electric field 

strength. 

Intensive efforts have been made over the last few decades for designing electron 

field emitters owing to its promising application in X-ray generators, flat panel 

display, field emission (FE) guns, etc. [1–6] using nanocarbon allotrope because of 

its low voltage requirement for the extraction of electrons from its surface. The 
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unique properties of carbon nanotubes (CNTs) and graphene have allowed these 

nanocarbon allotropes suitable for use as cold cathode emitters. 

The electron field emission (FE) occurs mainly from the tip of CNT while its side 

remains less sensitive to FE and is less stable towards FE whereas for FE from 

graphene, the sharp edges of the graphene should be vertical to the substrate. 

Furthermore, except for the FE stability, the graphene FE properties are low in 

comparison to CNT. Considering both CNT and graphene, efforts have been made 

to design an improved and stable field emitter [7–9] which is a hybrid of CNT and 

graphene (Carbon Micronymphaea), as a 3-D field emitter. This hybrid structure 

consists of graphene branches from the tip and walls of the CNTs. 

 

Graphene, CNT, CNT-Graphene Hybrid grown using PECVD technique have found 

a wide range of applications such as in the fabrication of electron field emitters [12, 

13], transparent conductors [14], electrodes for the lithium-ion battery [15, 16], 

supercapacitors [17,18], coating of target material for ion acceleration [19], 

biomolecule sensors[20]. In space electric propulsion systems, multiwall CNTs are 

promising techniques to enhance channel wear resistance [21], as field emitter 

operating without or reduced gas supply installed on a hall effect thruster [4, 6]. 

 

Nitrogen doping of these structures lowers the work function, enhances the number 

of defects, active sites for oxygen reduction reactions, electrical conductivity, 

specific capacitance, and lowers resistance to charge transfer thus making them 

efficient electron field emitters, oxygen electrocatalyst for rechargeable Zn-Air 

batteries, electrochemical sensors, supercapacitors, visible-light-driven 

photocatalyst for organic dye degradation [22–26]. 

 

Studies shows (i) Regulating the growth time, concentration of C, microwave power, 

growth temperature, length of the composite structure can be effectively controlled, 

which in turn influence its field emission characteristics [27, 28]. (ii) Growth of 

graphene sheet occurs from the defects (split C–C bonds) on CNT via high-energy 

bombardment of ions in plasma and lengthening by epitaxial mechanism [8]. (iii) 

Growth of vertical graphene (VG) sheet over CNT via defect formation by varying 

PECVD process parameters, which influence growth of VG sheet through 

mathematical modeling [29]. 

 

Motivated by the above mentioned works, author have tried to model and 

numerically analyzed the growth of graphene over nanocone surface and linked 

chemical sputtering/etching mechanism with the growth of N-NCN-VG Hybrid by 

varying the PECVD process control parameters i.e., total gas pressure, input plasma 
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power, and growth time. Varying ion number density, etchant number density, 

carbon surface concentration are the key factors affecting growth of nanocone, 

defects, and VG Sheet over nanocone surface. In this model, the VG sheet nucleates 

over the defect generated on the nanocone surface. 

 

2.3 Model 

 

In this section, the growth kinetics of the N-NCN-VG hybrid is modeled via the 

PECVD route accompanying by key presumptions with equations to detail its 

growth and nucleation. In the present work chemical sputtering/etching assisted 

growth of N-NCN-VG Hybrid is modeled wherein, plasma made of electrons, ion 

plus neutral of C2H2, ion plus neutral of H2, ion plus neutral of NH3 has been 

considered and are elaborated in Table 2.1 which are key reactants in plasma 

chemistry of the C2H2/NH3 gas combination [30]. Figure 2.1 shows the schematic of 

N-NCN-VG Hybrid growth on the Nickel (Ni) catalyst over Silicon (Si) substrate. 

Several stages are involved in the growth: creation of ultra-small metal catalyst 

nanoparticle as a beginning step; followed by its saturation with carbon species; and 

ultimately, the nanocone growth covering saturated nanoparticle. The incoming 

carbon species are responsible for the growth of carbon nanocone, while hydrogen 

ions and nitrogenous ions which build up the electric field near the nano-hillock 

surface take part in the role of etching of carbon nanocone [31]. So, there exist both 

deposition-etching during the growth of carbon nanocone. Initially, saturation of 

catalyst nanoparticles takes place by the adsorption, diffusion, and sticking of 

hydrocarbon species. Once, the saturation of catalyst nanoparticle is reached, 

nucleation of nano-hillock on its top takes place by additional carbon atoms. Here 

we have assumed that, along with the nucleation of nano-hillock at the center of 

catalyst nanoparticle, it also grows radially until the catalyst nanoparticle is fully 

covered [32]. So a nano-hillock of increased height and base radius with a small 

slope angle is obtained, which leads to weaker chemical sputtering/etching yield, 

consequently, carbon species deposition takes over during the preliminary growth 

stage of carbon nanocone [33]. With increasing deposition of carbon species, slope 

angle of nano-hillock increases, and chemical sputtering/etching becomes more 

effective and the rate of deposition decreases. When deposition of carbon reaches 

equilibrium with the etching of carbon so stable nanocone will be formed [33]. The 

presence of hydrocarbon, hydrogen, and nitrogenous ion in plasma lead to formation 

of defects on nanocone surface. Under applied bias and electrostatic field, the 

energetic ions (energy above the threshold energy needed for bond breaking) 

continuously bombard the nanocone plane to split several C–C bonds (bond energy 

17–20 eV) [34], thereby creating cracks and dangling bonds (local defects) that are 
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well-known nucleation sites for two dimensional VG sheet growth on nanocone 

surface[27, 35]. Then VG sheet proceeds the way as discussed in previous studies 

[36–38]. Later these defects capture hydrocarbon species and form carbon 

monomers after several 

processes to attain stability. Carbon monomers then diffuse and aggregate to make 

graphitic carbon clusters [37, 38]. As time elapses, the as formed carbon clusters 

diffuse and aggregate to form graphene nuclei promoting the formation of graphene 

islands which in turn diffuse and align to produce larger islands or flat graphene 

sheet [37–39]. Alignment of graphene layers takes place normally to nanocone  

surface under the effect of internal tensile force and inbuilt electric field (induced  

 

Table 2.1 Neutrals and ions considered in model 

 

 

between bulk plasma and the negatively biased substrate surface as a result of charge 

separation region known as plasma sheath) along with regular dissociation and 

diffusion of hydrocarbon and carbon species, respectively, yielding graphene sheet 

growth [38]. For the growth of the graphene sheet, a nanocone template of base 

radius r and height h has been considered in the plasma constituting the ionized gas 

mixture of C2H2/NH3. It is known that a typical PECVD, is described by the 

formation of plasma sheath. Within the plasma sheath, the medium shall be regarded 

as two interpenetrating fluids constituting neutral molecules and ions, respectively 

[40] where the microscopic plasma sheath electrostatic force (from space charge 

separation) accelerates the ions heading to the surface [41]. Considering the induced 

sheath electrostatic field to be along the z-axis i.e., in the vertically downward 

direction. Presently in the plasma sheath model the ion velocities, ion energies, the 

number density of ions, and neutral species in the plasma is found by coupling the 

equation of continuity and momentum balance equation to the Poisson’s equation 

which relates potential distribution in the plasma sheath and number densities of 

charged species [42, 43]. 
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H+, H2
+ 

 

 

NH3
+,N2

+, NH4
+, 

HCN+                                                                        

 



 
 

31 

Shruti Sharma 

Delhi Technological University 
 

 

 

 

 

             
 

Bulk plasma 

 

E 
  

Hydrocarbon 

species 
Hydrogen 
species 

Nitrogen 

species 

Nanocone 

Bulk Plasma 

E 
E Defects 

Bulk plasma  

Vertical 

graphene 

sheet 

Graphenated 

Nanocone 

E 

Graphene Island 

Bulk 

Vertical 

graphene 

sheet 

Graphenated 

Nanocone 

E 

Graphene Island 

 

 Fig.1 Schematic showing the 

(a) Incident ionic species sputter the micro-

hillock followed by the deposition of 

hydrocarbon species.  

(b) Simultaneously the height of the spike is 

increased to result in an increase of slope angle 

and enhancement of chemical sputtering 

followed by formation of defects on the 

nanocone surface. 

(c) Carbon atom gets captured by the defects 

which diffuse and agglomerate to form graphene 

island. The internal tensile force and plasma-

induced electric field force tend to align the 

graphitic layer in the direction normal to the 

nanocone surface. 

 

(a) 

(b) 

(c) 

Figure 2.1 Schematic showing the 
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where Mik; nik; Tik; and ik are the masses, number densities, temperature, and fluid 

velocities of the positively charged species, respectively [k corresponds to the a,b,c 

type of positively charged ions (see Table 1). Me; ne; Te; and e are the mass, number 

densities, temperature, and velocities of electrons, respectively. 

Eqs. (1) and (2) are the continuity equations and Eqs. (3) and (4) are momentum 

balance equations for ions and electrons, respectively, and take into account 

ionization of neutrals by electrons with ionization frequency ik ik N   where ik  is 

the ionization potential, ik
ik

e

n

n
   or kp

p
 ,where ip NT  and  kp  are the total gas 

pressure of  kth gas and  k k

k

N n  is the total neutral species number density, nk is 

the number density of kth neutral.  NU   
 
is the collision frequency accounting 

the collision of ions and electrons with the neutrals , β refer to electrons and k ions, 

  is the cross-section of the collision,U  is the mean speed of the charged species 

β, ionization rate exp ik
k

e

E
n

T

  
   

  
   with  ikE  as first ionization potential energy of 

the  kth neutral. The plasma sheath Eqs. (1) - (4) along with Poisson’s Eq. (5) are 

solved by applying boundary conditions as follows 

0, , 0, , e
T Td e

e ik ik ikdz e M
ik


    

 
     

   

T
nwhere
p




  is the ion mean free path. 

 

Presumptions considered for simplified modelling [44–46] 

(a) Maxwellian distribution of electrons and ions is considered. 
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(b) Ion – surface interaction is assumed coulomb interaction.  

(c) For the sheath to perform its function and repel electrons, the potential must be 

monotonically decreasing with increase in z. This will occur if ni(z) > ne(z) for all z 

in the sheath. 

(d) Plasma-surface interaction heats the nanocone surface, thus gaining the 

constant temperature Ts and is assumed uniform along nanocone. 

(e) The collisions of the neutrals, ions with nanocone surface are assumed elastic. 
 

2.3.1 Chemical Sputtering/Etching 

 
2.3.1.1 Low Ion Energy Sputtering 

 

The incoming hydrogen, nitrogenous, hydrocarbon ions project and transfer their 

momentum to the atoms on the growing N-NCN –VG hybrid. It takes place above 

the threshold energy of incident ions. As a result, physically sputtered carbon atoms 

originate predominantly from the growing hybrid, thereby removing amorphous 

carbon. The threshold is specified as minimum incident energy needed to split a C–

C bond which for physical sputtering of amorphous carbon by NH3+ and H+ ions has 

been calculated to about 31.08 eV, and 22.44 eV for carbon surface binding energy 

of EB(≈ 4.5 eV) [47]. 

 

For the sputtering of low energy ions, the threshold energy is given as [47, 48]. 
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where Mik and Mc are the incident ion mass which can be hydrogen, nitrogenous, 

hydrocarbon ion and mass of target, respectively. 

 

 
2.3.1.2 Ion Assisted Etching 

 

Incident hydrogen, nitrogenous ions generate split bonds in the cascaded collision 

which are immediately stabilized by the rich atomic hydrogen and nitrogen flux. 

Repeated bond (sp3-C) splitting events along with stabilization by H and N generate 
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stable C–H and C–N bonds on the surface, which then get thermally desorbs from 

the surface, thereby removing amorphous carbon via the formation of volatile 

hydrocarbons, HCN, CN, C2N2 [49, 50]. Below are the reactions (A) & (B) showing 

ion-assisted etching, where the ion (I+) can be hydrogen, nitrogenous. 

 

C(ads) H(plasma)   

𝐾𝐼𝐼
+

→   CH (plasma)                                                   (A) 

 C(ads) N(plasma)   

𝐾𝐼𝐼
+

→   CN (plasma)                                                   (B) 

  

where 𝐾𝐼 is the rate coefficient for ions incident over surface. 

 Carbon species flux (𝛤C ) leaving the surface is expressed by equation (C) 

 

a ads b
C I I ik C C ads b d CH

J J
Y K n S J K 


    


                                                 (C) 

 

where the first, second, third term on the right side of equation (C) denotes the flux 

of carbon atom and carbon-bearing species leaving the N-NCN-VG Hybrid surface 

due to ion assisted sputtering and fourth terms flux of carbon-bearing species leaving 

the  N-NCN-VG Hybrid surface due to thermal desorption of CH species. 𝒀𝑰 is the 

chemical sputtering/etching yield based on ion energy as  𝒀𝑰 ∝ √𝑬𝒊 −√𝑬𝒕𝒉𝒓 [51], 

where 𝑬𝒊 is the ion energy in eV and 𝑬𝒕𝒉𝒓 is the threshold energy in eV.  

eT
eK

I M
i




  denotes the rate coefficient for ions incident on the 

surface. 𝜽𝑪, 𝜽𝑪𝑯 is the fraction of surface sites covered with C atom, CH 

species. 𝑲𝒅 = 𝑲𝟎𝒆𝒙𝒑 (
−𝑬𝒅𝒉

𝑲𝑩𝑻𝑺
) is the desorption rate constant. 𝑲𝟎 is the number of 

attempted escapes per second  from the adsorption well, hence 𝐊𝟎 = 


𝟐𝝅
 .  1.8dhE eV  

is the hydrocarbon desorption energy.

 
 

 22

1
cos

fc ik i
I

Bc ik

M M E
Y

EM M





 
 
  

 

f is constant for certain  𝑴𝒄
𝑴𝒊
⁄  in this ion energy range [52s].  is angle of incidence 

of ions on growing N-NCN-VG hybrid, kB is the Boltzmann constant. 
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2.3.2 Growth of Nitrogen‑Doped Nanocone 

 

The growth of nitrogen-doped nanocone, shown in terms of volumetric change (base 

radius r, tip radius r1 and height h) with time, with the number density of carbon and 

hydrogen developed over the catalyst nanoparticle. 

Due to plasma-induced stress and/or localized electrostatic field, the nanocone 

growth takes place in the vertical direction. Nanocone growth process traced in Eq. 

(6) includes surface diffusion and incorporation of carbon monomer, along with 

surface diffusion of carbon cluster with the various energy barriers. The fourth term 

is the etching term which decreases the growth rate of nanocone. The final two terms 

add up to the sticking of neutrals of type 1 and 3, respectively over nanocone surface 

[53, 54]. 
 

 

1

1

3 3
1 2exp exp

1

3
exp

C

r r E ED D
d h SDc SDcl

r r k T k T
B s B s S j V

iadt E
INcA r

k k T
B s

rh S j V j j V
H ib a a c c

 





  

                                 
   

         

  
           

              (6) 

 

 

where V = Mnacn∕nacn, Mnacn(≈ 12g) , and nacn are the mass and density of the 

nanocone, D1 and D2 are surface diffusion coefficients, Ak is the carbon monomer 

incorporation speed into nanocone, EINc ≈ (0.4 eV) is the energy barrier for carbon 

monomer to diffuse along the nanocone-catalyst interface, respectively. Activation 

energy for surface diffusion of carbon monomer and of carbon clusters are ESDc ≈ 

0.3 eV, ESDcl ≈ 0.48 eV along the nanocone- catalyst interface. (a = c) ≈ 1 are the 

sticking coefficient of neutral atom of type a and c [39, 54, 55]. jia, jib are the ion 

collection current of type a and b over nanocone surface,ja, jc are the neutral 

collection current of type a and c over nanocone surface. 
 

2.3.3 Defects Formation on Nanocone Surface 

 

Time variation of energy balance at the nanocone surface in C2H2/NH3 plasma is 

described by Eq. (7). The R.H.S of Eq. (7) describes the power transferred to the 

nanocone surface, due to incidence of plasma species i.e., positive charged ions, 

neutrals, and electrons (first term), due to neutrals generation at nanocone surface 
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(second term), due to hydrogen assisted etching of nanocone surface (third term), 

due to sputtering by incident ions (fourth term) give rise to defect on nanocone 

surface, due to surface diffusion along with the incorporation of created carbon 

species over nanocone surface (fifth term). Time variation of linear defect density 

on nanocone surface is shown by L.H.S. of Eq. (7)  

   

, ,1

, ,3
1

2

c c ca b cNd c c ctip tip tipc c ccur cur curP M C T j j j j j jnacn c s ij k e e eik ik k kNd t
k

ca b c c tipcurk T j j J E A
B s ik ads b Bik ik

k
  

                                                    

  
      

  

    
, ,

1 exp 7C

c

a b c E
SDcJ Y E A S A E

ik s i t c c INck Tk B

 

 
  

                  
      

 

 

 

where 𝑀𝑛𝑎𝑐𝑛, 𝐶𝑐 , and 𝐴c(= 𝑟2 + 𝑟ℎ) are the mass, specific heat, and area of 

nanocone. 𝑁𝑑 is the linear (micron length) defect density produced on nanocone.

4

k thk

k

n u
J

 
  
  and 

0.5

B e
ik ik
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J n

M

  
   
   

 denoting impinging flux composing 

neutrals and positive charged ions of type k, respectively [56].

2
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Zc Z k TBik Z


 



    
      
       

denotes the average energy accumulated over 

nanocone surface owing to  species,  signifies electrons, neutrals, and ions of type 

k, where B
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E
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 and EB is the energy barrier at the nanocone surface[45].
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denotes ion collection 

current due to positively charged species at the nanocone tip.
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 is the ion 

collection current over curved surface of nanocone due to positively charged species. 

The charge number over the nanocone surface is denoted by Z. 
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 is the positive ion density in plasma sheath as a function 

of structure coordinate. uthk is thermal velocity of type k neutral, respectively. ik is 

velocity of positive ion,
  exp

x
x

d

  

 
 
 
   denoting static potential inside the plasma 

sheath,  is the negative potential at the substrate surface. d denotes debye length.
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,
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e
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 is the potential at the tip of nanocone. ,,ik ik VM T V are 

the mass, temperature of positive ion of type k, potential at curved surface of 

nanocone[57].  

 
2 22 4 2 2 2 22 23 2 2 2 4 log

2

4 2

h z h hz z
h hz z h z

V
V




  
          

   
  

   

 

  1

82 expe

c k T Z eUtip B e V Vj n x re m k T k T
e B e B s






 
                 

and 

1

2
( ) exp

c k T eV eUcur B e V Vj n x r he e m k T k T
e B e B s


 

                 
 denotes the collection current due to 

electrons over the tip and lateral surface of the nanocone. We will herein call these 

collections as OML collections. For OML theory to apply r << λd, where r is the 

base radius of nanocone and λd is the Debye length [58–60] 
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are the neutral collection current over tip and lateral surface of nanocone.
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   15 2 16 210 , 10adscm cm     is the area density of adsorption sites, reaction cross-

section with atomic hydrogen[41].  Y E
s i is the sputtering yield function of ion 

energy[61].  t  is the total surface coverage. Using mass conservation, area of the 

resulting defect is estimated to be 
2

2 1 1r r h
Rd

hNd

 
  
 

 , where Rd is the defect radius. 

 

2.3.4 Rate of Growth of Hydrogen Radical and Carbon Species over Nanocone 

Surface 

Interaction between neutrals and ions of type a, b, c with nanocone surface serves 

formation of hydrogen radical and carbon species over nanocone surface through 

surface process that are described by Eqs. (8) and (9) 
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where H CS and S are the instantaneous surface concentrations of hydrogen radical 

and carbon species generated on the nanocone surface,  2.1tdE eV   hydrocarbons 

thermal dissociation energy,  1.8ahE eV   hydrogen species adsorption energy,

 1.8evpE eV  carbon evaporation energy,  n
sk k

 


  is surface concentration of 
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neutral species of type k. k  is the surface coverage by species of type k,  1310 Hz   

is thermal vibration frequency,  2 22.49 10 3.29 10d iY E       is stitching 

probability[43,61] respectively. The surface processes are explained in Table 2. 

 

2.3.5 Growth of Graphene Island 

 

When energetic ions strike the surface of nanocone, defects are produced on the 

nanocone surface. This ion irradiation produced defects on nanocone surface are 

energetically unstable. Later these defects capture hydrocarbon species and form 

carbon monomers after several processes to attain stability. Carbon monomers 

afterward diffuse and accumulate to make carbon clusters. As time elapses the as 

formed carbon clusters along with diffusion, accumulate to make graphene nuclei 

which upon further diffusion and accumulation form graphene island that in turn 

diffuse and stitch together to produce larger islands [37, 39].  

 

The below-shown Eq. (1) traces graphene island (radius rgIs) growth relating to rate 

of change of area (𝑛𝑚2 𝑠⁄ ) of graphene island       

 
     

2

2

exp exp exp2 1 2 3

2

2

gIs

gIs

E E E E E
SDc INc SDcl INcl SDis

S D D D
Cd r k T k T k TgIs B s B s B s

gdt gRd j r jAd ia a a
gr r jgIs c c



  

   

                                         
               
              

(10)








 
 
 

where 𝐷1, 𝐷2, 𝐷3 are the surface diffusion coefficients, 𝑗𝑖𝑎
𝑔
 , 𝑗𝑎
𝑔
    and jc

g
 symbolize 

ion, neutral collection current of type a and neutral collection current of type c at the 

growing graphene island respectively. 𝐸𝑆𝐷𝑐 ≈ 0.1eV, 𝐸𝑆𝐷𝑐𝑙 ≈ 0.82eV, 𝐸𝐼𝑁𝑐 ≈

0.42eV, 𝐸𝐼𝑁𝑐𝑙 ≈ 0.42eV, 𝐸𝑆𝐷𝑖𝑠 ≈ 2.6eV are the energies of activation for surface 

diffusion of carbon monomers and carbon clusters, activation energy barriers for 

incorporation of carbon monomer and carbon clusters, and activation energy barriers 

for surface diffusion of graphene island[1,3]. (𝐴𝑑 = 𝜋𝑅𝑑2) is the area of defect at 

nanocone surface. In the equation, the first term accounts for surface diffusion and 
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incorporation of carbon monomers into the defective sites at nanocone surface. 

Second term accounts for surface diffusion and incorporation of carbon clusters. The 

third term accounts for surface diffusion of graphene islands, followed by the fourth 

term, for accumulation of neutral atoms of type a and c on the graphene island. 

Table 2.2 Explanation of surface process expressions used in Eq. (8) and (9) 

 

 

Expressions Explanation and reaction involved 

 1b t

b

J    
Hydrogen Adsorption on nanocone surface 

H(plasma) → H(ads)  

H2(plasma) → H2(ads)  

 exp
Etdnsa

k TB sa




 
  

 
  

Thermal dissociation of adsorbed hydrocarbons 

C2H2(ads) → 2C(ads) + 2H(ads)  

CH(ads) → C(ads) + H(ads)  

n Ysa d Jia
ia a 

 
  
 
 

  
Ion-induced dissociation of adsorbed hydrocarbons 

C2H2
+ + C2H2(ads) → 2C(ads) + H2(plasma) + C2H2

+  

CH+ + CH(ads) → C(ads) + H(ads) + CH
+ 

C2H2
+ +CH(ads) → C(ads) + H(ads) + C2H2

+ 

CH+ + C2H2(ads) → 2C(ads) + H2(plasma) + CH+ 

Jia
ia
   Hydrocarbons ion decomposition 

C2H2
+ → 2C(ads) + H2(plasma)  

CH+ → C(ads) + H(ads) 

exp
Eahnsb

k TB sb




 
  

 
  

Hydrogen desorption 

H(ads) → H(des)  

n Jsb ads b
b

   Adsorbed hydrogen species loss due to interaction with incoming hydrogen atoms from 

plasma. 

n Jsb ads ib
ib b


 
  
 
 

  
Adsorbed hydrogen species loss due to interaction with incoming hydrogen ions from 

plasma. 

n Ysc d Jic
ic c 

 
  
 
 

  
Ion induced dissociation of adsorbed ammonia  

NH3
+ + NH(ads) → N(ads) + H(ads) + NH3

+  

NH2
+ + NH2(ads) → N(ads) + 2H(ads) + NH2

+  

J
ic

ic
   Loss of hydrogen due to Ammonia ion decomposition 

NH2
+ → N(ads) + H2(plasma)  

NH4
+ → N(ads) + 2H2(plasma)  

 1Ja t
a

   Adsorption of hydrocarbon on nanocone surface 

C2H2(plasma) → C2H2(ads)  

 CH(plasma) → CH(ads) 

exp
Eevp

Sc
k TB S


 
 
 

  
Evaporation of Carbon 

C(ads) → C(ev)  

Jia ads Jib
ib ia





 
  
 
 

  
Carbon generation on N-NCN under hydrocarbon and hydrogen ions interaction 

CH(plasma)
+ +H(plasma)

+ → C(ads) + H2(plasma) 
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2.3.6 Growth of Nitrogen doped Vertical Graphene (N-VG) Sheet over 

nanocone  

The as-formed defects act as nucleation sites for N-VG sheets. At initial, flat 

graphene grow around the defects which afterward switches to upward growth on 

nanocone under local electric field and tensile stress (arise due to difference in the 

structure and expansion coefficient of N-VG sheet and amorphous nanocone [37]). 

The growth rate Eqs. (11) and (12) of N-VG sheet is expressed below.  

 

2exp

exp 2 (11)
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1

( )
( ) 12

2 2

grdt S h t jgr H gr ib nh t l ibgr gr dt
gr gr

r j r j
a gIs a c gIs c

   

  
                
  
    

          

where lgr, hgr, tgr are the length, height, thickness of the N-VG sheet.  12grM g  ,

gr  are the mass, density of the N-VG sheet. , ,gr gr gr

ia a cj j j are the ion collection  

current of type a, neutral collection current of type a, type c over N-VG sheet surface. 

The first and second term on RHS of Eq.(2) shows the surface diffusion and 

incorporation of carbon atoms at the surface and peripherals of growing N-VG sheet 

attributing to growth of N-VG sheet. Also, the ion collection current at the surface 

of the growing sheet adds to the growth of the N-VG sheet. The last two terms 

represents the sticking of the neutral atom of type a and c at the N-VG sheet. Finally 

decrease in thickness of the growing N-VG sheet is accounted in Eq. (3) where the 

first term represents the etching of terminal carbon present at the edges of the N-VG 

sheet due to interaction with hydrogen atoms from the plasma. The sticking coming 

from neutrals of type a and c is denoted by the final two terms respectively, over the 

surface of the growing N-VG sheet. 
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2.3.7 Charging of N-NCN-VG Hybrid: 

Charging of N-NCN-VG Hybrid takes place due to accretion of positive ions and electrons on N-

NCN-VG Hybrid surface. 

, , , , , ,c ca b c a b c a b cc ctip gr tip grcur curZ j j j j j je e e eik ik ik
k k k


 

        
 
 

                           

Z is the charge number over N-NCN-VG Hybrid 

.
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e B e B s
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j n x l t t h h l

m k T k T

    
        

    
 denotes the ion and electron 

collection current at the VG surface.  1e   is sticking coefficient of electron. In 

Eq.(10), the first, second, and third term on the right-hand side describes the charge 

developed on nanocone tip, nanocone curved surface, and VG surface owing to 

positive charged ions accretion of type a, b and c. The last term indicating the 

reduction in charge due to electron accretion at the nanotip, nanocone curved 

surface, and VG sheet.  
 

2.3.8 Number density equalization of electrons in plasma 

Equation (14) represents number density equalization of electrons in plasma  

 

, , , ,
(14)

ca b c a b c ctip grcurn n n n n j j j
e k k k e ik e hyb e e e

k k

  
 
      
 
     

where 3 1300
sec

k

k k k

e

and cm
T

   
  
   
   

 are the ionization coefficient of constituting 

neutral atoms through external means and coefficient of recombination of electron 

 (13) 
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and positively charged ions with k = −1.2 being a constant. ne and Te are the electron 

number density in plasma and electron temperature, respectively. 

The first-term on RHS of Eq. (11) embodies per unit time gain in electron density 

through neutral atom (type a, b, c) ionization. Second, along with the third term 

represents electron -ion recombinational loss in electron density per unit time along 

with loss because of electron collection current over N-NCN-VG Hybrid surface. 

 

2.3.9 Number Density Equalization of Plasma Species  

 

Equation (12a)-(12c) represents the number density equalization of positively 

charged ions, in plasma 
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where 
 

0.5
2

k ik
adik

ikik B ik

P n
J

JM k T
    is the adsorption flux on the N-NCN-VG surface. 

Pk denotes adsorbing species partial pressure. exp ads
desik ik

B ik

E
J J

k T


 
  

 
 is the desorption 

flux(type k) from the N-NCN-VG surface. Eads denotes adsorption energy. thJ  denotes 

type b ions flux due to thermal dehydrogenation[56]. diskE is the dissociation energy 

of neutrals of type k ,  9 3 9 0.39 31.4 10 , 7.8 10 exp 14.8ia ib n nk cm s k T T cm s       are the 

ion –neural reaction rate coefficient [62,63]. hybn is the N-NCN-VG number density.  
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The first term within the right-hand side of Eqs. (12a)-(12c) denotes the neutral atom 

ionization assisted gain in positive ion density per unit time, second, third, and fourth 

term denotes the decrease in positive ion density  per unit time due to electron-ion   

recombination, ion collection current at the N-NCN-VG Hybrid surface and 

adsorption of ion at the surface of  N-NCN-VG Hybrid. The fifth term denotes 

positive ion density gain per unit time through ions desorption out of the surface of 

N-NCN-VG Hybrid. The term Jth describes the number density increase of hydrogen 

ion in plasma due to thermal assisted dehydrogenation. The term 
disk

P

E V
describes the 

rise in positive ion density owing to applied power-assisted dissociation. diskE is the 

dissociation energy of type k neutral. The last term of the equation (12a)-(12c) 

represents ion density gain with ion–neutral reaction.  

Eqs. (13a) - (13c) represent neutral atom number density equalization in plasma, ik

(1) denote coefficients of sticking of ion of type k.  

 

The first term on RHS of Equation (13a)-(13c) represents the gain in neutral atom 

density per unit time through recombination of electron-ion, the second term 

represents ionization assisted decrease in neutral atom density, third and fourth term 

represents ion neutralization assisted, neutral atom density gain per unit  time over 

N-NCN-VG Hybrid and loss in ion density per time through neutral atoms (type a, 

b, c) accretion on the N-NCN-VG Hybrid surface. The last term represents neutral 

atom density decrease through ion–neutral reactions. 

 

2.4 Results and Discussion 

 

An analytical model used in the present paper, explains the plasma sheath variations 

and growth of N-NCN-VG Hybrid (specifically the effect of plasma control 

parameters: total gas pressure and plasma power) including the effect on field 

emission characteristics of the hybrid. The analytical equations conferred above are 

worked out in parallel via MATHEMATICA SOFTWARE to study the effect of 

total gas pressure and input plasma power upon plasma constituents with properties 

that consequently regulate the dimensions of the N-NCN-VG, respectively. 

Appropriate boundary conditions, used to solve analytical equations namely, at t=0 

are number density of electron neo (=1010cm-3), electron temperature Teo (=2eV), ion 

temperature Tio (=0.16eV), neutral temperature Tno (=0.15eV). Substrate potential 

Uv= -300V, Substrate temperature Ts= (650 oC) Neutral atom mass type a 

 12 (1 ) . . .M x y a m u for C Ha x y
    
  

, Ion mass type a  12 (1 ) . . .ia x yM x y a mu for C H       , 
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Neutral atom mass type b    1 . . .b xM x a mu for H    , Ion mass type b 

 1 . . .ib xM x a mu for H      , Neutral atom mass type c 

   14 1 . . .c x yM x y a mu for N H      , Ion mass type c 

   14 1 . . .ic x yM x y a mu for N H        and volume of chamber  
4 31.05 10cV cm  . 

Initial ion number density of NH3
+=107cm-3, NH4

+=1010cm-3,    H2
+=108cm-3.Neutral 

atom density of type k kn  =5x1012cm-3, where k= a, c. Initial neutral density of 

H=1013cm-3,HCN=1011cm-3.Density of catalyst nickel   38.96ct gcm  , mass of 

catalyst nickel   58.96 . . .catM a mu ,diameter of catalyst nickel   60 .D nm  First effect 

of change of total gas pressure  P upon growth of N-NCN-VG hybrid (e.g. height 

and radius of the nanocone, thickness, and height of the graphene sheet protruding 

from nanocone) due to variation in ion energy, electron temperature, and plasma 

composition with varying total gas pressure at fixed plasma power has been 

presented. 

 

Figure 2.2 (a) showing ion energy in eV variations with increasing total gas pressure. 

As gas pressure increases, electron mean free path [30] and sheath width decreases 

[64], resulting in increased collisions among electrons, neutrals, and ions, thus 

making them speedily lose their energy. 

 

Figure 2.2 (b) showing an increase in chemical sputtering/etching yield YI with 

increasing energy of bombarding hydrogen ions at normal angle of incidence on the 

growing N-NCN-VG Hybrid, following study conducted by Roth et al. [65]. 

Chemical sputtering/etching, affect the growth rate of Hybrid, as etching is 

proportional to the (i) flux of incoming hydrogen and nitrogen-based ions [66], (ii) 

the amount of C–C bond breaking occurrence for every ion (iii) the passivation 

probability of broken bond by atomic hydrogen and nitrogen. 

 

Following this, Figure 2.3 a–c, shows decreasing etchant ion (NH3
+, H2

+,NH4
+) 

number density with increasing gas pressure due to increase in collisional 

recombination reactions, following the study conducted by Mao et al. [30]. Along 

with it, relative hydrogen etchant density also decreases with increase of total gas 

pressure, [cf. Figure 3d], which can be explained from the fact that ionization, 

excitation, dissociation of constituent species i.e.,H2, NH3, C2H2 due to electron 

impact decreases due to decrease in electron temperature and electron number 
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density with increasing gas pressure [67], following study conducted by Mao et al. 

[30]. Following this, Figure 2.3 a–c, shows decreasing etchant ion (NH3
+, H2

+,NH4
+) 

number density with increasing gas pressure due to increase in collisional 

recombination reactions, following the study conducted by Mao et al. [30]. Along 

with it, relative hydrogen etchant density also decreases with increase of total gas 

pressure, [cf. Figure 3d], which can be explained from the fact that ionization, 

excitation, dissociation of constituent species i.e.,H2, NH3, C2H2 due to electron 

impact decreases due to decrease in electron temperature and electron number 

density with increasing gas pressure [67], following study conducted by Mao et al. 

[30].

 

 

 

           
 

 
Figure 2.2 a Ion energy (eV) variation with total gas pressure (Torr) at 300 W, b Variation of 

chemical sputtering yield with H2 
+ ion energy (eV) 
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Figure 2.3 Time variation of number density of ions a NH3
+, b H2

+, c NH4
+ and d Time variation 

of number density of H atoms for different total gas pressure, (1 = 5 Torr), (2 = 1.2 Torr),   

(3 = 950mTorr), (4 = 700mTorr), (5 = 200 mTorr) 

 

Figure 2.4c shows surface concentration of carbon (SC) increase with total gas 

pressure, ascribed to (1) reduced interaction of adsorbed hydrocarbon species on 

nanocone surface with etchant species from sheath. (2) Less nitrogen ion mediated 

reaction with hydrocarbon species takes place in plasma due to decreasing 

nitrogenous ion concentration, thus increasing the availability of carbon dimer (C2) 

and carbon atoms for growth. (3) As C2H2 is the main growth precursor [68], so 

decreasing electron impact reaction with increasing pressure makes sufficient 

availability of C2H2. Consequently, growth rate of nanocone increases with 

increasing gas pressure [cf. Figure 4a], in compliance with studies of Parinov et al. 

[69], Chhowalla et al. [70], Ganjipour et al. [71]. Also extremely reactive H induced 

stabilization at relatively low pressure (250mTorr) limits the formation of sp2 (highly 

crystalline structure) structure, thus slowing down nanocone growth at relatively low 

pressure. 

 

Ion-induced dissociation of adsorbed hydrocarbons and ion decomposition reaction 

on growing nanocone decreases with an increase of plasma pressure [41] so limiting 

the carbon available for growth thereby preventing the formation of amorphous 

carbon. 

 

In case of low pressure etching is more, resulting in nanocone of smaller tip radius 

[cf. Figure 2.4b] following study conducted by Parinov et al. [69], Kato et al. [72] 

Increasing the time of exposure of carbon nanocone under plasma environment gives 

rise to defect formation on the nanocone surface. Figure 2.4d illustrating the linear 

density of defects evolving with time over nanocone surface with varying total gas 
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pressure. Defect generation on nanocone surface is relatively low at 200 mTorr, 

which further increases with gas pressure. This can be explained by the fact that  
 

                 
 

                  
 

                
 
 
 

with gas pressure. This can be explained by the fact that defective structure is a 

function of carbon concentration on nanocone surface away from the catalyst 
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Figure 2.4 Time variation of a N-NCN height b N-NCN tip diameter c carbon surface concentration (Sc), d 

linear density of defects (Nd), e VG sheet height and f VG sheet thickness for different total gas pressure.  

(1 = 5 Torr), (2 = 1.2 Torr), (3 = 950mTorr), (4 = 700mTorr) (5 = 200mTorr) 
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nanoparticle [73]. At low-pressure etchant number density is high, so the number of 

carbon on the nanocone surface is low, whereas at high-pressure sufficient number 

of carbon are away from the catalyst nanoparticle surface which are available for the 

formation of defective structure. Also, the number of defects is proportional to the 

height of the nanocone [74], at low-pressure nanocone of small height is obtained, 

so number of defect on nanocone surface is low at relatively low pressure. An 

increase in the number of defects with gas pressure is following the study conducted 

by Garg et al. [75] where defect on edge of graphene increases with an increase in 

CH4 gas pressure.  

 

As discussed previously, nucleation of graphene sheet over nanocone surface is 

defect directed. Comparatively low pressure (200 mTorr) results in a drop in cluster 

formation on decreased defect sites due to the availability of fewer carbon atoms. 

These clusters further diffuse and agglomerate to form a small graphene island. As 

a consequence VG sheet number density decreases with a decrease in total gas 

pressure following the study conducted by Garg et al. [75]. Moreover, low 

availability of carbon Sc and relatively more of etchant number density in reactive 

plasma at relatively low gas pressure, results in decrease in VG sheet growth rate as 

shown in Figure 2.4e, following study conducted by Wei et al. [76]. Moreover, 

reasonably high etchant number density at relatively low pressure leads to the 

formation of VG sheet of comparatively less thickness as shown in Figure 2.4f, 

following study conducted by Hao et al. [77], Wang et al. [78] Figure 2.5a showing 

ion energy in eV variation with growth time at different input plasma power at fixed 

total gas pressure. An increase in plasma power at constant total gas pressure leads 

to an increase in plasma region volume accompanied by an increased electric field 

in plasma; as a consequence number density of electron, electron temperature, ion 

temperature, ionization of gases in the plasma increases. Figure 2.6a shows reduced 

surface concentration of carbon (Sc) with increasing plasma power. This is attributed 

to (1) increase in dissociation of neutrals C2H2, NH3 in plasma with increasing 

power makes less carbon available for growth, because it is mainly drawn from 

C2H2 reaction at nickel catalyst surface, [cf. Figure 2.5b], showing the time 

evolution of dissociation of C2H2 at different plasma power, in accordance to Bell 

et al. [68]. (2) CH4 production in the plasma increase with increase in power [79] 

and as C2H2 dissociates more readily on catalyst surface as compared to CH4, so Sc 

available for growth decreases [28]. 
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Figure 2.5 (a) Variation of Ion energy (eV) with Input Power (W) at 5 Torr and Time variation of 

number density of  (b) C2H2  (c) H (d) HCN for different input power, (1 = 700 W), (2 = 500 W), 

(3 = 300 W) at 5 Torr 
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 Figure 2.6 Time variation of (a) carbon surface concentration (Sc), (b) N-NCN height, (c) N-NCN tip diameter, (d)linear 

density of defects (Nd), (e) VG sheet height, (f) VG sheet thickness, for different input power (1 = 700 W), (2= 500 W), (3 = 

300 W) at 5 Torr and (g) Field Enhancement factor β of N-NCN Hybrid at different input power at 5 Torr 
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Consequently the growth rate (length) of nanocone, [cf. Figure 2.6b] drops with 

increasing plasma power. Decrease in Sc and decreased growth rate of nanocone 

with plasma power are following a study conducted by Deng et al. [28]. Moreover, 

increasing plasma power favors hydrogen etchant [28] production [cf. Figure 2.5(c)] 

due to increased NH3 and C2H2 dissociation, which also contributes to decline in 

growth rate of nanocone with plasma power. Further, as power increases the high 

energy etchants (H, H2+, NH3+, HCN+) etches radius of nanotip so nanocone of 

smaller tip radius will be formed with increasing plasma power [cf. Fig. 6c] 

following the study of Merkulov et al. [80]. Figure 2.6d shows time varying, 

decreasing linear defect density over nanocone with increasing plasma power. This 

can be explained by availability of carbon (Sc) on the nanocone surface. As power 

increases from 300 to 700 W, Sc over nanocone surface decreases as discussed 

above, hence decreasing the defective structure along the nanocone surface [73]. 

Also, the number of defects is proportional to the length of the nanocone [74]. 

Relatively low Sc at nanocone surface at high plasma power leads to generation of 

small graphitic cluster at decreased defective sites. So we infer the formation of 

small size graphene island with decreased number density due to diffusion and 

agglomeration of these clusters. Hence, we outline that VG sheet number density 

decreases with increasing plasma power. In addition, (i) increase in active hydrogen 

concentration, with power, leads formation of volatile hydrocarbon species upon 

interaction with carbon on VG surface. (ii) Increase in HCN number density within 

plasma with plasma power, restrains carbon supply for VG sheet growth, owing to 

C–N triple bond strength 748 kJ mol−1 and H–CCH bond strength 556 kJ mol−1 

[63]. This makes C2H2 to decompose preferably on nanocone surface than HCN, 

[cf. Figure 2.5d] showing time-varying HCN number density in plasma with 

increasing plasma power [79]. Consequently, growth rate of VG sheet decreases 

with increasing plasma power [cf. Figure 2.6e]. Moreover, highly energetic etchants 

at high power etches the sidewalls of the growing VG sheets, so thickness of VG 

sheet decreases with increase of plasma power [cf. Figure 2.6f]. The decrease in 

growth rate and thickness of VG sheet with increase in plasma power complies with 

Deng et al. [28] and Nang et al [81]. As discussed above with increasing power, the 

height of the nanocone and VG sheet decreases along with tip radius of the nanocone 

and thickness of the VG sheet. The finding of the above work is employed to find 

the field enhancement factor of the N-NCN-VG hybrid with varying plasma power 

(300–700 W).The field enhancement factor of nanocone 𝛽𝑁𝐶𝑁 ≈ (
ℎ

𝑟1
), 𝛽𝑉𝐺  ≈

 (
ℎ𝑔𝑟

𝑡𝑔𝑟
), respectively. Therefore, field enhancement of the N-NCN-VG hybrid may be 

calculated as 𝛽ℎ𝑦𝑏𝑖𝑑 = 𝛽𝑁𝐶𝑁𝛽𝑉𝐺 [82]. But in that case, the order of field 

enhancement factor of hybrid is about two orders more than the experimental values 
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of βhybrid. So in the present work βhybrid is estimated as a ratio of (h + hgr) to tgr. 

Figure 2.6g manifests that the field enhancement factor of N-NCN-VG hybrid 

decreases with increasing plasma power. Though thinner, nanocone and VG sheet 

are obtained at relatively high power, but nanocone and VG sheet (forming N-NCN-

VG hybrid) obtained at relatively low power are much higher as compared to high 

power. Thus, obtaining N-NCNVG hybrid of increased field enhancement factor at 

relative low plasma power [cf. Figure 2.6g]. Increase in β with decrease in plasma 

power comply with experimental works of Deng et al. [28]. 

 

2.5 Conclusion 

 

Theoretical model, comprising plasma sheath kinetics and surface processes is 

manoeuvred, to study the growth characteristics (height, tip diameter of nanocone, 

thickness, and height of VG sheet) of the N-NCN-VG hybrid by varying the plasma 

control parameters i.e., total gas pressure and input plasma power. Effect of ion 

energy, etchant number density, carbon surface concentration has been investigated 

concerning plasma control parameters. It is observed that N-NCN and VG sheet 

growth rate increases with an increase of total gas pressure and decreases with an 

increase of plasma power. The findings of varying plasma power on growth rate of 

N-NCN-VG hybrid are employed to calculate the field enhancement factor. It turns 

out that the field enhancement factor decreases with an increase of plasma power. 

This theoretical result complies with the experimental observation of Deng et al. 

[28]. The present study result can be widened to be realized as efficient field emitter 

devices. 
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Chapter 3 

Analytical modeling of nucleation and growth of graphene 

layers on CNT array and its application in field emission of 

electrons 

3.1 Brief Outline 
 

Carbon Nanotube (CNT) arrays and graphene have undergone several investigations 

to achieve efficient field emission (FE) owing to CNT’s remarkable large aspect 

ratio and graphene’s exceptional FE stability. However, when dense CNT arrays and 

planar graphene layers were used as field emitters, their field enhancement factor 

reduced dramatically. Therefore, in this paper, we numerically analyze the growth 

of a dense CNT array with planar graphene layers (PGLs) on top, resulting in a CNT-

PGL hybrid and the associated field enhancement factor. The growth of the CNT 

array is investigated using Plasma Enhanced Chemical Vapor Deposition (PECVD) 

chamber in C2H2/NH3 environment with variable C2H2 flow, Ni catalyst film 

thickness, and substrate temperature followed by PGL precipitation on its top at an 

optimized cooling rate and Ni film thickness. The analytical model developed 

accounts for the number density of ions and neutrals, various surface elementary 

processes on catalyst film, CNT array growth, and PGLs precipitation. According to 

our investigation, the average growth rate of CNTs increases and then decreases with 

increasing C2H2 flow rate and catalyst film thickness. CNTs grow at a faster rate 

when the substrate temperature increases. Furthermore, as the chamber temperature 

is lowered from 750°C to 250°C in N2 environment and Ni film thickness grows, the 

number of the graphene layers increases. The field enhancement factors for the CNT 

array and hybrid are then calculated based on the optimal parameter values. The 

average height of the nanotubes, their spacing from one another, and the penetration 

of the electric field due to graphene coverage are considered while computing the 

field enhancement factor. It has been found that adding planar graphene layers to 

densely packed CNTs can raise its field enhancement factor. The results obtained 

match the current experimental observations quite well. 
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3.2 Introduction 

 

Carbon nanomaterials having hexagonally arranged sp2 hybridized carbon atoms are 

actively used in various application domains. They are divided into three categories 

based on their dimensional shape: one-dimensional (1-D) i.e. carbon nanotube  

(CNT), two-dimensional (2-D) i.e. graphene and three-dimensional (3-D) i.e. CNT-

graphene hybrid. Carbon nanomaterials have the following set of properties: high 

electrical and thermal conductivity [1, 2, 3], improved surface area, high aspect ratio, 

field emission stability, flexibility, and low voltage requirement for electron 

extraction from its surface [4]. They are employed as electron field emitters [5,6] in 

X-ray generators [7], flat panel displays [8], microwave amplifiers [9], in electrodes 

for lithium-ion batteries for enhancing electron and Li-ion transport [10,11], in 

supercapacitors [12,13], in biosensors where CNT’s are functionalized with 

biomolecules [14]. Moreover, they are used as field emitters mounted on hall effect 

thrusters and in space electric propulsion systems to increase channel wear resistance 

[15, 16, 17]. 

CNT- Graphene hybrid shows exemplary field emission (FE) owing to the adorable 

properties of both CNT and graphene, i.e., high aspect ratio, field emission stability 

and sharp edges of graphene [4, 18, 19]. 

PECVD (Plasma Enhanced Chemical Vapor Deposition) is the most widespread and 

versatile method for fabricating carbon nanostructures. In PECVD, the electrostatic 

force from the applied electric field causes ionization, generating electrons and ions 

that participate in various reactions (excitation, dissociation), forming radicals. 

Because of this, the technique can be operated at low temperatures without damaging 

the substrate and forming vertically aligned carbon nanostructures [20]. The 

nucleation of the carbon nanostructure in PECVD is controlled by the plasma species 

(ions, electrons, and neutral atoms) generated, catalyst film thickness, precursor gas 

flow rate, and plasma control parameters (gas pressure, applied plasma power, bias) 

[21, 22, 23, 24].  

Choi et al. [25] reported that catalyst nanoparticles are formed by plasma 

pretreatment of the catalyst surface prior to hybrid growth in an optimum growth 

environment within a PECVD chamber. Extensive studies have shown that the 

graphene layer number, diameter, and crystallinity of CNT are determined by 
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catalyst film thickness and nanoparticle size [26, 27, 28]. It is also scrutinized that 

CNT array morphology can be directed by properly fixing the growth time, substrate 

temperature, and gas ratio [29, 30].

 

 

Chhowalla et al. [30] and Bell et al. [31] studied the effects of the C2H2/NH3 

feedstock flow ratio on CNT array growth. It was validated that when the 

concentration of C2H2 is high (>50%), pyramidal structures rather than vertical 

nanotubes emerge. Choi et al. [25] and Yu et al. [26] demonstrated the effects of 

cooling rate on the yield of graphene from Ni nanoparticles and flat Ni substrate, and 

proposed an optimal cooling rate for C precipitation. Shurman et al. [27] simulated 

the formation of CVD graphene on a thin Ni film at various growth parameters such 

as growth time, temperature, and Ni film thickness.  

Felicitous designing of the CNT array and controlling its dimensions make it worthy 

as a field emitter in FE devices. Bonard et al. [32] investigated the effects of 

geometric configurations (density, height, radius, and distance between CNTs) on 

the FE properties of CNTs, and found that high-density CNT films are not a 

prerequisite for optimal field emission. Thapa et al. [29] investigated that single 

CNTs or less crowded CNT bundles provide better field emission than crowded CNT 

bundles. In comparison to pure CNT and graphene films, Kaur et al. [33] and Hong 

et al. [34] observed increased field emission from reduced graphene oxide (rGo) 

deposited CNT films over Ni foams as well as a decrease in turn on electric field and 

threshold electric field for graphene embedded CNTs.  

Motivated by the aforementioned studies, the author has tried to model and 

numerically analyze the growth of the CNT-Planar graphene layer (PGL) hybrid. 

The author determined the optimal dimensions of the hybrid for enhanced field 

emission by analyzing the favorable C2H2 flow rate, Ni film thickness, substrate 

temperature, and cooling rate.  

3.3  Model 

This section works out the kinetics of plasma species and the growth of the CNT-

PGL hybrid in C2H2/NH3 plasma using fundamental assumptions and equations. 

Using the DC-PECVD process, a hybrid of PGLs and CNT arrays is designed over 

a Silicon (Si) substrate, covered with Ni film as a catalyst. Table 3.1 lists basic 
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reactants such as ions and neutrals of C2H2, NH3, and H2 that comprise C2H2/NH3 

plasma [35].  

Table 3.1 Neutrals and ions taken into consideration [35, 36, 37, 38] 

Neutrals Ions 

Type j Type 

k 

Type l Type j Type k Type l 

C2H2, CH4, CH3, 

C2H3,C3H4,  

C4H2 

H, 

H2, 

H3 

 

NH3, N2, 

NH4, 

HCN,   

C2H2
+, CH4

+, 

CH3
+,C2H3

+,  

C4H2
+ 

H+,H2
+,  H3

+ 

 

 

NH3
+, NH4

+, 

HCN+, CN+  

 

 

In the PECVD technique, when a negatively biased substrate surface with a catalyst 

film is exposed to a reactive plasma, an electric field arises between the bulk plasma 

and the substrate surface because of charge separation. The charge separation region 

is known as the plasma sheath. It is composed of both neutral molecules and positive 

ions. The electrostatic force arising from the plasma sheath accelerates ions toward 

the catalyst film surface, i.e., in the vertically downward direction (z-axis) [39], 

while neutrals undergo Brownian motion across the sheath. The plasma sheath 

equations (equations (1)-(5)) describe the plasma sheath. The parameters needed for 

hybrid growth namely the number density and speed of ions, as well as the number 

density of electrons within the plasma sheath are computed using the following 

continuity (equations (1) and (2)), momentum balance equations (equations (3) and 

(4)) for ions and electrons in plasma sheath respectively.  
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Poisson's equation (equation (5)), determines the potential distribution within the 

plasma sheath [40, 41]. Table 3.2 provides the interpretation of each symbol used in 

equations (1) - (5). 

Table 3.2 Symbols with their meanings used in equations (1)- (5) 

Symbol Meaning 

mit,  Mass of positive ion (t corresponds to type j, k, l) 

nit, Number density of positive ions (t corresponds to type j, 

k, l) 

Tit, Temperature of positive ions (t corresponds to type j,  k, 

l) 

it   Velocity of positive ions (t corresponds to type j, k, l) 

me,  Mass of electron  

N Number density of electrons  

Te Temperature of electrons 

e   Velocity of electrons 

  Ionization frequency of neutrals by electrons 

uN S   
 

  
   

Collision frequency computing ions and electrons 

collisions with the neutrals 

 Refer to electrons and t (type j, k, l) ions 

  Collision cross-section 

s  Average speed of electrons and positive ions  

Nu Total neutral species number density. 

𝜷𝒊𝒕 =
𝒏𝒊𝒕

𝒏⁄  tth ions to electrons number density ratio 

 Electric sheath potential 
 

 

Ultimately, the sheath equations are resolved by applying the following boundary 

conditions at plasma sheath interface i.e. at z = 0:  

                                    0, , 0, ,
Td e

e it itodz e


   


      

 where eT

it m
it



 is the ion –acoustic speed,

o

T
i

p




  is the mean free path of ion, 

𝑝0 is total gas pressure, respectively [40].  
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Figure 3.1 illustrates the CNT-PGL hybrid's inculpated growth processes in a plasma 

environment. Initially under applied plasma power, during pre-etching of the Ni- 

catalyst film, the dissociation of NH3 produces energetic electrons, hydrogen and 

ammonia ions, and neutrals. These plasma species strike at the Ni film due to an 

induced electric field (E) between the negatively biased substrate and bulk plasma 

to form Ni catalyst nanoparticles. These nanoparticles serve as nucleation sites for 

CNT array growth in the C2H2/NH3 plasma environment [42]. The incoming fluxes 

of positive and neutral ions from the plasma are exposed to the catalyst 

nanoparticles, which aid in the formation of CNTs. Carbon and hydrogen species in 

the plasma dissociate and adsorb, across the catalyst surface through surface 

reactions. Adsorbed carbon atoms diffuse over the catalyst nanoparticle's surface and 

in bulk up to a diffusion length Λ≈ √(𝐷𝑎𝑡
′) where t' is the diffusion time. 

Eventually, carbon atoms in the catalyst bulk begin to precipitate beneath the catalyst 

surface to direct the tip growth –mode (i.e. lift up of catalyst from the substrate 

surface) of the CNTs in the CNT array [43], in conjunction with etching by adsorbed 

hydrogen atoms and incoming nitrogen flux. The electrostatic force present in the 

plasma sheath causes CNTs to grow vertically [44]. While the array grows, the 

overall gas pressure is kept at 7 Torr.  

After the CNT array growth, C2H2/NH3 flow is terminated, plasma is turned off and 

the chamber is cooled to 250° C under N2 flow with total gas pressure 22 Torr. The 

cooling rate is assumed linear [25]. Three cooling rates are taken into consideration 

n: 5°C/s, 15°C/s, and 25°C/s. During the cooling period, carbon atoms begin to 

precipitate out of Ni nanoparticles with a driving force (F) due to the supersaturation 

of diluted carbon. These carbon atoms form tiny nuclei that expand and meet with 

one another leading to graphene growth. These graphene nuclei unite to form a 

planar graphene sheet by bridging the gaps across the Ni nanoparticles located at the 

tip of CNTs [25, 45, 46, 47]. As a result, a hybrid of CNT and PGL is formed. 

3.3.1 Presumptions considered for simplified modelling [21, 48, 49] 

(a) Maxwellian distribution of electrons and ions is considered. 

(b) Ion – surface interaction is assumed to be coulomb interaction. 

(c) For the sheath to perform its function and repel electrons, the potential must be 

monotonically decreasing with increase in z. This will occur if nit(z) > n(z) for all z 

in the sheath. 
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(d) Catalyst nanoparticle and substrate temperature is considered to be the same 
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Figure 3.1. Schematic showing the (a) Pre-etching of the thin Ni film by incident plasma species in NH3 plasma. (b) 

Cloven of Ni film into nanoparticles in NH3 plasma. (c) Etching of carbon on Ni catalyst nanoparticle along with 

dissociation and adsorption of hydrocarbon and hydrogen species on catalyst nanoparticle surface in C2H2/NH3 plasma. 

(d) Growth of CNT array via tip growth mode. (e) Precipitation of carbon atoms with driving force (F) to form graphene 

layers on Ni nanoparticle surface and bridging among graphene layers in N2 environment. (f) CNT array with multilayer 

planar graphene at top.  
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3.3.2 Precipitation of carbon  

Carbon atoms diffuse into Ni forming Ni-C bonds owing to its high solubility in Ni. 

When the chamber is cooled to a reasonably lower temperature, graphene formation 

occurs from diluted carbon in the Ni nanoparticles [50, 51]. When the carbon 

concentration in Ni reaches saturation during cooling, a Ni-C supersaturated solid 

solution is formed. Consequently, due to the difference in saturation while cooling, 

a driving force (F) comes into play, diffusing out carbon atoms from Ni bulk to 

surface and leading to carbon precipitation, following Arrhenius law. According to 

Arrhenius law, the dependence of carbon out-diffusion from Ni bulk on temperature 

is given by 

exp , (6)
s

U
vocD Da o k T

B

 
 
 
 

 

where, 𝐷𝑎 is bulk diffusion coefficient, 𝐷𝑜 =
𝐷𝑁𝑖𝑓

2
 , 𝑈𝑣𝑜𝑐  (= 1.74 𝑒𝑉) activation 

energy for diffusion of  carbon atoms in Ni bulk [27,46], Ts is the catalyst surface 

temperature , f is thermal vibration frequency (≈ 1013𝐻𝑧). 

Let carbon concentration in Ni bulk along z direction, perpendicular to the surface   

be Cbulk (z, t) where t is time. According to Fick’s Law of diffusion, the rate of change 

of concentration at a point within Ni bulk due to diffusion is given by  

2
, (7)

bulk

a bulk

C
D C

t


 

  

 where, t represents time and Cbulk (z,t) is estimated by  

 ,
,

21
(8)

a

C z t C zbulk o
erf

C C D to

 
 
 
 

  

The following boundary conditions are used to compute the Cbulk (z, t). 

Cbulk (z, t) (z>0, t=0) = C1 (Initial bulk concentration in Ni catalyst nanoparticle), 

Cbulk (z, t) (z = 0, t) = Co (bulk concentration adjacent to the Ni catalyst nanoparticle 

surface).

 

 



 
 

69 

  Shruti Sharma 

Delhi Technological University 
 

The number of planar graphene layers (Npg) obtained at time t is then approximated 

to 

 1 0

, (9)

D C C V
a Ni Ni

MD t
Nia

N
pg N

a





 
 
 
 
 
 
 
 
 

 

where, Na denotes surface concentration of atoms in one graphene layer (3.8×

1019
𝑎𝑡𝑜𝑚𝑠

𝑚2
). [27, 45, 52, 53], 𝑉𝑁𝑖 , 𝜌𝑁𝑖 (=8.96 𝑔 𝑐𝑚−3), and 𝑀𝑁𝑖  (=58.69 amu) are the 

volume, density and mass of Ni catalyst nanoparticle. 

3.3.3 Catalyst nanoparticles formation 

During the pre-etching, owing to energy transfer (i.e. input power (P)) by plasma 

species, the catalyst film gets heated up and segregated. This is the result of multiple 

energy fluxes contributing viz power transfer due to: striking of plasma species, 

recombination reactions, chemical etching, incident ion sputtering, and energy loss 

to surroundings. Therefore the time-varying energy balance equation on Ni film in 

NH3 plasma is, 

     

    

3

4 4

, ,3
1

6 2

,
1 , (10)
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where, 
𝑖𝑡
, 
𝑒
, 
𝑡
 denotes the collection current at the surface of Ni catalyst film  due 

to positively charged ions of type t (k, l), electrons, and neutrals of type t (k, l) and 

are defined as,
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Description of other terms used in equations (10)-(10c) is given in table 3.3 

Table 3.3 Description of terms in equations (10)-(10c). 

Terms Description 

2

2 ( )
( ) 10it

it ito

e z
n z nit m v

 
  

 
 

 

Spatial dependence of ions within plasma sheath. 

( )
( ) exp

B e

e z
n z n

k T

 
   
   

Spatial dependence of electrons within plasma 

sheath. 

( ) exp0

z
z



 
    

   

Positional dependent potential within plasma sheath 

4

n v
t thstF

t

 
  
 
 

 
Flux of impinging neutrals on the catalyst surface 

[54]. 

0.5
k T
B itF n

it it m
it

 
  
    

  
 

 
Flux of impinging ions on the catalyst surface [54]. 

2

1

qH
qH k TBqH


 



        
  

 

Average energy collected at the surface of Ni 

catalyst film via  (ions, neutrals of type t and 

electrons), 
B

B s

U
H

k T

 
   
 

,𝑈𝐵 is the energy barrier 

at the catalyst film surface [55]. 

 

The left-hand side of equation (10) accounts for the power transfer to Ni film and 

formation of Ni nanoparticle of diameter (𝐷𝑁𝑖) with time. 

The first term on the right-hand side in equation (10) represents the energy 

accumulated by striking ions, neutrals, and electrons over the surface. The second 
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term represents energy transfer via neutral formation on the surface. Energy transfer 

from chemical etching and incident ion sputtering is represented by the third and 

fourth terms. The last term accounts for energy loss from the surface to the 

surroundings. 

Table 3.4 provides the interpretation of each symbol used in equations (10)- 10(c). 

Table 3.4 Symbols with their meanings used in equations (10)-10(c) 

Symbol Meaning 

𝐶𝑠 (= 0.104 𝑐𝑎𝑙 𝑔
−1 ℃−1)  Specific heat of Ni catalyst film 

A Area of Ni catalyst film 

𝛾𝑖𝑡(≈ 1 )   Sticking coefficient of positive ions of 

type t (j, k, l) 

𝜎𝑎𝑑𝑠 (= 6.8 × 10
−16 𝑐𝑚2)  Cross-section for reaction with atomic 

hydrogen 

 (≈ 10
15𝑐𝑚−2) Number of adsorption sites per unit area 

𝜂𝑠𝑢𝑟𝑟 (= 1) and 𝜂𝑠 (= 0.12) Environment emissivity and Ni catalyst 

film emissivity 

σ (5.67 × 10−5 𝑒𝑟𝑔𝑠 𝑐𝑚−2𝑠−1𝐾−4) Stefan’s constant 

𝑌𝐼(𝑈𝑖) Sputtering yield, dependent on ion 

energy [56] 

VC  Potential at surface of Ni catalyst film 

Uc =𝜑𝑜  Substrate potential 

kB Boltzmann constant 

𝜃 =0.01 Total surface coverage 

U (=3.74 eV for Ni ) Binding energy of material surface [54] 

𝑇𝑆 and 𝑇𝑠𝑢𝑟𝑟 Substrate temperature and temperature 

of plasma environment  

thst Thermal velocity of neutral species. 

 

3.3.4 Charging of CNT-PGL Hybrid 

 

Charge (𝑍′) is evolved over the surface of the CNT- PGL hybrid because of the 

augmentation of positive charges and electrons, and is computed through equation,  
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where, r represents number of CNTs , 
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𝑐𝑢𝑟𝑤, 
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  represents the ion 

collection current at wth - CNT tip, curved surface and PGL and are defined as,   
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𝐷𝑤 and 𝐿𝑤 are the average height and diameter of the wth CNT in CNT array. 

𝑙𝑝𝑔𝑤,𝑡𝑝𝑔𝑤  and ℎ𝑝𝑔𝑤 are the length, thickness and height of PGL on wth catalyst 

nanoparticle. 

22

4v
w

e

D





, 𝑉𝑐𝑢𝑟 and 𝑉𝑝𝑔  denotes potential at tip, curved surface of  

wth  CNT (refer Eq. (A1) of the Appendix) and at surface of PGL on wth catalyst 

nanoparticle [57].  


𝑒
𝑡𝑖𝑝𝑤 , 

𝑒
𝑐𝑢𝑟𝑤, 

𝑒
𝑝𝑔𝑤

 represents the electron collection current at wth - CNT tip, curved 

surface and PGL and are defined as, 
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In equation (11), on right-hand side, the first, second, and third term outlines the 

accreting positive charges of type j, k, l on CNT array and PGL with time whereas 

the last term depicts a decrease in charge due to electron accumulation with time. 

3.3.5 Kinetics of electrons in plasma 

The time evolution of electrons in the bulk plasma is attributed to ionization of 

neutral atoms, ion-electron recombination, electron collection current on the hybrid 

surface, and electron loss to the chamber wall. It is computed using the following 

equation, 

, , , ,
,

1

(12)
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where, t is the ionization coefficient of neutral atoms. 𝛼𝑡 is the recombination 

coefficient of electrons and ions, and is expressed as 
3 1300
sec

q

t t

e

cm
T

  
  
   
   

 with 

q (= -1.2) constant, αto =1.1210-7 cm3sec-1. e(≈1) is the sticking coefficient of 

electrons, hyb  represents hybrid number density. 
4
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 is the loss of 
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electrons per unit time per unit volume on the chamber wall , 𝑣𝑡ℎ𝑒is the thermal 

velocity of electrons (≈5.13107 cm sec-1) S is the chamber surface area with inner 

diameter 32 cm and length 23 cm [58], V denotes the chamber volume (≈1.05 ×

104𝑐𝑚3). 

The first term on the right-hand side of equation (12) represents the increase in 

electron density over time as a result of ionization of neutral atoms in plasma. The 

second and third terms represent the electron density timely decay induced by ion-

electron recombination and collection current on the CNT-PGL Hybrid The final 

term represents the electron density loss on the chamber wall per unit time. For 

electron impact reactions [cf. 59, 60]. 

3.3.6 Kinetics of positive ions in plasma 

The following equations describe the time evolution of positive ions in the bulk 

plasma due to, the ionization of neutral atoms, electron–ion recombination, ion 

collection current at the hybrid’s surface, loss of ions to the chamber wall, thermal 

dehydrogenation, and ion-neutral reactions. 

, (13 )n A B C D E F G a
ij j j j j j j j
         

, (13 )n A B C D E F G b
ik k k k k k k k
        

(13 ),l l l l l l l cn A B C D E F G
il
        

Description of the terms in equations (13a) – (13c) is provided in Table 3.5. 

Table 3.5 Description of the terms in equation (13a) – (13c) 

Terms Description 

𝐴𝑡= n
t t
  The rate of gain of ions of type t (t corresponds to 

type j, k, l) due to neutral atom ionization in plasma  

𝐵𝑡= nn
t it

  The rate of loss of ions of type t (t corresponds to 

type j, k, l) due to ion-electron recombination.
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The rate of loss of ion of type t (t corresponds to 

type j, k, l) due to the ion collection current at the 

hybrid surface. 

𝐷𝑡= 
it
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The rate of loss of ions of type t (t corresponds to 

type j, k, l) to chamber wall 

𝐸𝑗 = ij j il

i

P n n  The rate of gain of  ions of type j due to reaction 

between neutral of type j and ion of type l , as listed 

in Table 3.6 

𝐹𝑗= ij j ik

i

P n n  The rate of gain of ions of type j due to reaction 

between neutral of type j and ion of type k, as listed 

in Table 3.6. 

𝐺𝑗= il l ij

i

P n n  The rate of loss of ions of type l due to reaction 

between neutral of type l and ion of type j, as listed 

in Table 3.6. 

𝐸𝑘 = thF  The rate of gain of  ions of type k due to thermal 

dehydrogenation 

𝐹𝑘= ij j ik

i

P n n  The rate of loss of ions of type j due to reaction 

between neutral of type j and ion of type k, as listed 

in Table 3.6. 

𝐺𝑘= ik k ik

i

P n n  The rate of gain of ions of type k due to reaction 

between neutral of type k and ion of type k, as listed 

in Table 3.6. 

𝐸𝑙 = il l ij

i

P n n  The rate of gain of ions of type l due to reaction 

between neutral of type l and ion of type j, as listed 

in Table 3.6. 

𝐹𝑙= il l il

i

P n n  The rate of gain of ions of type l due to reaction 

between neutral of type l and ion of type l, as listed 

in Table 3.6. 

𝐺𝑙= ij j il

i

P n n  The rate of loss of ions of type j due to reaction 

between neutral of type j and ion of type l, as listed 

in Table 3.6. 

𝑃𝑖𝑡 
 

Rate constant for ion-neutral reactions, as listed in 

Table 3.6. 

thit  Thermal velocity of ions of type t ( t corresponds to 

type j, k, l) [60] 
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Table 3.6 Ion-neutral reactions between various species considered in the 

present plasma model [60, 61] 

Reactions Rate Constant (𝑃𝑖𝑡) (𝑐𝑚
3

𝑠𝑒𝑐⁄ )  

𝐻+ + 𝐶𝐻4 → 𝐶𝐻3
+ +𝐻2  2.30 × 10−9       [61] 

𝐻+ + 𝐶𝐻3 → 𝐶𝐻3
+ +𝐻 3.40 × 10−9        [61] 

𝐻+ +𝑁𝐻3 → 𝑁𝐻3
+ +𝐻 5.20 × 10−9        [61] 

𝐻+ + 𝐶2𝐻3 → 𝐶2𝐻3
+ +𝐻 2.00 × 10−9        [61] 

𝐻2
+ +𝐻 → 𝐻+ +𝐻2 6.40 × 10−10      [61] 

𝐻2
+ +𝐻2 → 𝐻3

+ +𝐻 2.50 × 10−9       [61] 
𝐻2
+ + 𝐶2𝐻2 → 𝐶2𝐻2

+ +𝐻2 5.30 × 10−9        [61] 

𝐶𝐻3
+ + 𝐶2𝐻2 → 𝐶3𝐻3

+ +𝐻2 1.15 × 10−9         [61] 
𝐶𝐻3

+ +𝑁𝐻3 → 𝑁𝐻4
+ + 𝐶𝐻2 3.04 × 10−10       [61] 

𝐶𝐻4
+ +𝐻2 → 𝐶𝐻5

+ +𝐻 3.50 × 10−11       [60] 
𝐶𝐻4

+ + 𝐶𝐻4 → 𝐶𝐻5
+ + 𝐶𝐻3 1.50 × 10−9        [60] 

𝐶𝐻4
+ + 𝐶2𝐻2 → 𝐶2𝐻2

+ + 𝐶𝐻4 2.72 × 10−9         [60] 
𝐶𝐻4

+ + 𝐶2𝐻2 → 𝐶2𝐻3
+ + 𝐶𝐻3 2.45 × 10−9         [61] 

𝐶𝐻4
+ +𝑁𝐻3 → 𝑁𝐻3

+ + 𝐶𝐻4 2.70 × 10−9        [61] 
𝐶𝐻4

+ +𝐻𝐶𝑁 → 𝐻𝐶𝑁𝐻+ + 𝐶𝐻3 1.20 × 10−9        [61] 
𝐶2𝐻

+ +𝐻2 → 𝐶2𝐻2
+ +𝐻 1.25 × 10−9        [61] 

𝐶2𝐻
+ + 𝐶𝐻4 → 𝐶2𝐻2

+ + 𝐶𝐻3 3.70 × 10−10      [61] 
𝐶2𝐻

+ + 𝐶2𝐻2 → 𝐶4𝐻2
+ +𝐻 1.85 × 10−9       [61] 

𝐶2𝐻
+ +𝐻𝐶𝑁 → 𝐶2𝐻2

+ + 𝐶𝑁 2.70 × 10−9      [61] 
𝐶2𝐻2

+ +𝐻2 → 𝐶2𝐻3
+ +𝐻 1.00 × 10−11    [61] 

𝐶2𝐻2
+ + 𝐶𝐻4 → 𝐶3𝐻4

+ +𝐻2 6.25 × 10−10     [60] 
𝐶2𝐻2

+ + 𝐶2𝐻2 → 𝐶4𝐻2
+ +𝐻2 4.90 × 10−10    [61] 

𝐶2𝐻2
+ +𝑁𝐻3 → 𝑁𝐻3

+ + 𝐶2𝐻2 2.14 × 10−9      [61] 
𝐶2𝐻3

+ +𝐻𝐶𝑁 → 𝐻𝐶𝑁𝐻+ + 𝐶2𝐻2 2.90 × 10−9      [61] 
𝐶2𝐻3

+ +𝑁𝐻3 → 𝑁𝐻4
+ + 𝐶2𝐻2 2.50 × 10−9       [61] 

𝐻+ + 𝐶4𝐻2 → 𝐶4𝐻2
+ +𝐻 2.06 × 10−9       [61] 

𝐶3𝐻2
+ + 𝐶3𝐻4 → 𝐶4𝐻3

+ + 𝐶2𝐻3 1.96 × 10−10     [61] 
𝐻𝐶𝑁+ + 𝐶𝐻4 → 𝐶2𝐻3

+ +𝑁𝐻2 2.60 × 10−10     [61] 
𝑁𝐻3

+ +𝑁𝐻3 → 𝑁𝐻4
+ +𝑁𝐻2 2.10 × 10−9       [61] 

𝑁2
+ +𝑁𝐻3 → 𝑁𝐻3

+ +𝑁2 1.94 × 10−9       [61] 
𝑁2
+ + 𝐶𝐻4 → 𝐶𝐻3

+ +𝑁2 +𝐻 9.30 × 10−10     [61] 
𝐶𝑁+ +𝑁𝐻2 → 𝑁𝐻2

+ + 𝐶𝑁 9.10 × 10−10     [61] 
𝐶𝑁+ +𝑁𝐻3 → 𝐻𝐶𝑁

+ +𝑁𝐻2 2.00 × 10−9     [60] 
𝐶𝑁+ +𝐻𝐶𝑁 → 𝐻𝐶𝑁+ + 𝐶𝑁 2.70 × 10−9       [61] 
𝐻𝐶𝑁+ + 𝐶2𝐻2 → 𝐶2𝐻2

+ +𝐻𝐶𝑁 1.50 × 10−9       [61] 
𝐻𝐶𝑁+ +𝑁𝐻3 → 𝑁𝐻3

+ +𝐻𝐶𝑁 1.68 × 10−9       [61] 

 



 
 

77 

  Shruti Sharma 

Delhi Technological University 
 

3.3.7 Kinetics of neutrals in plasma 

The following equations describe the time evolution of neutrals in bulk plasma due 

to, electron-ion recombination, neutralization of ions at the hybrid's surface, 

ionization of neutral atoms followed by neutrals loss to the chamber wall, their 

accretion, adsorption, desorption over the hybrid surface, and numerous ion-neutral 

processes.  

, (14 )j j j j j j j j j jn H I J K L M N O P Q a
j
           

(14 ),k k k k k k k k k bn H I J K L M N O P
k
          

, (14 )l l l l l l l l l ln H I J K L M N O P Q c
l
           

Description of the terms in equations (14a)-(14c) is provided in Table 3.7. 

Table 3.7 Description of the terms in equations (14a)-(14c) 

Terms Description 

𝐻𝑡= nn
t it

  The rate of gain of neutrals of type t                          

(t corresponds to type j, k, l) due to electron- ion 

combination. 

𝐼𝑡= 

 
1

1
r

it

w

tipw curw
it it

hyb
pgrw

it

 





 
 
  
 
 
 

  

The rate of gain of neutrals of type t                          

(t corresponds to type j, k, l) due to ion 

neutralization on hybrid surface. 

𝐽𝑗= 
t t t
wall t

D
K n

 
  
 

 
The rate of loss of neutrals of type t to chamber 

wall. (t corresponds to type j, k, l) 

𝐷𝑡 =Diffusion coefficient of neutrals within 

plasma, ℓ = Effective diffusion length of 

cylindrical chamber [35, 62]. 

𝐾𝑡= t tn  The rate of loss of neutrals of type t due to 

ionization of neutral atoms (t corresponds to 

type j, k, l).
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𝐿𝑡= 

 
1

r

t

w

tipw curwj j
it it

hyb
pgw

j
it




 
 
 
 
 
 

  

The rate of loss of neutrals of type t due to their 

accretion at hybrid’s surface (t corresponds to 

type j, k, l). 

𝑀𝑡= 

 
0.25

2

t t
adt

t
it B it

p n
F

Fm k T
   

The rate of loss of neutrals of type t due to their 

adsorption at hybrid’s surface. tp = partial 

pressure of adsorbing species (t corresponds to 

type j, k, l). 

𝑁𝑡=  

exp ads
dest t

B it

U
F n f

k T

 
  

 
 

The rate of gain of neutrals of type j due to their 

desorption from hybrid’s surface with 

adsorption energy Uads; (t corresponds to type j, 

k, l).  

𝑂𝑗= ij j il

i

P n n  The loss of neutrals of type j due to reaction 

between neutral of type j and ion of type l, as 

listed in Table 6. 

𝑃𝑗 = ij j ik

i

P n n  The loss of neutrals of type j due to reaction 

between neutral of type j and ion of type k, as 

listed in Table 6. 

𝑄𝑗 = il l ij

i

P n n  The gain of neutrals of type l due to reaction 

between neutral of type l and ion of type j, as 

listed in Table 6. 

𝑂𝑘= ij j ik

i

P n n  The gain of neutrals of type j due to reaction 

between neutral of type j and ion of type k, as 

listed in Table 6. 

𝑃𝑘 = ik k ik

i

P n n  The loss of neutrals of type k due to reaction 

between neutral of type k and ion of type k, as 

listed in Table 6. 

𝑂𝑙= il l ij

i

P n n  The loss of neutrals of type l due to reaction 

between neutral of type l and ion of type j, as 

listed in Table 6. 

𝑃𝑙 = il l il

i

P n n  The loss of neutrals of type l due to reaction 

between neutral of type l and ion of type l, as 

listed in Table 6. 

𝑄𝑙 = ij j il

i

P n n  The gain of neutrals of type j due to reaction 

between neutral of type j and ion of type l, as 

listed in Table 6.
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3.3.8 Generation of hydrogen and carbon species over catalysts surface 

The interaction of neutrals and ions of type j, k, and l with catalyst nanoparticles 

results in the formation of hydrogen radicals (Ha) and carbon species (Ca) on the 

catalyst surface. 

Eq. (1)-(2) represent hydrogen radical and carbon species generation over all catalyst 

nanoparticles because of various surface processes namely adsorption of hydrogen, 

thermal dissociation of adsorbed hydrocarbon, ion induced dissociation of adsorbed 

hydrocarbon, hydrogen desorption, ion induced dissociation of adsorbed ammonia, 

hydrocarbon adsorption, decomposition of hydrocarbons and many others. 

 1 exp

1
exp

O SU jsw ptdF O f F F
kw jsw ijw ilws k T ak j ij j ilB s oH

a O SU lsw pw hdO f O F O F F
ksw ksw ads lw ksw ads ikw ilwk T ak k ik k il lB S o





 

                          
                               

,

(15),








  

 

 
1

1 exp

1 (16),

exp

jsw ptd
jw jsw ijws

B s oj j ij j
c

ijw adsw
ijw ikw aw C

B Sij ik ij

O SU
F O f F

k T a
C

a
O Uevp

O O C f
f k T






                     
     
      
        

   

  

 

where 𝐻�̇� and 𝐶�̇� in Eqs. (15) and (16) represents variation in concentration of 

hydrogen radicals and carbon species over catalysts surface with time.  is total 

surface coverage. 𝑂𝑡𝑠𝑤(= 𝜃𝑡𝑜) is areal concentration of neutral species of type t (t 

corresponds to type j ,k, l), on wth catalyst nanoparticle. 𝜃𝑡 is the surface coverage 

by species of type t. 𝑜 ≈ (10
15𝑐𝑚−2) is adsorption sites per unit area. 𝜎𝑎𝑑𝑠 (=

6.8 × 10−16 𝑐𝑚2) is the cross-section for reaction with atomic hydrogen. 
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𝛿𝑈𝑡𝑑( = 2.1𝑒𝑉),   𝛿𝑈ℎ𝑑(= 1.8 𝑒𝑉),  𝑈𝑒𝑣𝑝(= 1.8𝑒𝑉)  are thermal dissociation 

energy of hydrocarbons, desorption energy of hydrogen species, evaporation energy 

of carbon.[57]. f (≈ 1013𝐻𝑧) denotes thermal vibration frequency, 

 𝑆𝑝(≈ 10
−2(2.5 + 3.3 𝑈𝑖)) is stitching probability, 𝑈𝑖 is ion energy respectively. 

 Table 3.8 describes the surface processes accounted in Eqs. (15) and (16). 

Table 3.8 Description of surface processes accounted in Eqs. (15) and (16) 

Operating terms on wth catalyst 

particle 

Description 

 1kwF
t

k

  
Neutral hydrogen adsorption  

H2(plasma) → 2H(ads)  

 

exp
U

tdO f
jsw k T

B s

 
 
 
 

 
Adsorbed hydrocarbons thermal dissociation 

C2H3(ads) → 2C(ads) + 3H(ads) ,  

𝐶H3(ads) → C(ads) + H(ads) + H2(plasma) 

O Sjsw p
F
ijwaij oj

 
  
 
   

Dissociation of adsorbed hydrocarbons via 

ions 

C2H2
+ + C2H3(ads) → 2C(ads) + 3H(ads) +

C2H2
+  

 

exp
UhdO fksw

k Tk B S

    
   

 Desorption of hydrogen 

H(ads) → H(des) 
 

O Fksw ads kw
k


 

Loss of adsorbed hydrogen via interaction with 

incoming neutral hydrogen flux 

O Fksw ads ikwik k


 

  
 
   

Loss of adsorbed hydrogen via interaction with 

incoming hydrogen ion flux 

 
O S

lsw p
F
ilwail l o

 
  
 
 

 

Hydrogen adsorption via ion assisted 

dissociation of adsorbed ammonia 

NH4
+ + NH4(ads) → N(ads) + 4H(ads) + NH4

+ 

F
ilw

il
  

Hydrogen species loss owing to decomposition 

of ammonia ion  

NH4
+ → N(ads) + 2H2(plasma) 

 1
j

F
jw t


 

Hydrocarbon adsorption on catalyst surface 

C2H3(plasma) → C2H3(ads) 

CH3(plasma) → CH3(ads) 
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exp
aw

Uevp
C f

k T
B S

 
 

 
 

 

Carbon evaporation  

C(ads) → C(ev) 

O
ijw ads

Oikwfik ij

 
  
 
 

 

Carbon adsorption due to communing 

hydrocarbon and hydrogen ion 

C2H3(plasma)
+ + 𝐻(𝑝𝑙𝑎𝑠𝑚𝑎)

+

→ 2C(ads) + 2H2(plasma) 

ijw

ij

O  

 

Decomposition of hydrocarbons ion  

C2H3
+ → 2C(ads) + 3H(ads)  

CH3
+ → C(ads) +H(ads) + H2(plasma) 

 1 c   ,  
2

c a wC D   

Impeding term representing formation of 

amorphous carbon on catalyst nanoparticle, 

hence inhibiting hydrocarbon dissociation on 

catalyst nanoparticle surface. 

г𝑐 Flux of carbon species leaving the surface  

           

3.3.9 Growth rate equation of CNT array  

The average growth rate of wth CNT in the CNT array is assessed by the change in 

the average volume of wth CNT, represented by the left-hand side of equation (15). 

The outer diameter of the wth CNT is comparable to the diameter of the wth catalyst 

nanoparticle (DNi). 

The right-hand side of equation (15) evaluates the growth processes of wth CNT in 

the CNT array. The carbon monomers and carbon clusters that are generated on the 

catalyst surface because of several surface processes - such as hydrocarbon 

adsorption, ion-induced and thermal dissociation of adsorbed hydrocarbons, 

decomposition of hydrocarbon ions, hydrocarbon and hydrogen ions interaction, 

diffuse over the surface and into the bulk of the wth Ni catalyst nanoparticle with 

different energy barriers. The temperature of the catalyst nanoparticles has a 

considerable impact on these diffusion processes. At lower catalyst temperatures, 

the surface diffusion process dominates CNT array growth, whereas at higher 

catalyst temperatures, CNT array growth is primarily owing to the bulk diffusion 

process, and at intermediate temperatures, both processes contribute. As a result, in 

this paper, we have studied both the diffusion process in CNT array growth because 

the temperature of the catalyst nanoparticle is assumed constant. 
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After this, the carbon atoms in wth Ni catalyst bulk precipitate out with an energy 

barrier for incorporation along the CNT-Ni interface and result in the formation of a 

graphitic cylindrical tube. The highly active hydrogen species contribute to array 

expansion by eliminating amorphous carbon from the wth catalyst surface during 

array formation. The expansion also incorporates the accumulation of neutrals of 

type j and l throughout the surface of wth CNT [56, 63]. The accumulated neutrals of 

type l in the CNTs lattice significantly affect the growth of CNTs.   

 2 2

4

exp

exp

exp
1

exp

w wNiw

a Niw voc

sB

b arc

sB
a ij

c arcl w

sB

s Ni INc

sB

Ni
w aNiw ik

Ni

d D D L

dt

D D U

f k T

D U

f k T M
C

UD

f k T

A D w Ur
f k T

M
D L H








 


  
  

   
  
                         

  
  
    
  









  






     

1

,

(17)

r

w

j j l l
ww

M
 





 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               

   



 

The details of growth processes integrated in equation (17) are in given table 3.9. 

Table 3.9 Details of growth processes and parameters integrated in equation 

(17) 

Functions/Parameters Description 

exp
a Niw voc

B s

D D U

f k T

  
 
 

 

Bulk diffusion of carbon monomer into wth 

catalyst nanoparticle. 

exp
b arc

B s

D U

f k T

  
 
 

 

Diffusion of carbon monomer over surface of wth 

catalyst nanoparticle. 

exp
c arcl

B s

D U

f k T

  
 
 

 

Diffusion of carbon cluster over surface of wth 

catalyst nanoparticle. 
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exp
s Niw INc

B s

A D U

f k T

  
 
 

 

Incorporation of carbon monomer into wth CNT 

through wth CNT - Ni confluence. 

Ni
Niw w a ik

Ni w

M
D L H 



 
     

     

Etching of amorphous carbon over the wth 

catalyst nanoparticle surface. 

 j j l l

w

M
 



 
     

   
 

Accumulation of neutrals of type j and l 

throughout the surface of wth CNT 

Uvoc = (1.6 eV) Energy barriers for bulk diffusion in catalyst 

nanoparticle [63] 

Uarc = (0.3 eV) Energy barriers for surface diffusion of carbon 

monomer over catalyst surface [63]. 

Uarcl = (0.48 eV) Energy barriers for surface diffusion of carbon 

clusters over catalyst surface [64]. 

UINc= (0.4eV) Energy barrier for incorporation along CNT- Ni 

interface [63] 

𝐷𝑎 Bulk diffusion coefficients [63] 

𝐷𝑏 ,𝐷𝑐 Surface diffusion coefficients [63] 

As Incorporation speed of carbon monomer into wth 

CNT 

𝑀 (12g) Mass of wth CNT 

 Density of wth CNT 

t (1) Sticking coefficient of neutrals of type j and l 

[63] 

 

3.3.10 Growth rate equation of PGL 

When the chamber is cooled, carbon atoms begin to diffuse out from the bulk of the 

wth catalyst nanoparticles and onto its surface, forming graphene nuclei. These nuclei 

combine and bridge the spaces between nanoparticles to produce PGLs. 

Subsequently, the adsorbed carbon is then etched over the catalyst surface, resulting 

in clean graphene layers.  

The growth of PGL is computed in terms of areal (thickness (tpg), and height (hpg)) 

change with time, as expressed by the left-hand side of equation (18).  
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     1 0 1 02 2
0

1

,

(18)

r wpg
pg pg

a Niw b Niw i K it c pgw pgw
wpgpg a a

w

MC C C Cd h t D D D D y I n l h
l D t D tdt

   
 



       
     



 

where, 𝑀𝑤𝑝𝑔  (12g) and 
𝑤𝑝𝑔

are the mass and density of graphene layer on wth 

catalyst nanoparticle. yi and IK are the etching yield and rate coefficient for ions 

incident on the catalyst nanoparticle [65].  

The right-hand side of equation (16) includes the growth processes involved in PGL 

growth. The first phrase refers to the outward diffusion of carbon atoms from the 

bulk of the wth Ni catalyst nanoparticle, followed by diffusion over the catalyst 

surface to generate graphene layers with activation energy barriers [66]. The final 

part of the equation represents the etching of adsorbed carbon atoms over the catalyst 

surface, promoting the formation of clean graphene.  

3.3.11 Field enhancement factor 

Understanding the field emission characteristics requires the study of the field 

enhancement factor. Equations (17) and (18) show the approximated field 

enhancement factor of the CNT array and CNT-PGL hybrid.  

1 exp 2.3172 , (19)a

w

s

L
 

   
    

   
 

'exp( ), (20)hyb a g        

where 𝛽𝑎 and  𝛽ℎ𝑦 𝑏 denotes the field enhancement factor of CNT array and CNT-

PGL hybrid. 'exp( ) refers to the exponential fall in field enhancement factor owing 

to a decrease in electric field penetration due to graphene coverage over the CNT 

array, with  = 
𝜎′√𝜇

√𝜀
⁄  . 𝜎′, , ɛ, 𝛽𝑔 are the conductivity, electric dipole moment, 

dielectric constant, and field enhancement factor of PGL. s is the spacing among 

CNTs [32, 67, 68, 69, 70, 71, 72]. 
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3.4  Results and Discussion 

In this paper, an analytical model is used to describe the growth of the CNT-PGL 

hybrid under appropriate conditions i.e., C2H2 flow rate, catalyst film thickness, 

substrate temperature, and cooling rate. The analytical model incorporates first-order 

simultaneous differential equations for plasma sheath, plasma species densities, 

carbon and hydrogen species surface concentration, growth rate of CNT array and 

PGL as well as field enhancement factor of CNT and CNT-PGL hybrid. The 

equations are solved via Mathematica software. In computations, we use substrate 

area to be 500 x 500 𝜇𝑚2 covered with Ni film, with average centre-to-centre 

spacing (s) of 1 m among the catalyst nanoparticles formed.  Tables 3.10 and 3.11 

list relevant initial conditions and parameters that were determined experimentally. 

They are utilized to solve equations presented in section (2) at t = 0. 

Table 3.10 Initial number density of various plasma species considered in 

present model [48, 66, 73, 74]. 

Species Mass (1 amu= 1.6610-27 kg) Number density (cm-3 ) 

Electron 0.0005486 amu 71010 

C2H2 26 amu 71013 

CH4  16 amu 21014 

CH3
  15 amu 11013 

C2H3 27 amu 71013 

C3H4 40 amu 31013 

C4H2 50 amu 11013 

H2   2 amu 21015 

H   1 amu 31013 

H3   3 amu 51015 

NH3 17 amu 51013 

NH4 18 amu 21011 

HCN  27 amu 91011 

N2 28 amu 4109 

C2H2
+ 26 amu 7108 

CH3
+  15 amu 2108 

C2H3
+ 27 amu 2107 

C4H2
+  50 amu 7107 

H2
+   2 amu 1108 

H+   1 amu 1108 
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H3
+   3 amu 1108 

NH3
+ 17 amu 9108 

NH4
+ 18 amu 1109 

HCN+  27 amu 1108 

CN+ 26 amu 1108 

 

Table 3.11 Parameters used in present model [25, 37] 

Parameters Value 

Electron temperature (𝑇𝑒𝑜) 2.2 eV 

Neutral temperature (𝑇𝑛𝑜) 0.17 eV 

Ion temperature (𝑇𝑖𝑜) 0.15 eV 

Plasma Power 120 W 

Substrate Potential (𝑈𝑐) -500 V 

Substrate temperature (𝑇𝑠)  750oC 

sGas pressure while CNT array growth 7 Torr 

Gas pressure while graphene growth 22 Torr 

Initial bulk concentration in Ni catalyst nanoparticle (𝐶1) 0 

NH3 gas flow rate 200sccm   

N2 flow rate  10,000 sccm 

 

In the present analysis, the obtained potential distribution inside the plasma sheath, 

ion, and neutral density are used to compute the average diameter (DNi) of the 

catalyst nanoparticle together with hydrogen and carbon flux over the catalyst 

surface. The obtained carbon and hydrogen flux are used to calculate the growth 

rates of planar graphene and CNT arrays. Then we start the next time by solving the 

differential equations again, with new boundary conditions derived from the 

dimensions of the recently acquired hybrid. 

First, we analyze the effect of C2H2 flow rate, catalyst film thickness, and substrate 

temperature on the growth of the CNT array, followed by an analysis of the growth 

of PGL over the CNT array by cooling the chamber. 

3.4.1 Time variation of CNT array growth with C2H2 gas flow rate 

Lighter and etchant ions (NH4
+, HCN+, C2H2

+, C2H3
+, H2

+) are predominant under 

low C2H2 gas flow rate [cf. figure 3.2 (a)-(e)] assisting in the formation of a clean 
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CNT array [75]. With further increase in C2H2 gas flow rate, the neutral number 

density of type j in plasma bulk increases [cf. figure 3.2 (f)-(i)] leading to their 

increased adsorption on the catalyst surface. In addition, NH3 is insufficient to 

suppress the decomposition of C2H2. So low etchant ion density and insufficient NH3 

at high C2H2 flow rate results in excess carbon deposition as amorphous carbon, 

poisoning the catalyst particle, retarding the CNT array growth.  Hence, at a low 

C2H2 gas flow rate (i.e. up to 60 sccm) the relative carbon and hydrogen radical 

surface concentration [cf. figure 3.3 (a)-(b)]  is competent for an increase in the 

growth rate of CNT, as carbon species generated over the surface of the catalyst are 

deposited and amorphous carbon is etched. 
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Figure 3.3(c) shows that the average CNT height in the CNT array increases up to a 

C2H2 flow rate of 60 sccm and then it declines with a further rise in C2H2 flow at 

fixed ammonia (NH3) gas flow rate (200 sccm).  Chhowalla et al. [30] reported an 

initial increase in CNT growth rate up to 30% C2H2 concentration then it dropped 

further and according to Bell et al. [31], CNTs are well aligned between 4 and 20% 

of C2H2, with a growth peak at 20%. At 29% C2H2, CNTs resemble obelisks while 

at 38%, amorphous C deposition was detected.  

Because of carbon deposition on the catalyst nanoparticle surface, the average 

diameter of CNTs in an array increases as the flow rate of C2H2 increases                   

[cf. figure 3.3 (d)]. The findings are in line with Merkulov et al. [76], who found a 

36 nm tip diameter at a C2H2/NH3 ratio of 0.625 and a 46 nm tip diameter at a ratio 

of 0.80. 
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3.4.2 Variation of CNT array length and diameter with catalyst thickness 

Figure 3.4(a) shows the average CNT height in an array with increasing Ni film 

thickness. As thickness increases (up to 10 nm), catalyst particle size increases, 

raising average  CNT height because catalyst particle remain active for dissolution, 

surface, and bulk diffusion of C- atoms [77]. Above 10 nm thickness, a decrease in 

average CNT height is observed owing to an increase in diffusion length of carbon 

inside the catalyst particle, so not enough particles can diffuse out from the catalyst 

bulk; consequently, shorter nanotubes are obtained. The obtained results comply 

with the studies of Lee et al. [77] where an increase of Ni catalyst thickness from 4 

to 10 nm, enhances the length and growth rate of CNT by a factor of 0.7. As per Han 

et al. [78], the acquired data indicate that, in the case of a 100 nm Ni layer, carbon 

nanoparticles rather than carbon nanotubes appear in the SEM pictures [cf. figure 2 

of Han et al. [78]]. Ma et al. [79] conducted an experiment wherein they noticed that 

the average length of CNTs decreased with increasing Ni film thickness up to 20 nm 

[cf. figure 4 of Ma et al. [79]].  

Additionally, the size of the Ni nanoparticles, which grow with Ni film thickness, 

controls the average diameter of CNT [cf. figure 3.4(b)]. This comes after Han et 

al.'s study [78], in which the mean diameter of CNTs increased from 32 to 113 nm 

when the thickness of the Ni film increased from 10 to 100 nm.  
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Figure 3.4 (a) Average CNT Height, (b) Average CNT diameter for varying Ni film thickness 
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3.4.3 Variation of growth rate of CNT array with substrate temperature 

With increasing substrate temperature, the concentration of carbon atoms (Cbulk) 

inside Ni catalyst nanoparticles increases [cf. figure 3.5(a)] .This can be attributed to 

an increase in ion-driven hydrocarbon and ammonia species dissociation and 

decomposition over Ni catalyst nanoparticle. As a result, Ca and Ha increases across 

Ni nanoparticle surface. Increases in Ha cause etching, which removes excess carbon 

from the Ni surface. This opens up the catalyst surface area, allowing a larger intake 

of carbon and a rise in carbon atom solubility [80] and diffusivity. Studies by Bleu 

et al. [81], Shurman et al. [27], have shown that the concentration of carbon in the 

Ni bulk increases with substrate temperature.  

As a result, the average growth rate of CNT in the array rises [cf. figure 3.5 (b)].This 

is in line with research done by Chhowalla et al., who found that CNT height 

increased between 520° C and 700° C [30]. 
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 3.4.4 Variation of: diffusion length with cooling rate, hydrocarbon density with 

time in N2 environment to obtain PGL 

The carbon diffusion length inside Ni nanoparticles is explored for graphene 

precipitation. This is done in the N2 environment after stopping C2H2/NH3 flow.  At 

a slow cooling rate (5°C/s), the diffusion length is larger than the size of Ni 

nanoparticles, which leads to Ni completely carburizing and inhibits the formation 

of graphene [46]. At a rapid cooling rate (25°C/s), a shorter diffusion length is 

obtained. Therefore, carbon atoms near the Ni surface precipitate more quickly than 

they diffuse in the Ni bulk, resulting in the formation of amorphous carbon [82]. 

Figure 6(a) illustrates the effective average diffusion length of carbon into Ni 

nanoparticle bulk at slow, moderate (15°C/s), and fast cooling rates. The calculated 

diffusion lengths agree with the results of Gkouzou et al. [46]. According to Yu et 

al. [26] and Reina et al. [82], the average diffusion length decreases with a rise 

in cooling rates. 

Starting N2 flow and stopping C2H2/NH3 flow after the formation of the CNT array, 

causes a gradual decrease for species remaining in the chamber [cf. figure 3.6(b)]. 

This is explained by the fact that N2 helps to eliminate volatile byproducts such as 

HCN, C2N2, CN, and volatile hydrocarbons as well as any remaining unreacted 

precursors [83, 84]. This prevents the catalyst from contamination during the 

precipitation process. As a result, precipitation processes dominate surface reaction 

processes in the formation of PGL. 
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With time as the temperature of the chamber decreases at a rate of 15°C/s, the carbon 

atoms start precipitating out from the Ni nanoparticle catalyst bulk. The excess 

carbon atoms that precipitate out to form graphene layers are proportionate to the 

difference in concentration of the saturated (C1) and supersaturated (C0) solution of 

carbon atoms inside the Ni catalyst [46]. More carbon precipitates out when the 

temperature drops because the concentration difference between saturated and 

supersaturated solutions increases and acts as a constant driving force [45, 46].  

Consequently, the synthesis of graphene is guided by the outward and surface 

diffusion of carbon atoms from and on the Ni surface [47, 65, 85]. Therefore, we can 

depict that the number of graphene layers; hence the thickness of graphene increases 

with time on cooling [27, 50], [cf. figure 3.7(a)-(b)]. The experimental work of Choi 

et al. [25] regarding number of graphene layers (4-7 layers), is similar to the obtained 

value (≈5 layers). Reina et al. [50] have obtained thickness within the range of           

1-5nm corresponding to approximately 1-12 graphene layers. Gupta et al. [86] have 

plotted the thickness of the graphene layer for different values of graphene layer 

number [cf. figure 1 of Gupta et al. [86]].    
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 atoms rapidly saturate these catalyst nanoparticles by forming a carbon shell around 

them [77]. The catalyst nanoparticle size rises with the thickness of the Ni film, 

causing the CNT array to grow due to increased carbon atom dissolution and 

diffusion [77]. This simultaneously increases the number of carbon atoms available 

for precipitation, eventually leading to the formation of graphene layers [47]. Up to 

a film thickness of 3 nm, figure 3.8 displays no graphene layer; beyond that, the layer 

number starts to rise with an increase in film thickness. For a 7 nm thick Ni film, 

Choi et al. [25] got 4–7 graphene layers; Peng et al. [47] and Kim et al. [87], have 

shown that the number of graphene layers increases with the thickness of the Ni film. 

 

 

                                   

                                                                 

  

3.4.6 Field enhancement factor of CNT array and CNT-PGL hybrid 

The procured results from the present study are utilized to determine the field 

enhancement factor of the CNT-PGL hybrid (𝛽ℎ𝑦𝑏) and to compare it with the field 

enhancement factor of CNT array (𝛽𝑎). Table 3.12 lists the dimensions of the CNT 

array and CNT-PGL hybrid obtained at a C2H2 flow rate of 60 sccm, Ni film 

thickness of 8nm, substrate temperature 750℃, cooling rate 15°C/s. 

Table 3.12 Optimized dimensions of CNT array and CNT-PGL hybrid 

considered 

CNT array CNT –PGL Hybrid 

Average height of CNT (Lw)  5 m 

Average diameter of CNT (Dw) 32 nm 

Thickness of graphene (tpg)  2 nm 

Average height of CNT  5m 
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                      Figure 3.8 Varying graphene layer number with initial Ni film thickness. 
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Spacing among CNT   1m Average diameter of CNT  32 nm 

 

The obtained βa [cf. figure 3.9] is consistent with the experimental results of Bonard 

et al. [32], who got βa ( 800) for the following parameters of CNT film: mean height 

3μm, mean tube radius 19 nm, and inter-tube distance 1.02μm. Furthermore, it is 

observed that βa is less than βhyb. Because CNTs are densely packed, the higher 

coulomb-repelling force of neighboring CNTs results in a significant reduction of 

βa. The large βhyb is ascribed to the field emission from (i) the PGL's edges and (ii) 

the spaces between CNTs since PGL is present on CNT [87, 88]. Therefore, 

precipitating PGL across a CNT array considerably increases the field enhancement 

factor, exceeding βa. Obtained 𝛽ℎ𝑦𝑏 is following Qu et al. [89] who have obtained 

𝛽ℎ𝑦𝑏(≈ 5780). Kaur et al. [33] [cf. table 2 of Kaur et al. [33]], Hong et al. [34], 

Kaushik et al. [88] [cf. table 3 of Kaushik et al. [88]] have also reported an escalation 

in  𝛽ℎ𝑦𝑏 than 𝛽𝑎. 
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Figure 3.9 Field enhancement factor of CNT array and CNT-PGL Hybrid 
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3.5 Conclusion 

The model can configure and characterize the growth of the CNT-PGL hybrid by 

adjusting the C2H2 flow rate, catalyst film thickness, substrate temperature, and 

cooling rate. The effect of varying C2H2 flow rates on ion and neutral number density,

 

as well as on carbon and hydrogen radical surface concentration is evaluated, to 

investigate their influence on the growth of the CNT array. It has been noted that as 

the C2H2 flow rate and Ni film thickness increase, the growth rate of the CNT array 

first increases and subsequently drops. Furthermore, the solubility and diffusivity of 

carbon atoms inside the Ni catalyst increase with substrate temperature, enhancing 

the average growth rate of CNTs. Moreover, as chamber temperature decreases at a 

rate of 15°C/s and catalyst film thickness increases the number of graphene layers 

grows. The procured results are employed to determine the field enhancement factor 

of densely packed CNT array and CNT-PGL hybrid and it is concluded that 

precipitated graphene layers on the CNT array top can enhance the field 

enhancement factor of the densely packed CNTs. Thus gas flow rate, catalyst film 

thickness, substrate temperature, and cooling rate may all be regulated to control the 

formation of a CNT-PGL hybrid, which may then be employed in efficient field 

emission devices.   
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Chapter 4 

 Effect of 𝐇𝟐 flow and catalyst film thickness on the growth of 

CNT-G hybrid. 

 

 

• Numerical analysis on H2 plasma assisted growth of graphitic leaves on 

carbon nanotubes 

• Optimizing the Cobalt film thickness for the growth of carbon nanotube 

with few layer graphene foliates 
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4.1 Brief outline 

 

Numerical conceptual design explaining the growth of graphitic leaves over carbon 

nanotube (CNT) in CxHy/ H2 and CH4/ Ar plasma environment employing PECVD 

technique is evolved. Growth of linear defect density (investigated via energy 

balance equation over CNT), CNT, graphitic leaves is explored by varying input 

plasma power (600-1200W). The results indicate drop in defect density, growth rate 

of CNT and graphitic leaves with rising plasma power. In addition, catalyst film 

thickness is varied  to investigate the morphology of carbon nanostructure. It is found 

that the growth rate of few layer graphene (FLG) increases with Co film thickness 

and switches to FLG grown on CNT morphology, with further increase in catalyst 

film thickness. Growth of FLG on CNT is defect mediated. Also, field enhancement 

(FE) factor is computed for different morphologies obtained. An enhancement in FE 

factor is observed for CNT with FLG foliates in comparison to bare FLG. Our 

theoretical results are in agreement with the experimental observations.  

 

4.2 Introduction 

 

Graphenated Carbon Nanotubes synthesized using solution process, electric arc 

discharge, CVD, PECVD are a beginning to hybrid having exfoliated graphene 

framing carbon nanotubes. This 3D material is promising in wide range of 

applications but not limited to field emitters, electrodes for lithium ion batteries,  

transparent conductors.  

 
Deng et al. [1] experimentally grew CNT- graphene hybrid by varying C2H2 gas 

ratio, plasma power, and growth time and showed that each parameter influences the 

hybrid’s growth.  

 

Liu et al. [2] experiment validate that growth of graphene over CNT is defect 

mediated, wherein defects are due to high- energy ion bombardments and further 

lengthening by epitaxial mechanism. 

 

Lee et al. [3] have shown that the Co and Ni catalyst thickness has a significant 

impact on both nanotube diameter and growth rate, as well as the morphology of 

nanoparticles generated during the process, without affecting CNT quality. 

 

Qi et al. [4] experimentally shown that V-FLG growth and morphology are heavily 

influenced by the Co catalyst and its film thickness. V-FLG demonstrated slower 

growth rate and poorer density on substrates without catalyst than with catalyst, 

since the V-FLG nucleation on the former was delayed.
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4.3 Model 

 

Examining the buildup of graphenated carbon nanotubes in electron, positively 

charged ions, and neutrals of CxHy (denoted as 1), H2 (denoted as 2) plasma and in 

electron, positively charged ions and neutrals of CH4 (denoted as 1) , Ar ( denoted 

as 2). Ionization of gas by applied RF power creates the plasma species 

(hydrocarbon, hydrogen- radicals, neutrals, ions) of relatively high energy. Electric 

field from the plasma to the CNT plane due to hydrocarbon, hydrogen, argon ions 

results in, high energetic ions bombarding CNT surface, breaking some C-C bonds, 

creating dangling bonds defects on the CNT surface [5-6]. Vertical graphene sheet 

grow upon CNT via these defects (nucleation sites), wherein carbon atoms nucleate 

to carbon aggregate which further diffuse and collide to form graphene islands [7-

8]. Then under the resultant of tensile and electrostatic force vertical graphene sheet 

grow as leaf over CNT [9]. Hydrocarbons (formed by the reaction of CNTs with 

hydrogen plasma) promote graphene growth. 

 

4.3.1 Growth rate equation of carbon species over catalyst surface 

 

Due to adsorption of hydrocarbon, thermal dissociation of adsorbed hydrocarbons, 

hydrocarbon ion decomposition and various other process carbon species are 

generated  on the catalyst surface and is expressed via equation 1. 

 

 1 exp exp (1)
evp

C C

E n Y J Etd sa d ia adsS J n J J J Sia ib Ca t sa iak T k Ta iaa ia a ib iaB s B S

 
  

 


                               
      

 

Where the first, second, third, fourth, fifth term represents gain due to adsorption of 

hydrocarbon, thermal dissociation of adsorbed hydrocarbon, ion- induced 

dissociation of adsorbed hydrocarbon, hydrocarbon ion decomposition, hydrocarbon 

and hydrogen ion interaction on catalyst surface and loss due to carbon evaporation 

and carbon flux leaving the catalyst  surface. 

 

𝛿𝐸𝑡𝑑  (= 2.1𝑒𝑉), 𝐸𝑒𝑣𝑝 (= 1.8 𝑒𝑉) are the hydrocarbon thermal dissociation energy, 

carbon evaporation energy [10]. 𝑛𝑠𝑘(= 𝜃𝑘𝜗0),𝜔 (≈ 10
13𝐻𝑧), 𝑌𝑑  (≈ 2.49 ×

10−2 + 3.29 × 10−2 × 𝐸𝑖) are the surface concentration of neutral species, thermal 

vibration frequency, stitching probability.𝜎𝑎𝑑𝑠(≈ 10
−16𝑐𝑚2) and 𝜐0 (≈ 1015𝑐𝑚−2) 

are cross section of reaction with atomic hydrogen and area density of adsorption 

sites.
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4.3.2 Growth rate equation of CNT 

 

The average growth rate of  CNT  is assessed by the change in the volume of CNT 

of diameter 𝐷𝑤 and height 𝐿𝑤.  
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Where the first, second, third and fourth terms in equation 2 represents growth due 

to : bulk diffusion of carbon monomer into catalyst nanoparticle, diffusion of carbon 

monomer over surface of catalyst nanoparticle, diffusion of carbon cluster over 

surface of catalyst nanoparticle and incorporation of carbon monomer into CNT 

through CNT - catalyst confluence. Etching of amorphous carbon over the catalyst 

nanoparticle surface and accumulation of neutrals of type j and l throughout the 

surface of  CNT which also assist in growth is represented by the fifth and sixth 

terms. 

Xvoc = (1.6 eV), Xarc = (0.3 eV), XINc = (0.48 eV) and Xarcl = (0.4 eV) are the energy 

barriers for: bulk diffusion in catalyst nanoparticle, surface diffusion of carbon 

monomer over catalyst surface, surface diffusion of carbon clusters over catalyst 

surface and for incorporation along CNT- catalyst interface [11-12]. 𝐷𝑑  and 𝐷𝑒 , 𝐷𝑓 

are the bulk diffusion coefficients and surface diffusion coefficients. Bs is the 

incorporation speed of carbon monomer into CNT. 𝑀𝑐𝑦 (12g) and 𝜌𝑐𝑦 are mass and 

density of CNT. 
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4.3.3 Generation of defects on CNT surface 

 

Growth rate equation of defects on CNT surface under ion irradiation of hydrocarbon 

and hydrogen is described as: 
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Where the first, second and third term in equation 3 represents formation of defects 

on CNT surface owing to power transferred : due to its interaction with positively 

charged ions, neutrals, and electrons, due to neutralization of ions collected at the 

CNT surface and due to etching of the CNT surface. Fourth term represent power 

transferred due to ion sputtering. Energy loss from the surface to surroundings is 

represented by fifth term. 

 

𝜌𝑐𝑦, 𝑆𝐶, 𝑇𝑠 and d denotes the density of CNT, specific heat of CNT, substrate 

temperature and defect density. 𝜍𝑘 and 𝜖𝑘 denotes collection current and average 

energy accumulated on CNT surface due to ions (type 1 and 2), neutrals (type 1 and 

2) and electrons. 𝐹𝑏 and 𝐹𝑖𝑚 denotes flux of impinging neutrals and  ions on CNT 

surface. Y(𝐸𝑖) and E denotes sputtering yield and surface binding energy of carbon 

in CNT. 𝜃𝑛(≈ 0.01) represents total surface coverage. 𝐴𝑐𝑦 and 𝑇𝑎 denotes area of 

CNT and ambient temperature. 

 

4.3.4 Graphitic leaf growth equation 

 

Equation 4 describes the growth processes involved in graphitic leaf growth of 

length L, thickness T, and Height H. Carbon atoms diffuse and incorporate at the 

surface and peripherals of the growing graphene sheet along with their etching by 

hydrogen atoms from the plasma. Graphene sheet growth is defect mediated. 
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  Where surface diffusion and incorporation of carbon atoms at the surface and 

peripherals of the growing vertical graphene (VG) sheet is described via first term. 

Second term represents sticking of neutral atom of type 1 at the graphene sheet. 

Third term is etching of terminal carbon at the edges of the VG sheet by interaction 

with hydrogen atoms from the plasma assisting in clean graphene growth. 

 

𝐸𝑆𝐶 ≈ 0.1 eV, 𝐸𝐼𝑁𝐶 ≈ 0.42 eV are the energy barriers for surface diffusion of carbon 

monomer and incorporation of carbon monomer [13]. 𝐴𝐷,  𝑅𝐷, R denotes area, radius 

of defect, radius of graphene island. m,  𝜌 denotes mass and density of graphene 

sheet. 𝜍𝑘
𝑔

 denotes collection current on graphene sheet due to ions (type 1 and 2), 

neutrals (type 2). Ha represents hydrogen surface concentration. 

 

4.4 Results and discussion 

 

The equations listed above are solved simultaneously with those described in our 

prior work for the energy balance and kinetics of electrons, ions, and neutrals under 

appropriate boundary conditions viz., at , t=0,  𝑛𝑖10 = 6 × 1018𝑐𝑚−3,  𝑛𝑖20 = 5 ×
107𝑐𝑚−3,  𝑛10 = 1 × 1012𝑐𝑚−3,  𝑛20 = 1 × 1013𝑐𝑚−3, Substrate temperature (𝑇𝑠) 
= 900℃, Plasma pressure = 60 Torr, Plasma Power = 600- 1200 W. 

 

For plasma environment I: CxHy + H2, temporal variations of CNT height, linear 

defect density, graphene sheet height for different input plasma powers.
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Figure 4.1 Time variation of (a) CNT height (b) linear defect density for different input plasma 

power (1=600W), (2=900W), (3= 1200 W) 

 

Figure 4.1 (a) shows temporal variation of CNT height for different input plasma 

power. Increase in input plasma power rises hydrogen etchant density and plasma 

power of hydrogen etchant. As a result, height of CNT drops due to less availability 

of carbon on surface for growth, following a study conducted by Gorodetskiy et al. 

[14].  

 

Figure 4.1 (b) represents time varying linear defect density on CNT with input 

plasma power. Number of defects on CNT surface decreases with increase of input 

plasma power following a study conducted by Gorodetskiy et al. because no. of 

defect is a function of no. of carbon away from the catalyst surface, carbon surface 

concentration decreases with rise in power as discussed above. In addition, their exist 

proportionality between defect amount and CNT length. 

 

 
Figure 4.2 Time variation of graphene sheet height for different input plasma power (1=600W), 

(2=900W), (3= 1200 W)

 

 

 

Time (s) Time (s) 
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Figure 4.2 represents rate of change of height of graphene sheet with input plasma 

power. Increase of plasma power leads to etching of growing graphene sheet owing 

to rise in hydrogen density and plasma power of etchant. Consequently, growth rate 

(height) of graphene sheet decreases with increase of plasma power, comply with 

the observations of Gorodetskiy et al. [14].  

 

For plasma environment II: CH4 + Ar, temporal variations of : surface carbon 

concentration, CNT height, graphene height for different catalyst film thickness. 

 

   
 

 
Figure 4.3 Temporal variation of (a) surface carbon concentration (b) CNT height for different 

catalyst film thickness (nm). 

 

Figure 4.3 (a) represents surface carbon concentration for different catalyst film 

thickness. With increase of nanofilm thickness, size of nanoparticle increase which 

lead to increase in surface area for hydrocarbon dissociation on catalyst surface. 

Thus a large number of carbon species generate on catalyst surface in compliance 

with the work of Qi et al. [4]. 

 

Figure 4.3 (b) represents CNT height for different catalyst film thickness. Small 

catalyst nanoparticles are less proficient to encourage CNT growth due to 

amorphous carbon deposition leading to growth of small graphene flakes only and 

no CNT for 3 nm film thickness. With further increase of catalyst film thickness 

(upto 30 nm) CNT height increases. Large Co catalyst particles are not suitable for 

growth of CNTs, and the graphite layer will cover the large Co particle surface to 

form graphite shell-encapsulated Co particles. In compliance with the work of Qi et 

al. [4]. 

 

        Time (s)        Time (s)  

(a) (b) 
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Figure 4.4 Temporal variation of graphene height for different catalyst film thickness  

 

Figure 4.4 represents graphene height for different catalyst film thickness. With the 

increase of nanofilm thickness, size of nanoparticle increases, thus a large number 

of carbon species generate at catalyst surface and precipitate out through catalyst 

bulk. Thus graphene height increase with increase of catalyst film thickness. In 

compliance with the work of Qi et al.[4]. 

 

4.5 Conclusions 

 

A model is developed to better understand the effects of plasma power and Co film 

thickness on CNT and graphene height. The findings show that when plasma power 

increases, CNT height, defect density, and graphene height decrease. With plasma 

power, hydrogen density rises, supporting the drop in CNT and graphene height. 

Furthermore, as plasma power increases, the height of the CNT lowers, reducing 

defect density on the CNT surface. We also investigated the influence of Co catalyst 

film thickness on the growth of CNT and graphene. The study found that carbon 

surface concentrations rise with Co film thickness, resulting in graphite shell-

encapsulated Co particles that inhibit CNT formation on thick Co films. In addition, 

the height of the graphene sheet grows with the thickness of the Co film. The 

findings can be used to gain a better understanding of the formation of CNT-

decorated graphene in plasma and to investigate field emission applications. 
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 Chapter – 5  

SUMMARY AND FUTURE SCOPE OF THE 

WORK 

 
5.1 Summary 

 
The current thesis seeks to develop an analytical model to understand the 

mechanisms of CNT-graphene hybrid growth in a reactive plasma environment. A 

theoretical and analytical model is developed that incorporates the plasma sheath 

equations , the energy and fluxes of the plasma species, (electrons, positively 

charged and neutral species), kinetics of the plasma species, dissociation of the 

plasma species over the catalyst nano particle surface to generate building units 

(carbon species). The diffusion of building units leads to formation of carbon 

clusters and growth of CNT with graphene leaves on top, which eventually grow 

vertically in the presence of an electric field created in the plasma sheath. The present 

study of the thesis may contribute to a better understanding of the effects of plasma 

parameters, optimum conditions, and Co film thickness on the growth properties of 

the CNT-graphene hybrid. The hybrid's field emission characteristics are estimated 

using the results acquired in this study. In brief, the work done in the current thesis 

can be summarized as follows. 

 

The effect of total gas pressure (250 mTorr–5 Torr) and input plasma power (300–

700 W) on the growth attributes of the N-NCN-VG hybrid, such as height, thickness, 

and number density of carbon, as well as the kinetics of plasma species, such as 

electrons, positive ions, and neutrals, is investigated in C2H2/NH3 plasma. 

Furthermore, the model explains how the creation of defects on the nanocone causes 

the VG sheet to grow. Our theoretical studies reveal that as total gas pressure 

increases and input plasma power decreases the height of the nanocone and graphene 

sheet increases, simultaneously with rise in carbon number density on the nanocone 

surface. Furthermore, when input power increases, the N-NCNVG hybrid’s field 

enhancement factor falls. 

 

When dense CNT arrays and planar graphene layers were utilized as field emitters, 

the field enhancement factor decreased considerably. As a result, we quantitatively 

examine the evolution of a dense CNT array topped with planar graphene layers 

(PGLs), yielding a CNT-PGL hybrid and the corresponding field enhancement 
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factor. The growth of the CNT array is studied in a C2H2/NH3 environment with 

variable C2H2 flow, Ni catalyst film thickness, and substrate temperature, followed 

by PGL precipitation on top at an optimal cooling rate and Ni film thickness. Our 

research indicates that when the catalyst film thickness and C2H2 flow rate increase, 

the average growth rate of CNTs first rises and subsequently falls. As the 

temperature of the substrate rises, CNT growth rate increases. Moreover, the number 

of graphene layers increases as the chamber temperature is dropped from 750°C to 

250°C in a N2 environment and the thickness of the Ni film increases. The ideal 

parameter values are then used to determine the field enhancement factors for the 

hybrid and CNT array. It has been discovered that by covering densely packed CNTs 

with planar graphene layers, can increase the field enhancement factor. 

To have a better understanding of how Co film thickness and plasma power affect 

CNT and graphene height, a model is developed. The results demonstrate that CNT 

height, defect density, and graphene height decrease with increasing plasma power. 

We also looked into how the thickness of the Co catalyst sheet affected the growth 

of graphene and CNT. According to the findings, thicker Co films prevent CNT 

production because higher carbon surface concentrations lead to graphite-shell-

encapsulated Co particles. Furthermore, as the thickness of the Co film increases, so 

does the height of the graphene sheet. The results can be applied to field emission 

applications and to better understand the formation of CNT-decorated graphene 

hybrid in plasma. 

5.2 Future scope of the present work 

The present work of the thesis can be extended to fabricate CNT- graphene hybrid 

for their potential applications in the field emitters as the field emission 

characteristics of the CNT- graphene hybrid depend on its geometrical 

characteristics, i.e., height and thickness.  

 

The present work covers most of the important aspects for the deterministically 

controlled synthesis of the hybrid in plasma. However, there are some aspects which 

can be deepen further for the future development of the synthesis of the hybrid. 

 

Nonetheless, many aspects concerning plasma-assisted CNT development remain 

unexplored experimentally and conceptually, which has the potential to broaden our 

understanding of this field. Some of the recommendations for future work that needs 

to be done are:
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 The temperature of the CNT-G hybrid surface is assumed to remain constant 

and equal to that of the catalyst surface during the growing process. However, 

examinations into the temperature of the hybrid’s surface are required to 

analyse its effect on the hybrid growth. 

 

 It is essential to comprehend the impact of catalyst-substrate interactions on 

hybrid development in a reactive plasma. As the research has shown, the 

development of hybrids requires the presence of a catalyst. As a result of the 

catalyst and substrate interacting, it can be observed at the tip of fully-grown 

CNTs or at the base of the CNT, anchored to the substrate. The relationship 

between the catalyst and the substrate has not been fully examined and require 

more research. 
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Appendix: Potential at curved surface of wth CNT (Vcur) [1]
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