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ABSTRACT 

 

Carbon nanofibers (CNFs) are the one dimensional carbon nanostructures in 

which graphene layers are inclined at some non-zero angle with respect to the 

growth axis. Vertically aligned carbon nanofibers (VACNFs) are the potential 

candidate in the applications of field emission devices, electronic sensors, and 

electron emission displays, etc. There are many synthesis routes available, 

however, plasma enhanced chemical vapour deposition (PECVD) are exclusively 

used to synthesize VACNFs at low temperatures. The present thesis aims to 

elucidate the deep insights of the nucleation and growth mechanism of the 

VACNFs in the reactive plasma environment through an analytical model 

developed which mainly incorporates two sub-models.  

One is the plasma sheath model that accounts the excitation, dissociation and 

ionization of the gaseous sources due to applied plasma power and kinetics of the 

plasma species (electrons, positively charged ions, and neutral species); and the 

other one is the surface deposition model that incorporates the adsorption and 

dissociation of carbon bearing species (ionic and neutral species of hydrocarbons) 

over the catalyst nanoparticle active surface (free surface available for the 

adsorption of the plasma species) to generates building units (carbon species) via 

various surface processes (surface reaction), surface and bulk diffusion of carbon 

species over the catalyst nanoparticle surface, precipitation of the carbon species 

in the form of graphitic shells around the rear of the catalyst, etching of the walls 

of the CNFs, and vertical growth of the CNFs under the influence of the electric 

field induced in the plasma sheath. The solutions of the model equations have 

been carried out for experimentally determined initial conditions and glow 

discharge parameters. It is found that the plasma parameters, i.e., number density 

of ions and neutral species in the bulk plasma, insertion of nitrogen as the doping 

element, insertion of water and oxygen as the etchant gases, and plasma process 

parameters have great influence on the growth characteristics of the VACNFs. In 

addition, the plasma pre-treatment of the thin metal catalyst film to generate 

catalyst nanoparticles have also been studied and it is found that the plasma 
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parameters, plasma compositions and thickness of the metal catalyst film 

significantly affect the size and the surface concentration of the catalyst 

nanoparticles which ultimately affect the growth characteristics of the VACNFs. 

The good comparisons of the analytical results of the present thesis with the 

available experimental observations confirm the adequacy of the present model. 

 The present work of the thesis can be extended to fabricate the thin and long 

VACNFs for their potential applications in the field emitters as the field emission 

characteristics of the VACNFs depend on its geometrical characteristics, i.e., 

height and tip radius. Moreover, the present work can also be extended to 

investigate the growth of other carbon based nanostructures.  
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                     INTRODUCTION 

 

1.1 Background 

Nanostructures are the materials in which atleast one of the dimension is less 

than 100 nm. Nanostructures are designed at the molecular level to explore their 

novel properties due to their ultra-small size (exceptionally high surface to 

volume ratio) which cannot be observed at their bulk counterpart. 

Nanostructures based on gold, carbon, alloys, and oxides can be synthesized, 

however, carbon based nanostructures have gained potential research interest 

from the past several years. Carbon, one of the most abundant elements on the 

earth and one of the most studied elements of the research history, has two stable 

allotropes, i.e., graphite (consisting stacked graphene sheets) and diamond. One-

dimensional nanostructures based on the carbon gathered the much attention in 

the field of research across the globe. One-dimensional carbon nanostructures 

were synthesized early in 1978 by Abrahamson et al. [1] in the form of fiber 

carpet but came into notice when Iijima published the research article on the 

multiwalled carbon nanotubes [2]. 

1.2 Structures of CNFs/CNTs 

One-dimensional carbon nanostructures are composed of the rolled graphene 

sheets and can be classified into two broad categories (i) carbon nanofibers 

(CNFs) and (ii) carbon nanotubes (CNTs). CNFs/CNTs are the cylindrical 

shaped graphitic filaments having diameter in nanometer regime and length in 

microns. Despite of external similar morphology, CNFs/CNTs differ in 

crystalline structure and diameters. The inclination of graphitic layers about the 

axis of the tube characterizes the divergence between CNFs and CNTs. In CNTs, 

graphitic sheets are parallel to the tube axis whereas, in CNFs, graphitic sheets 
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are tilted at some non-zero angle [3,4]. On the basis of the inclination of 

graphitic layers, CNFs are classified into two types [5,6]: 

 Herringbone carbon nanofibers  

 Stacked carbon nanofibers 

  In herringbone CNFs, the graphene sheets are inclined at any angle 

between 00 and 900 and in stacked CNFs graphene layers are inclined 

perpendicular to the tube axis as shown in Fig.1.1. 

 On the basis of the number of graphene layers, CNTs can be divided into two 

types: 

 Single walled CNTs (SWCNTs) 

 Multi walled CNTs (MWCNTs) 

  As per the name suggested and shown in Fig.1.2, SWCNTs are 

composed of only a single rolled graphene sheet with diameter of about 1 nm 

and MWCNTs are the concentric cylinders of SWCNTs with diameter of about 

several nm. The interspacing between two SWCNTs in MWCNTs is of 0.34 nm. 

 

Fig.1.1. (a) Herringbone carbon nanofibers and (b) Stacked 

carbon nanofibers. 
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  In CNFs/CNTs, graphitic shells consist hexagonally arranged carbon 

atoms. The electronic configuration of carbon atom is 1s22s22p2. The inner two 

electrons occupy the 1s orbital whereas the valence electrons can occupy 2s and 

2p orbitals i.e. they can attain sp, sp2, and sp3 hybrid orbitals. Three allotropes 

(diamond, graphite, and fullerenes) of carbon are possible depending upon the 

hybridization attained by the tetravalent valence electrons.  

 

Fig.1.2: (a) Single-walled carbon nanotubes and (b) Multi-

walled carbon nanotubes. 

In diamond (crystalline form of carbon), the tetravalent electrons form 

four covalent bonds with other neighbouring carbon atoms using the s, px, py, 

and pz orbitals and thus, forming sp3 hybridization. However, in graphite (low 

crystalline allotrope) carbon atoms attain sp2 hybridization, i.e., the three valence 

electrons form three strong planar σ bonds with other neighbouring atoms using 

s, px, and py planar orbitals as shown in Fig.1.3. The angular spacing between 

these orbitals is 1200 due to which electrostatic repulsion between them is 

minimum. The remaining fourth valence electron forms weak π bond in the 

direction perpendicular to the plane. These valence electrons in π bonds are 

responsible for the interaction of stacked graphitic shells and are also responsible 

for the high electrical properties of the graphite [7-9]. 



              Introduction Chapter 1 

 

 4 
Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

 

Fig.1.3. Representation of atomic orbitals in sp2 

hybridized graphite. 

1.3 Properties of CNFs/CNTs 

Owing to high surface to volume ratio, one dimensional carbon nanostructures 

CNFs/CNTs show promising electrical, mechanical, and thermal properties.  

1.3.1 Electrical properties 

The hollow structure and high aspect ratio make the charge carriers to 

transport in one dimension. Depending on the chirality and diameter of the 

CNFs/CNTs, they can be classified as metallic or semiconducting [10-11]. 

The energy band gap of CNFs/CNTs depends on their diameter [11]. The 

resistivity of the CNFs/CNTs at room temperature is found to be 10-6 Ω cm 

[12,13] which is much lower than the most conducting metals like silver and 

copper. The mobility of holes in semiconducting CNFs/CNTs is about 2×104 

cm2 V-1 s-1 which is higher than the mobility of electrons (1.5×103 cm2V-1s-1) 

and holes (4.5×102 cm2V-1s-1) in silicon. The CNFs/CNTs show much large 

current density, i.e., 107-109 A cm-2 [14,15]. 

1.3.2 Mechanical properties 

In order to determine the mechanical strength of the solid material, one 

should know about the Young’s modulus and tensile strength of the material. 

Young’s modulus dictates the ability of the material to withstand under the 

linear extension/compression and tensile strength measures the resistance 

provided by the material under the breaking tension. The Young’s modulus of 

the CNFs/CNTs is in the range of 0.7-1.8 TPa according to experimental 

studies [16-21] and 0.5-5 TPa according to theoretical studies [22] which 

S 
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clearly show that CNFs/CNTs are much stronger and stiffer than steel having 

Young’s modulus of about 0.18-0.2 TPa [23-24]. The tensile strength of the 

CNFs and CNTs is in the range of 11-200 GPa [19,20], however, the tensile 

strength of steel is about 0.38-1.55 GPa [23-24]. Moreover, CNFs/CNTs 

show highly elastic properties, they can recover from the extreme 

deformation (distortion greater than 900) without showing any plastic 

behaviour. 

1.3.3 Thermal properties 

The measuring scales to measure the thermal properties of any materials are 

specific heat and thermal conductivity. The heat conducting properties of 

CNFs/CNTs are better than the diamond. At room temperature, thermal 

conductivity of CNFs/CNTs is found to be 3000-6600 W/mK [25,26]. 

1.4 Applications of  CNFs/CNTs 

Vertically aligned CNFs/CNTs have numerous applications in the field of 

electron emission, nano electronics, etc. due to their high aspect ratio, high 

electrical conductivity and high mechanical strength. 

1.4.1 Hydrogen storage devices 

The structural diversity shown by one dimensional carbon nanostructures 

(CNFs/CNTs) gives rise to their application in hydrogen storage devices. 

Hydrogen is one of the most valuable energy source which can be easily 

produced with high percentage of utilization. One of the biggest disadvantage 

to use hydrogen as the source of energy is its storage. The storage of 

hydrogen (liquid hydrogen) is expensive and dangerous. CNFs/CNTs can 

absorb highly dense hydrogen at standard temperature and pressure (STP) 

conditions via H-bonding with van der Waals forces in CNFs/CNTs [27] and 

show hydrogen condensation of about 5-10% by weight. However, potassium 

and lithium doped CNTs show 14% and 20 % by weight hydrogen 

condensation, respectively [28].   
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1.4.2 Field emission devices based on one-dimensional carbon 

nanostructures 

Field emission is the phenomenon to extract electrons from the material when 

sufficient electric field (greater than the work function of the material) is 

applied. Owing to the high aspect ratio (height to radius), tunnelling of 

electrons across the potential barrier make them promising candidates in the 

field emission devices. Fowler and Nordheim expressed [29] the relation 

between field emission current, applied electric field, and work function of 

the material; 

            

33 2

2

8 ( ) 2
exp ,

38 ( )

ev y mq E
I

hqEh t y

 

 

 
  
 
 

 

where I is the field emission current, E is the applied electric field,   is the 

work function,   is the field area of the emission sites, ( )t y  and ( )v y are the 

Nordheim functions, and all other symbols have their usual meaning. The 

field emission properties of any material can be characterized by the field 

enhancement factor. Generally, field enhancement factor (  ) is proportional 

to the ratio of CNF/CNT height to the radius.  

  h
r

   

The highly enhanced field emission property shown by the CNFs/CNTs 

comes from their geometry rather than their crystalline structure [30].  

1.4.2.1 CNFs/CNTs as field effect transistors 

CNFs/CNTs showing semiconducting behaviour are used as the channel 

in field effect transistors separated from gate by thin insulating film 

[31,32]. The schematic of the CNT based field effect transistors is 

shown in Fig. 1.4. These transistors, i.e., p-type CNFs/CNTs FET show 

very high transconductance and high carrier velocity. For 0.6 V gate 

voltage, they produce current density of 1500 A/m (current per unit gate 

width). However, p-type MOSFET (metal oxide semiconductor field 

effect transistor) shows approximate 500 A/m at the overdrive voltage. 
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Fig.1.4. (a) Schematic of the carbon nanotubes based field effect 

transistors [31], and (b) schematic of the vertically aligned CNT serves 

as the channel of the field effect transistors [32]. 

1.4.2.2 CNFs/CNTs as flat panel display 

The flat panel displays consisting CNFs/CNTs show wide range of 

operational temperature, they have very fast response rate, and consume 

very less power for ultra-high brightness. Generally, ±150 V pulse (230 

V) is required to obtain a display of 76 μmA/mm2 at 300 μm anode-

cathode distance. The schematic of the CNT based flat panel display is 

shown in Fig. 1.5. 

 

Fig.1.5. Schematic of the flat panel display consisting carbon 

nanotubes-epoxy stripes on cathode glass plate and phosphorus 

coated indium tin oxide stripes (ITO) on anode glass plate [33]. 
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1.5 CNFs/CNTs Synthesis Routes 

For industrial and research purpose, heterogeneity of the tube in terms of length, 

thickness, chiral angle, and inclination about the growth axis are the main aspect. 

There are many routes through which heterogeneous CNFs/CNTs can be 

synthesized but it is always necessary to adopt easy and cost effective methods. 

There are many synthesis routes but brief discussion of some of them which are 

generally used and widely known are as follows: 

 Laser ablation 

 Arc discharge 

 Chemical vapour deposition (CVD) 

 Plasma enhanced chemical vapour deposition (PECVD) 

1.5.1 Laser ablation 

Laser ablation also known as laser vaporization is developed in 1995 by 

Smalleys group [34] for the synthesis of fullerenes (zero dimensional carbon 

nanostructures) and applied for the synthesis of one dimensional carbon 

nanostructures in 1996 [35]. The schematic of the laser ablation method is 

shown in Fig. 1.6. As the name implies, a continuous laser pulsed (ND-YAG 

laser or CO2 laser) is used to vaporize the piece of the graphite in a quartz 

reactor tube at 1200 0C with the flow of inert gas at controlled pressure [36]. 

The graphitic vapour generates the plume with metal catalyst nanoparticles 

which in turn facilitate the growth of CNFs/CNTs. The plume containing 

CNFs/CNTs and other by-products are collected on the collector via 

condensation. This method is especially known for the production of highly 

pure CNFs/CNTs with minimal defects density. Since solid graphite is 

vaporized at the atomic level thus, highly energetic laser pulse is required 

[37-39]. The diameters of the growing CNFs/CNTs can be deterministically 

controlled by suitably varying the furnace temperature, gas flow rate, and 

metal catalyst [38-42].  
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Fig. 1.6. Schematic of the laser ablation technique to synthesize CNFs/CNTs. 

1.5.2 Arc discharge 

Arc discharge or electric discharge is the first method used to reliably 

synthesize the MWCNTs and SWCNT. The schematic of the arc discharge 

method is shown in Fig. 1.7. In this method, electric arc discharge or plasma 

is generated between two graphite electrodes separated by the distance of 1 

mm using low voltage (20 V) and high current (100 A) power source in the 

inert atmosphere of the Helium or Argon at high temperature and low 

pressure (100-1000 Torr) [43]. In this method, transition of solid carbon 

(graphite) to gas phase carbon occurs directly without involving the 

sublimation stage (liquid phase) due to the high temperature. The graphite 

with metal catalyst (generally Fe or Co) is taken as the anode and pure 

graphite is taken as the cathode. The electric discharge vaporizes the carbon 

from anode which in turn deposit at the cathode surface in the form of one 

dimensional carbon nanotubes (CNTs/CNFs). The presence of hydrogen in 

the growth atmosphere leads to the high crystalline product.  

 

Fig.1.7. Schematic of the arc discharge method [44]. 



              Introduction Chapter 1 

 

 10 
Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

1.5.3 Chemical vapour deposition (CVD) 

Chemical vapour deposition (CVD) is one of the parent to a family of many 

synthesis processes because of the availability of vast number of variations. 

In CVD, surface deposition of the solid material is caused via various surface 

reactions between gas phase carbon bearing species and substrate surface. 

Generally, metal catalyst thin film is deposited on the substrate to enhance the 

decomposition of the carbon bearing species. Since heat energy is the fuel for 

any reaction to occur, typical CVD system is precisely known as the thermal-

CVD in which catalyst film placed over substrate surface is heated to high 

temperatures in the furnace. The Fig. 1.8 shows the schematic of the thermal 

CVD system. The applied heat energy fragments the metal catalyst film into 

many catalyst nanoislands or nanoparticles and these nanoislands act as the 

nucleation sites/seeds for the nanostructures growth. The carbon 

nanostructure growth process [45] via CVD is mainly divided into four 

fundamental stages; 

(i) the carbon bearing gaseous species decompose and adsorb on the catalyst 

active surface to generate building units (carbon species) and hydrogen 

radicals via various intermediate processes,  

(ii) the carbon species diffuse and dissolve through the catalyst surface 

towards the heated surface of the catalyst (rear surface) due to the 

temperature gradient, 

(iii) precipitation of the carbon species at the rear surface of the catalyst 

nanoparticle, and  

(iv) incorporation of carbon species into growing graphitic layers. 

The catalyst nanoparticle remains either on the top of the tube or at the 

bottom of the tube during the growth depending upon the interaction between 

catalyst particle and substrate surface [47] as shown in Figs. 1.9 & 1.10. 

According to Baker [47], interaction between catalyst particle and substrate 

surface is characterized by the contact angle made by the catalyst particle 

with the substrate at constant operating conditions such as temperature, 
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applied power etc. The small contact angle results in the strong interaction 

while large contact angles results in the weak interaction between them. 

When contact angle is large, then precipitation of carbon around the catalyst 

is so strong that it lifts up the catalyst particle and thus, leads to the tip growth 

[48] as shown in Fig. 1.9. However, when contact angle is small, precipitation 

of carbon around the catalyst is not able to overcome the interaction between 

catalyst and substrate and thus, leads to the base growth [49-51] as shown in 

Fig. 1.10. 

 

Fig. 1.8. Schematic of the chemical vapour deposition system [46]. 

 

Fig.1.9. (a) Dissociation of hydrocarbon species on the catalyst (making large 

contact angle with the substrate surface) active surface to generate carbon 

species, (b) precipitation of the carbon species around the rear of the catalyst, 

and (c) deformation of the catalyst resulting in the less interaction with 

substrate and thus, leads to the tip growth. 
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Fig.1.10. (a) Dissociation of hydrocarbon species on the catalyst (making 

small contact angle with the substrate surface) active surface to generate 

carbon species, (b) formation of the carbon layer all around the catalyst 

particle and (c) base growth of the CNFs/CNTs. 

The number of graphitic layers can be controlled by the temperature of 

the system. At low temperature (600-900 0C), CNFs/MWCNTs are formed, 

however, at high temperature (900-1200 0C), SWCNTs are formed [52-59]. 

Other than temperature, nature of gases and catalyst are also important 

parameters to control the diameter and growth of the nanotubes. It is impossible 

to detach the catalyst particles from the nanotubes during the growth, thus high 

temperature or acidic washing post treatment is required. The CVD has an 

advantage over the other two synthesis routes discussed in Sec.1.5.1 and 1.5.2 

because it offers the nanostructures with high purity and yield compared to other 

two methods. 

1.5.4 Plasma enhanced chemical vapour deposition (PECVD) 

In typical CVD (thermal CVD) system, thermal energy is used to activate the 

gaseous sources, however, as name suggested, plasma enhanced chemical 

vapour deposition is the technique in which gaseous sources (carrier gas, 

carbon source gas, and etching gas) are activated using the electron impact 

(collisions with other species) in the bulk plasma at low temperature and low 

pressure. In the plasma, gases are in the ionized state and decomposition of 

various plasma species (carbon bearing species and etching species) takes 

place in the non-equilibrium plasma known as the glow discharge. The main 

advantages of PECVD are; (i) it reduces the activation energy of the 

precursors for the decomposition and (ii) synthesis of the vertically oriented 

nanostructures. The strong electric field induced between the bulk plasma and  
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Table 1.1. The different sources of plasma excitation and operating parameters used for the 

plasma-enhanced chemical vapour deposition (PECVD) growths of CNFs/CNTs based on 

experimental works. 

Source of 

plasma 

excitation 

Gas 

mixture 

Gas ratio 

(flow rate) 
Pressure 

Substrate 

temperature 

Plasma 

power 
Reference 

DC C2H2/NH3 40/80 sccm 3 Torr 700 0C 123 W [4] 

DC C2H2/NH3 
(0-76)/200 

sccm 

1.875 

Torr 
650 0C -- [62] 

DC C2H2/NH3 
(0-150)/200 

sccm 
3.5 Torr 750 0C -- [63] 

DC C2H2/NH3 50/200 sccm 
1.125 

Torr 
120-500 0C -- [64] 

DC C2H2/NH3 50/200 sccm -- 250 0C 20 W [65] 

DC C2H2/NH3 30/200 sccm 1.5 mbarr 200 0C -- [66] 

DC C2H2/NH3 50/200 sccm 0.7 mbarr 500 0C 20 W [67] 

MW C2H2/NH3 200 sccm 20 Torr 825 0C -- [68] 

MW CH4/NH3 

(150-

240)/(60-150) 

sccm 

21 Torr 650-1000 0C -- [69] 

ICP CH4/H2 20/80 sccm 
0.5-20 

Torr 
800-1000 0C 120 W [70] 

ICP C2H4/H2 
(5-20)/(80-95) 

sccm 
3 Torr 600-1000 0C 

50-200 

W 
[71] 

ICP CH4/H2 50/50 sccm 1 Torr 500-650 0C -- [72] 

ICP C2H2/H2 
(37.5-88)/(12-

62.5) sccm 
50 mTorr 700 0C 27 W [73] 

ICP C2H2/H2 15/85 sccm 20 mTorr 500 0C 400 W [74] 

RF CH4/H2 0.4/20 sccm 5 Pa 400 0C 350 W [75] 

RF C2H2/NH3 5/20 sccm -- 450 0C 180 W [76] 
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negatively biased substrate surface creates the charge separation region 

known as plasma sheath region, exert the alignment force on the 

nanostructures and direct the growth in vertical direction (perpendicular to the 

substrate)  [60,61] and nanostructures grow in this plasma sheath region. 

Currently, PECVD techniques are commercially used to synthesize the 

carbon based nanostructures because of its simplicity, controllability, and 

relatively low synthesis temperature and pressure. PECVD techniques are 

mainly characterized by the source of plasma energy used and the most 

widely used plasma sources include: microwave plasma enhanced chemical 

vapour deposition (MW-PECVD), inductively coupled plasma enhanced 

chemical vapour deposition (IC-PECVD), radio frequency plasma enhanced 

chemical vapour deposition (RF-PECVD), hot-filament plasma enhanced 

chemical vapour deposition system (HF-PECVD), and direct current plasma 

enhanced chemical vapour deposition system (DC-PECVD). The detailed 

overview of different sources of plasma excitation and process-related 

parameters used for the PECVD growth of CNFs/CNTs based on 

experimental works are summarized in Table 1.1. 

1.5.4.1 MW-PECVD 

MW-PECVD is the technique to generate high density plasma using 2.54 

GHz microwave power generator. This method is effectively used to 

dissociate hydrogen molecule to generate hydrogen radicals. The effecting 

heating of the substrate to dissociate the gaseous sources is provided by the 

plasma. MW-PECVD technique is operated at low pressure and high 

microwave power to obtain sustainable plasma. If operated pressure is high 

enough or input microwave power is low enough then plasma becomes 

unstable. The operating parameters used in this method are given in Table 

1.1. Srivastava et al. [77] used MW-PECVD technique to synthesize 

uniformly distributed dense carbon nanopetals. The schematic diagram of 

typical MW-PECVD system is shown in the Fig. 1.11.  



              Introduction Chapter 1 

 

 15 
Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

 

Fig. 1.11. Schematic of the MW-PECVD technique [77]. 

1.5.4.2 RF-PECVD and IC-PECVD  

In this technique, radio frequency (13.56 MHz) voltage source is used to 

generate plasma. Generally two different types of RF-PECVD technique is 

used; (i) inductively coupled RF-PECVD and (ii) capacitively coupled RF-

PECVD. 

 In inductively coupled RF-PECVD technique, inductive coils connected 

to radio frequency generator are used as the source of plasma. Generally, 

two types of coils are used as the coil antenna; planar and cylindrical. In 

planar type coil antenna, single turn metallic coil is used and in cylindrical 

type, coil in the spiral form having multiple turn is used as shown in 

Fig.1.12. When time varying current is passed through the coil, time varying 

magnetic field is generated around the coil. This time varying magnetic field 

induces the electric current in the gas, thereby, leading to the dissociation of 

gases and production of highly dense plasma. The parameters used in the 

IC-PECVD technique are given in Table 1.1. 

 In capacitively coupled RF-PECVD technique, circular parallel plate 

capacitor with the separation of 5 cm is used. RF voltage source is 

connected to the upper electrode and lower electrode is grounded. 

Inductively coupled PECVD is preferred over the capacitively coupled 
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PECVD because of the generation of high density plasma in the former 

case.  

 

Fig.1.12. Schematic of the inductively coupled plasma with (a) planar spiral 

antenna and (b) helical antenna [78]. 

1.5.4.3 DC-PECVD 

DC-PECVD synthesis of vertical aligned carbon nanostructures has been 

realized on two geometric setups: parallel plate and pin to plate [see 

Fig.1.13 & Fig.1.14]. In parallel plate method, a dc voltage is applied 

between planar cathode and anode across a space filled with low pressure 

gas for breakdown to occur. The gaseous ionization depends on the 

particular gas composition, pressure, and electrode distance [79]. The 

substrate is usually placed at the cathode or serves the cathode directly. The 

glow discharge that is initiated can be divided into eight regions, and is 

arranged from cathode to anode: Aston dark space, cathode glow, cathode 

dark space (cathode sheath), negative glow, Faraday space, positive column, 

anode glow, and anode dark space [80,81]. The electric field induced in the 

cathode sheath accelerate the ions towards the substrate surface and also 

exert the alignment force in the vertical direction. However, the pin to plate 

method is a non-uniform plasma source in which asymmetric electrodes i.e., 

tungsten tip and planar substrate are used. This method results in the non-

uniformity in the morphology and structure of carbon nanostructures on the 

substrate. The conductive substrate is the primary requirement of this 

technique which is the main disadvantage of this technique. 

(a) 
(b) 
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Fig.1.13. Schematic of the parallel plate DC-PECVD system [80]. 

 

Fig. 1.14. Schematic of the pin to plate DC-PECVD system [80]. 

1.6 Nucleation and growth mechanism of 1-D carbon 

nanostructures in reactive plasma 

Synthesis of 1-D carbon nanostructures (CNFs/CNTs) in reactive plasma 

mainly include five fundamental stages; 

(i) Plasma excitation: activation of gaseous sources due to applied 

plasma power as discussed above in detail in Sec. 1.5.4. 

(ii) Plasma sheath: formation of plasma sheath region between bulk 

plasma and substrate surface. 

(iii) Nucleation stage: nucleation of the nanostructure over the nucleating 

seeds [82]. 
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(iv) Surface deposition: deposition of reactive species (positively charged 

and neutral species) over the catalyst [83-84].  

(v) Growth stage: finally, the growth of nanostructure in the reactive 

plasma [45,61].  

The Fig.1.15. shows the complete picture of plasma excitation and growth 

mechanism of 1-D carbon nanostructures. All these stages include complex 

processes which are discussed in detail below. 

 

Fig. 1.15. The complete picture of the growth mechanism of the 1-D carbon nanostructure 

(CNFs/CNTs) growth in the reactive plasma environment. The dark grey space (the top most region) 

shows the reactive plasma bulk region and the red elliptical circle shows the major processes in the 

bulk plasma. The low energy electrons gain the energy from the plasma and collide with gaseous 

species. Thus, gas phase species gets activated and generate highly energetic (highly reactive) ions, 

neutrals, and free radicals via electron impact excitation, dissociation, and ionization of gaseous 

sources. The electric field in the plasma sheath transports these reactive species towards the substrate. 

The bottom of the figure shows the three stages (separated by black dashed bars) of the growth 

mechanism; the nucleation stage (written in purple ink), in which bombardment of the plasma species 

leads to the fragmentation of the thin metal catalyst film into many catalyst nanoparticles via various 

processes (written in purple ink); the surface deposition stage (written in black ink), in which 

hydrocarbons and hydrogen species get adsorb and dissociate over the catalyst nanoparticle active 

surface via various surface processes (written in black ink) to generate building units (also shown in 

the enlarged view of the catalyst nanoparticle); and the growth stage of the CNFs/CNTs (written in 

red ink), in which carbon species diffuse and precipitate in the form of graphitic shells that leads to 

the deformation of catalyst nanoparticle during the growth. 
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1.6.1 Formation of plasma sheath 

In PECVD synthesis of the nanostructures, it is reasonable to divide the 

plasma into two separate regions, the bulk plasma and the plasma sheath. This 

is because, physics involved in two regions is entirely different. The bulk 

plasma is the region that contains the balanced charges of electrons and ions 

(quasi-charge-neutrality,) i.e., the region in which densities of electrons as 

well as positively charged ions are very high and substantially equal.  The 

sheath region or plasma sheath is formed between the bulk plasma and wall or 

the boundaries of the chamber. In plasma sheath, the density of positively 

charged ions is slightly greater than the density of electrons. 

 The shielding occurs in the bulk plasma beyond the Debye length, have 

constant potential which is known as the plasma potential. Electrons and ions 

will be lost in the plasma when they strike to the chamber walls. Electrons 

make more collisions with the walls than the ions because electrons have high 

thermal velocity than ions. Thus, electron current to the walls are high enough 

to leave the plasma with net positive charges, which in turn increases the 

plasma potential and walls becomes negatively charged with respect to the 

plasma. Thus, an electric field is set up between the bulk plasma and the walls 

which provide the net flux of positive charge to the walls and offers the 

barrier for the electrons. This charge imbalance region is known as the plasma 

sheath [85] as shown in Fig.1.16 .  

 The formation of plasma sheath is the important stage in the plasma 

processing of the materials because substrate surface or surface of material 

also interacts with the plasma as the walls or boundaries of the reactor, 

moreover, nanostructures grow in this plasma sheath region. Generally, 

negatively biased substrate is placed below the bulk plasma to induce strong 

electric field between the bulk plasma and substrate surface and leads to the 

formation of strong plasma sheath region.  
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Fig. 1.16. Mechanism of the plasma sheath formation 

between bulk plasma region and substrate surface. 

The purple curve shows the rapid decay of the 

electron density in the sheath region. The green curve 

shows that the sheath region mainly comprises the 

positively charged ions. The red curve shows that 

plasma has constant potential and substrate or wall 

attain negative potential due to the loss of electrons 

near the walls. 

1.6.2 Nucleation stage 

Prior to the nanostructure growth over the catalyst-substrate surface, the 

plasma pre-treatment of the thin metal catalyst film (catalyst nanofilm) is 

highly necessary step. In this process, a predeposited catalyst nanofilm is 

subjected to reactive plasma that contains the highly energetic species of 

etching gas (generally, hydrogen or nitrogen is used for this purpose). The 

heavy bombardment of highly energetic etchant species (ions and radicals) 

leads to the physical sputtering and chemical etching of the catalyst nanofilm 

which ultimately results in the fragmentation of the catalyst nanofilm into the 

many catalyst nanoparticles as shown in Fig.1.15. However, in the typical 

CVD case, the thermal annihilation is performed for segregation purpose. 

These catalyst nanoparticles have peculiar ability to dissociate the carbon 
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feedstock gases over their active site to generate building species (carbon 

species) and thus, acts as the seeds/sites for the nanostructure nucleation. 

1.6.3 Surface deposition of reactive plasma species 

The reactive plasma species accelerates due to the induced electric field in the 

plasma sheath and reach to the catalyst-substrate surface with sufficient high 

energy and get adsorbed over the catalyst nanoparticle active sites (free 

surface available for adsorption). These adsorbed species dissociate over the 

catalyst nanoparticle surface via various complex processes (surface reactions 

[82-91]) such as; thermal dissociation of hydrocarbons, ion-induced 

dissociation of hydrocarbons, ion decomposition, desorption of adsorbed 

species, and evaporation of radicals to generate building species (carbon 

species) and etching species (hydrogen radicals) as shown in Fig.1.15. 

1.6.4 Growth of 1-D carbon nanostructures (CNTs/CNFs) 

These building species (carbon species) diffuse over and dissolve through 

catalyst nanoparticle surface and gets precipitated around the rear of the 

catalyst nanoparticle in the form of the carbon layers (graphene layers). These 

carbon layers exert substantial stress on the catalyst nanoparticle which can 

cause metal nanoparticle to deform [92-94]. Now, it is crucial to understand 

what stops the in plane growth of carbon condensation i.e., why carbon does 

not spread out over the whole substrate surface. The highly active atomic and 

ionic hydrogen etch the terminal carbons present at the edges of the graphitic 

nest and the carbon shadowed by the catalyst particle may contribute to the 

formation of graphitic shells around the catalyst particle and continuous 

supply of the carbon species leads to the vertical growth of existing graphitic 

shells. Due to the morphological changes in the catalyst nanoparticle during 

growth, the interaction between metallic catalyst nanoparticle and substrate 

decreases, and hence the catalyst particle gets lift off leading to the vertical 

growth of nanostructure as shown in Fig1.15. 
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1.7 Parameters affecting the nucleation and growth of 

CNFs/CNTs 

For the deterministically controlled growth of CNFs/CNTs, the proper 

knowledge of plasma parameters, PECVD operating parameters, source 

gases, etc., is highly crucial as these parameters significantly affect the 

characteristics of the reactive plasma and growth profile of the 

nanostructures. Some of the essential parameters are as follows; 

1.7.1 Impact of source precursors 

Generally, three types of the gases, i.e., carbon feedstock gas, etching gas, 

and carrier gas are introduced in the plasma chamber for CNFs/CNTs growth. 

Each type of gas has great impact on the growth characteristics of the 

CNFs/CNTs. 

1.7.1.1 Effect of carbon feedstock gas 

Most of the studies adopted the acetylene (C2H2) or methane (CH4) as the 

carbon source gas in the PECVD system [95-98]. However, C2H2 is 

considered to be better carbon source gas over CH4 [53] because; 

 C2H2 species require less dissociation energy compared to the CH4 

species, 

 C2H2 requires low temperature plasma processing than CH4, 

 CNFs/CNTs grown in C2H2 plasma show high growth rate and 

better vertical alignment compared to CH4 plasma.  

1.7.1.2 Effect of etching gas 

During the growth of CNFs/CNTs, the removal of amorphous carbon layer 

to maintain the catalyst activity of the catalyst nanoparticles is inevitable 

and crucial process for the high quality growth. Generally, hydrogen, 

ammonia, and nitrogen are most commonly used etching gases. Atomic 

hydrogen (hydrogen radicals), highly excited nitrogen species are the most 
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commonly found etchants in the growth atmosphere. It is reported that 

ammonia gas is considered as the more effective source of atomic 

hydrogen rather and hydrogen gas [99]. However, nitrogen is considered to 

be the better etchant than hydrogen. Zhang et al. [100] introduced the small 

amount of O2 in the C2H2/H2 plasma and found the much enhanced growth 

of CNFs/CNTs due to the more effective control over the growth of 

amorphous carbon layer [101]. He et al. [53] found that small amount of 

water insertion in the C2H2/H2 plasma leads to the better growth of 

CNFs/CNTs. 

Role of etching gas is not only to remove amorphous carbon layer, it 

also segregates the catalyst nanofilm into many catalyst nanoparticles due 

to the physical sputtering and chemical etching of the film via heavy 

plasma environment. The hydrogen gas is used for plasma pre-treatment of 

the nanofilm, however, it is reported that insertion of small amount of 

nitrogen in the hydrogen plasma leads to the increase in number density 

and decrease in the size of the catalyst nanoparticle formed [102].  

1.7.1.3 Effect of carrier gas 

In PECVD process, the gaseous sources are activated by the electron 

impact reactions (excitation, dissociation, and ionization) between 

electrons and gaseous reactants. Thus, it is crucially important to retain the 

electron energy with high energy to stabilize and sustain the plasma which 

can be done to minimize the inelastic collisions in plasma responsible for 

the loss of the energy of electrons. Argon gas is used for this purpose, 

because argon has high excitation and ionization potential [103] due to 

which it interacts with electrons via elastic collisions and makes electrons 

capable to increase the ionization rate of the system. Moreover, the 

chemical reactions between argon and hydrocarbons in the bulk plasma 

lead to the formation of carbon dimers (C2) in the bulk plasma [104] which 

increase the number of building species on the catalyst nanoparticle surface 

and consequently, increases the degree of graphitization.   
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1.7.2 Impact of gas proportions 

The flow rates of gaseous sources or gas ratios (proportions) are the essential 

parameters to control the degree of graphitization, morphology, and the 

growth characteristics of the CNFs/CNTs. It was reported by Wu et al. [105] 

that by suitably increasing the hydrogen gas ratio in CH4/H2, different 

nanostructures deposits are obtained. Merkulov et al. [4] studied the effect of 

C2H2/NH3 gas ratio on the growth and diameter of the vertically aligned 

CNFs and found the increase in growth rate and decrease in tip diameter with 

increase in C2H2/NH3 gas ratio in the plasma. It is important to note that the 

optimum gas ratio to control the growth profiles of the CNFs/CNTs strictly 

depend on the many PECVD conditions. Thus it is not justified to mention 

the exact range for the high quality growth of the 1-D carbon nanostructures 

or other carbon based nanostructures.  

1.7.3 Role of catalyst 

The catalyst plays an indispensable role during the CNFs/CNTs growth in the 

reactive plasma. The resulting structure, number of graphene layers, 

alignment of graphene layers about the growth axis, and growth 

characteristics (height and diameter) of nanotubes/nanofibers strictly depend 

on the dynamics of the catalyst particle during PECVD growth process which 

ultimately depends on the thickness of the catalyst nanofilm. The catalyst 

nanoparticle undergoes geometrical reconstruction during PECVD growth 

process and the extent up to which catalyst nanoparticle can reconstruct itself 

decides the number and inclination of graphene layers. It is reported that the 

CNFs nucleated from small catalyst nanoparticles are lesser in diameter, grow 

faster, and contain few graphene layers which are almost parallel to the 

growth axis (or perpendicular to the substrate surface) [93,94]. Moreover, it is 

also reported that size of the catalyst nanoparticle can be effectively reduced 

by reducing the thickness of the catalyst nanofilm and by suitably varying the 

plasma processing conditions [48].  

 



              Introduction Chapter 1 

 

 25 
Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

1.7.4 Effect of gas pressure of the plasma reactor 

The gas pressure of the plasma reactor is one of the preliminary PECVD 

operating parameter which affects the plasma characteristics and 

consequently, affects the PECVD growth process. The gas pressure and mean 

free path of the electrons are inversely related to each other, thus, change in 

gas pressure affect the mean free path of the electrons which directly 

influences the temperature, energy and density of electrons in the bulk 

plasma. The gas pressure of the plasma reactor must be kept in the optimum 

range, if gas pressure is low enough then the mean free path of the electron 

may exceed the dimensions of the plasma system which leads to the sufficient 

loss of density and energy of electrons. On the other hand, if gas pressure is 

high enough then the mean free path becomes so small that number of 

collisions in plasma increases abruptly and leads to the significant loss of 

energetic electrons. Wei et al. [61] experimentally investigated the effect of 

pressure in the plasma on the CNF length and observed that the length of the 

CNF increases with increase in pressure (0-30 Torr) and decrease when 

pressure is increased further [61]. Wang et al. [106] investigated the growth 

of CNTs via PECVD technique at two different gas pressures, i.e., 15 Torr 

and 30 Torr and found that average length of the CNF grown at 30 Torr is 

smaller than that at pressure 15 Torr. Li et al. [107] have studied the effect of 

gas pressure on the structure and the growth of the CNTs via chemical vapour 

deposition (CVD) technique and observed that CNTs grow with shorter in 

length and larger in diameter at high pressures (50-760 Torr). Ganjipour et al. 

[108] observed the increase in CNTs diameter when gas pressure in the 

PECVD system is increased (0-500 Torr). Pint et al. [109] investigated the 

effect of pressure on the CNT growth via CVD process and found the 

increase in CNT height with increase in pressure (0-15 Torr). Chhowalla et 

al. [48] investigated the PECVD growth process conditions of the vertically 

aligned CNTs and observed the increase in the length of the CNTs with 

increase in the pressures (0-10 Torr). Hinkov et al. [110] found the increase in 

the growth rate of plasma grown single-walled CNTs with increase in the 

pressure (0-1000 mbar).  
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1.7.5 Effect of plasma power 

Input plasma power is essential PECVD operating parameter to control the 

plasma characteristics i.e., electron temperature and density which are 

primary scale to measure the strength and stability of the plasma. The 

electrons gain the energy from the applied plasma power and collide with the 

gaseous species to activate them. The change in plasma characteristics affects 

the ionization and dissociation of gaseous species in the bulk plasma which 

further affects the growth characteristics of the CNFs/CNTs. Collison et al. 

[111] have experimentally found the increase in electron density and electron 

temperature when input plasma power is raised. Chang et al. [112] 

synthesized the CNTs at low temperature using microwave plasma and found 

the considerable reduction in the diameter of the CNT when input plasma 

power is raised (700-1000 W). Merkulov et al. [4] have found the reduction 

in the diameter of the CNFs when plasma power of the DC PECVD system is 

increased. Wei et al. [61] also observed the increase in the CNF length with 

an increase in the plasma power (0-2000 W).  

1.7.6 Effect of temperature 

The PECVD process is a low temperature process because thermal energy 

required to dissociate hydrocarbon species is provided by the plasma that 

contains highly energetic electrons and other activated positively charged and 

neutral species (molecules and radicals). The substrate temperature in the 

CVD system is the most important operating parameter as it directly affects 

the reaction over the catalyst nanoparticle surface (surface processes) to 

generate building species [113] and also affects the relative etching of the 

growing graphitic shells. The MW-PECVD system does not require external 

substrate heating because microwaves have primary characteristic of heating 

the material in contact. The RF-PECVD system does not require external 

heater because of its ability to generate highly dense and energetic plasma or 

it requires the low substrate heating. However, DC-PECVD system relies on 

the external substrate heating due to its limited input energy for glow 

discharge. At low temp fibers are formed and at high temp nanotubes are 
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formed [53].  It is reported that the high substrate heating leads to the higher 

growth of the CNFs/CNTs [90,95]. 

1.8 Objectives and organization of the thesis 

From the literature studied, it can be seen that there is the correlation between 

the growth mechanism of the CNFs and CNTs and the growth conditions 

decide the nature of final nanostructure formed. The present work of the thesis 

aims to elucidate the role of plasma on the catalyst-assisted nucleation and 

growth of carbon nanofibers and also explain the deep insights of the 

correlation between CNFs/CNTS growth mechanism. The entire work of the 

present thesis is divided into eight chapters. The current chapter (chapter 1), 

incorporates the general introduction on the CNFs/CNTs based on extensive 

literature which motivated us to bring deep insights of the CNFs/CNTs growth 

mechanism into the notice of others. The major objectives of the thesis are 

outlined below: 

 In chapter 2, the plasma kinetics based model is developed to elucidate 

the fragmentation mechanism of the thin metal catalyst film (catalyst 

nanofilm) into nanoparticles in the reactive plasma environment and 

effect of plasma parameters on the growth and number density of catalyst 

nanoparticles formed. The model considers the plasma processing of thin 

catalyst film, power equalization at the film surface, flux and kinetics of 

plasma species (electrons, ions, and neutrals), physical sputtering and 

chemical etching of the thin film. 

 In chapter 3, a theoretical model is developed to study the nucleation 

and catalytic growth of carbon nanofiber (CNF) in the plasma 

environment. The model includes the charging of CNF, kinetics of 

plasma species (neutrals, ions and electrons), plasma pre-treatment of 

catalyst film, various processes unique to plasma exposed catalyst surface 

such as adsorption of neutrals; thermal dissociation of neutrals, ion 

induced dissociation, interaction between neutral species, stress exerted 

by the growing graphene layers and the growth of CNF. Numerical 
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calculations of model equations have been carried out for typical glow 

discharge plasma parameters. 

 In chapter 4, an analytical model is developed to describe the effects of 

nitrogen doping on the growth of the carbon nanofibers (CNFs) and to 

elucidate the growth mechanism of nitrogen contained carbon nanofibers 

(N-CNFs) on the catalyst substrate surface through the plasma enhanced 

chemical vapour deposition (PECVD) process. The analytical model 

accounts the number density balance of electrons, positively charged and 

neutral species in the bulk plasma, generation of carbon species on the 

catalyst nanoparticle surface due to dissociation of hydrocarbons, and 

CNF growth due to diffusion and precipitation of carbon species and 

various other processes. The first-order differential equations have been 

solved for glow discharge plasma parameters for undoped CNFs (CNF 

growth in C2H2/H2 plasma) and nitrogen doped CNFs (N-CNF growth in 

C2H2/NH3 plasma).  

 In chapter 5, an analytical model based accounting the various surface 

deposition processes and plasma sheath kinetics of the plasma species has 

been developed to investigate the effects of different plasmas (different 

etchants) on the catalyzed plasma aided growth of carbon nanofibers 

(CNFs). In particular, the model accounts the poisoning of the catalyst 

nanoparticle, i.e., the formation of the amorphous carbon layer on the 

catalyst active surface due to the continuous dissociation of incoming 

hydrocarbon species from the plasma. The effects of different oxidizers 

(H2O and O2) in the typical hydrocarbon/hydrogen plasma on the CNFs 

growth have also been studied. 

 In chapter 6, a theoretical model to study the role of a metal catalyst 

nanofilm in the nucleation, growth, and resulting structure of carbon 

nanofibers (CNFs) in low-temperature hydrogen diluted acetylene plasma 

has been developed. The model incorporates the nanostructuring of thin 

catalyst films, growth of CNF, restructuring of catalyst nanoparticles 

during growth, and its repercussion on the resulting structure (alignment 

of rolled graphene sheets around catalyst nanoparticles) by taking into 
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account the plasma sheath formalization, kinetics of neutrals and 

positively charged species in reactive plasma, flux of plasma species onto 

the catalyst front surface, and numerous surface reactions for carbon 

generation. In order to examine the influence of the catalyst film on the 

growth of CNFs, the numerical solutions of the model equations have 

been obtained for experimentally determined initial conditions and glow 

discharge plasma parameters.  

 The chapter 7 aims to develop a numerical model to understand and 

optimize the process parameters for the growth of carbon nanofibers 

(CNFs) inside the plasma enhanced chemical vapor deposition (PECVD) 

system containing acetylene, hydrogen, and argon gases. Two-

dimensional axis-symmetrical inductive couple plasma (ICP) module is 

implemented using COMSOL Multiphysics 5.2 simulation software to 

analyze the density profiles and temperatures of electrons, ions, and 

neutral species in the plasma at different gas pressures and input plasma 

powers. The plasma sheath equations and surface deposition model is 

accounted to study the fluxes and energies of the plasma species and 

growth characteristics of carbon nanofibers (i.e., poisoning of the catalyst 

nanoparticle, height, and diameter) at different gas pressures and input 

plasma powers.  

 The chapter 8 includes the conclusion and future scope of the present 

work. More importantly, the conclusions made in the present study are 

not only restricted to the growth of one-dimensional carbon 

nanostructures and may also extend to the plasma-assisted growth of 

other carbon nanostructures at low pressure and low temperature. 
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2.1 Brief outline of the  chapter 

In this chapter, an analytical model has been developed to describe the 

segregation of thin metal catalyst film into the many catalyst nanoparticles in the 

reactive plasma environment. The model incorporates the kinetics of the plasma 

species (charged and neutral species) and plasma processing of the thin film 

which includes the power balance at the film surface, physical sputtering of the 

catalyst film, and chemical etching of the catalyst film. The effect of plasma 

parameters and different plasma compositions (hydrogen plasma and 

hydrogen+nitrogen plasma) on the nucleation and growth of catalyst 

nanoparticle have been investigated.  

2.2 Introduction 

Plasma enhanced chemical vapor deposition (PECVD) is the commonly used 

technique to synthesize vertically aligned carbon nanostructures [1], in which 

graphitic structures are shaped from the disintegration of carbon-containing 

gases on the metallic catalyst nanoparticle surface [2].  
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These catalyst nanoparticles act as the nucleation sites for the nucleation 

and growth of carbon nanostructures and can be formed on the substrate surface 

by plasma etching [3] or by thermal annealing [4] of pre-deposited thin metal 

catalyst film. The initial size of the catalyst nanoparticle influences the shape, 

alignment and crystalline structure of the nanostructure [5]. Amid plasma pre-

treatment of the metal catalyst film, plasma parameters affect the catalyst 

particle size. Chang et al. [6] pre-treated the nickel catalyst thin film with 

hydrogen plasma to segregate it into nanoparticles and found that catalyst 

particle size decreases with increase in plasma power. Other than plasma 

parameters, plasma compositions also influence the growth characteristics of the 

catalyst particle. Yang et al. [7] utilized hydrogen, nitrogen and oxygen plasma 

for pretreatment and reported the formation of nickel nitride that can enhance 

the growth of nanostructures. Chang et al. [8] pre-treated catalyst film with 

hydrogen+nitrogen plasma and found that hydrogen+nitrogen proportion has 

giant impact on the morphology of the catalyst particle.  

  So far only thermodynamics based models are available to depict the 

size of the catalyst nanoparticle obtained from the thin catalyst film. In this 

chapter, we have devised the plasma based model to elucidate the growth 

mechanism of catalyst nanoparticle resulting from the etching and sputtering of 

the thin film in the reactive plasma, i.e., plasma treatment of the thin catalyst 

film.  

2.3 Analytical model 

An analytical model to explain the effect of plasma pre-treatment of the metal 

catalyst thin film on the growth of the catalyst nanoparticle has been developed. 

The present model considers the two different plasmas (i) hydrogen plasma and 

(ii) hydrogen+nitrogen plasma. The species considered in these plasma 

compositions are listed in Table 2.1. The electric field due to plasma sheath is 

assumed to be in vertically downward direction, i.e., from bulk plasma region to 

substrate surface. To determine the energies and fluxes of the plasma species the 

plasma sheath Eqs. (2.1)-(2.3) are taken into account [9,10]. 

                
0 0 0 0

ˆˆ ˆContinuity equation: .(  )  ,                                 (2.1)k k i ei j k n f n
x y z
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   0
0 0 0 0 0 0 0 0Ion-Momentum balance equation: ,                     (2.2)k

k k k k k k kn k

dv
M n v en E M n f v

dz
             

                       
2

0 0 02

( )
Poisson equation:   4 ,                                               (2.3)k k k

d x
q n

dz


    

where k refers to either electron (e) or charged species, 0kn , 
0kM , 0k , 

0kq , and 

0if  are number density, mass, fluid velocity, charge, and ionization frequency  

of kth species, respectively. E  is the electric field, 
0knf  is the collision frequency, 

0k  is the thk  ion to electron number density ratio,   is the electrostatic 

potential, 
0 01, and 0 < 1.k k

k

     

 

Table 2.1. Species considered in the present model. 

 Hydrogen plasma Hydrogen+nitrogen plasma 

Ionic species H+,  H+, N+
 

Neutral species H H, N  

 

 

2.3.1 Balance equation of plasma species in the bulk plasma 

                              ef ,                                 (2.4)e a
j j j e ij e

j j d

n n
n n n I

t
  




   


 

                                     ,                                     (2.5)
ij a

j j j e ij ijf
d

n n
n n n I
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                   1 + ,    (2.6)
j a a

j e ij j j ij ijf j jf j j
d d

n n n
n n n I I IF OF

t
   

 


     


 

where en , jn , and ijn  are the number density of electrons, neutrals, and ions, 

respectively in the bulk plasma (j refers to the ions or neutral species of 

hydrogen or nitrogen). efI , ijfI , and jfI  are the collection currents at the metal 

catalyst film surface due to electrons, ions, and neutral species, respectively 

[11]. j  is the coefficient of ionization of positively charged ions, j  is the 

coefficient of recombination of positively charged ions and electrons, an  is the 

surface concentration of catalyst nanoparticles, d  is the plasma sheath width. 

e , j , and ij  are the sticking coefficient of electrons, neutrals and ions, 
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respectively. jIF  and jOF  are the inflow and outflow rates of the jth species 

into/from the plasma chamber, respectively.  

The Eq. (2.4) represents the rate of electron number density variation in 

the reactive plasma system on account of ionization of neutral atoms (first term), 

recombination of electrons and ions (second term), and electron collection 

current on the film surface (last term). 

The Eq. (2.5) represents the rate of positively charged species number 

density variation in the reactive plasma due to ionization of neutral atoms (first 

term), electron-ion recombination (second term), and ion collection current at 

the film surface (last term).  

The Eq. (2.6) is the particle balance equation for neutrals that represents 

the growth rate of neutral atom number density in the plasma system. First and 

third terms show the increase in growth rate of neutral density due to electron-

ion recombination and neutralization of ions collected at the film surface, 

respectively. The second and fourth terms symbolize the decay rate of neutral 

density due to ionization and accumulation of neutrals on the film surface, 

respectively. 

2.3.2 Plasma processing of the thin metal catalyst film 

Catalyst nanoparticles are the nucleating seeds for the carbon nanostructure 

nucleation and growth. Their number density and size strongly influence the 

growth characteristics and resulting structure of the nanostructures. These 

nucleating seeds are formed by the plasma pre-treatment of the predeposited 

thin metal catalyst film over the silicon substrate. The heavy bombardment of 

plasma species (ions and neutrals) from dense plasma fragments the thin film 

into many nanoislands (nanoparticle). The morphological characteristics and 

number density of these nanoparticles strongly depend on plasma parameters 

and plasma compositions. The general power balance at the surface of the 

catalyst film placed over the silicon substrate in the presence of plasma is given 

by the following equation [12]. 
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where 
.
inE , 

.
gainE  and 

.
lossE  are the total input plasma power, power gained, and 

power loss during plasma pre-treatment, respectively. fA  is the area of the 

metal catalyst film,  5 2 1 4
5.67 10  ergs cm  s  K

   
   is the Stefan’s constant, 

 1env   is the emissivity of the environment,  =0.12 for Nickelf  is the 

emissivity of the material of the metal catalyst film, ST  is the substrate 

temperature, envT  is the temperature of the plasma environment, ,
f f

e ij  , and 
f
j  

are the mean energies collected by metal catalyst film surface due to electrons, 

ions, and neutral atoms, respectively [13] and given by 

2

1

f k
k B kk

k

Z
Z k T

Z


 



  
   

  
 and ,b

k
B k

E

k T
   where k can be ion, electron or 

neutral atom. bE  is the energy barrier at the catalyst film surface, fm  is the 

mass of the catalyst film, fd  is the thickness of the film, 

 1 0 1
0.104 cal g  fC C

 
  is the specific heat of the film, f  is the density of 

catalyst film material, D is the diameter of the catalyst nanoparticle, 

 2 /ef e fm m   is the fraction of energy lost during the collision with film, 

 2S
B eef k T   is the mean energy of electrons collected by the surface film [13], 
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0  is the number of sites available,  16 2
6.8 10  cmads


   is the cross section 

for the reaction of atomic hydrogen [14], 

1/ 2
B j

j j
j

k T
J n

m
 

  
 

 is the neutral 

atom flux, 

1/ 2

B e
ij ij

ij

k T
J n

m
 

  
 

 is the ion flux [15], BU  (= 3.74 eV for the 

nickel) is the surface binding energy of the material (sputter target), dy  is the 

sputtering yield [16], and t  is the total surface coverage.  

The Eq. (2.7) represents the power equalization over the film surface 

during plasma processing the thin metal catalyst film. The first term of the Eq. 

(2.8) denotes the input energy per unit time towards the film surface due to the 

heat radiation per unit time towards the surface of the film from the 

surrounding, the second term represents the energy per unit time collected by 

the film surface due to electrons, ions and neutral atoms, and the last term is the 

energy received per unit time due to the formation of neutrals at the film 

surface.  

The Eq. (2.9) represents the power gained during the nanostructuring of 

the thin film. The applied plasma power fragments the catalyst film into the 

catalyst nanoparticles [17]. During this plasma treatment, the temperature of the 

substrate increases and attains the constant value after some time [18].  

Similarly to the power input, various processes contribute to the power loss 

(power out) during plasma pre-treatment of the catalyst film. The first term of 

Eq. (2.10) represents the radiative energy per unit time from the surface to the 

surrounding. The remaining terms denote the energy loss due to sticking and 

elastic collision of electrons with the surface, energy loss due to chemical 

etching, and physical sputtering of the thin metal catalyst film [19], respectively. 

The surface concentration of the catalyst particle can be evaluated using the 

mass conservation of the catalyst film and catalyst nanoparticles. 

2.4 Results and discussion 

This plasma-based model correlates the thickness of the film, plasma 

parameters, diameter and number density of the catalyst nanoparticles. With the 
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aid of Mathematica software, we have solved the first order differential 

equations simultaneously for the default set of glow discharge parameters and 

initial conditions listed in Table 2.2 and Table 2.3. 

Table 2.2. Parameters used in the present model. 

Parameter Description Initial Value 

0eT  Electron temperature 1.7 eV 

0iT  Ion temperature 2200 K 

0nT  Neutral temperature 2000 K 

sT  Substrate temperature 410 0C 

ijm  

Mass of ion ≈mass of neutral 

H+≈H 

H2
+≈H2 

N+≈N 

N2
+≈N2 

 

1 amu 

2 amu 

7 amu 

14 amu 

ct  Density of catalyst Cu 8.96 g/cm3 

0j  
Coefficient of recombination of 

electrons and ions 
1.12 10-7 cm3/sec 

fA  Area of  the catalyst film 1 cm2 

.
inE

 

Input plasma power 80 W 

fd  Thickness of the catalyst film 10 nm 

e  
Sticking coefficient of 

electrons 
1 

ij  Sticking coefficient of ions 1 

j  Sticking coefficient of neutrals 1 

 

 

Table 2.3. Initial number density of the various plasma species 

used in the present model. 

Species 
Plasma compositions 

Hydrogen plasma Hydrogen+ nitrogen plasma 

e- 1011 cm-3 1011 cm-3 

H+ 1011 cm-3 0.6×1011 cm-3 

H 1013 cm-3 1013 cm-3 

N+  0.2×1011 cm-3 

N  0.35×1013 cm-3 
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Figure 2.1 illustrates the time evolution of catalyst nanoparticle size 

(diameter) obtained from the thin catalyst film for different hydrogen ion 

number density. From Fig. 2.1, it can be seen that the size of the catalyst 

nanoparticles increases with time and attains saturation value when film gets 

completely transformed into the catalyst nanoparticles. This figure also indicates 

the decrease in catalyst nanoparticle size with increase in hydrogen ion number 

density. This is attributable to the fact that on increasing the hydrogen ion 

number density, the heavy ion bombardment on the catalyst film surface takes 

place which in turn increases the effective etching and sputtering of the film 

surface, and consequently, results in smaller catalyst nanoparticle size.  

                
Fig. 2.1. Time variation of the catalyst nanoparticle diameter with time 

for different hydrogen ion number densities (where a, b, c, d and e 

corresponds to ne = nij0 = 1011 , 1012, 1013, 1014, 1015 cm-3, respectively). 

The Fig. 2.2 shows variation of catalyst nanoparticle diameter with 

plasma power. As plasma power increases, the catalyst nanoparticle diameter 

decreases. This is because with increase in input plasma power, highly energetic 

plasma species (electrons, ions, and neutrals) are created in the reactive plasma 

which ultimately leads to higher etching and sputtering of the catalyst thin film 

resulting in the lesser catalyst nanoparticle diameter. Srivastava et al. [18] 

claimed that on increasing the plasma power, the density of the energetic plasma 

species increases. In this chapter, we devised a model to relate the density of 

plasma species with input plasma power during plasma processing of thin 
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catalyst film. Thus, the theoretical findings of Figs. 2.1 & 2.2 are in compliance 

with the experimental observations of Chang et al. [6], Srivastava et al. [18], 

and Abdi et al. [20]. 

                 
Fig. 2.2. Time variation of the catalyst nanoparticle diameter with time 

for different input plasma power. 

 

                 
Fig. 2.3. Time variation of catalyst nanoparticle diameter for two 

different plasmas, i.e., hydrogen plasma and hydrogen + nitrogen 

plasma. 
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Fig. 2.4. Surface concentration of the catalyst nanoparticles 

for two different plasmas, i.e., hydrogen plasma and 

hydrogen + nitrogen plasma. 

Figure 2.3 shows the time advancement of catalyst particle diameter 

obtained from plasma pre-treatment for two different plasma compositions. 

From Fig. 2.3, it can be seen that one can obtain lesser particle size when 

hydrogen + nitrogen plasma is utilized contrasted to the pure hydrogen plasma. 

This is imputable to the fact that nitrogen is more massive than hydrogen and 

also acts as the etching agent which leads to the higher etching and sputtering of 

the catalyst film and results in the lesser particle size. The Fig. 2.4 represents 

that number of catalyst particles per unit area increases when nitrogen is 

introduced in the pre-treatment process. This can be clarified in the way that 

particles with lesser diameters are formed when hydrogen+nitrogen plasma is 

used (cf. Fig. 2.3) and consequently, more particles are formed. These 

theoretical findings comply with the experimental observations of Chang et al. 

[8]. 

The Fig. 2.5 shows the temporal variation of substrate temperature 

during the plasma pre-treatment of the thin catalyst film. The substrate 

temperature increases during the plasma treatment and achieves the saturation 

after sometime. The highly energetic plasma species transfer their energy to the 

film surface during the bombardment and collision processes with the film 

surface and thus, increase the film surface/substrate temperature. These 
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theoretical findings are in good agreement with the experimental observations of 

Srivastava et al. [18] and Poa et al. [21]. 

 

 

Fig. 2.5. Time variation of substrate temperature during the plasma 

processing (plasma treatment) of the thin catalyst film in the plasma 

containing electrons and ions, and neutrals of hydrogen. 
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3.1 Brief outline of the  chapter 

In the present chapter, we try to provide the in-depth study of nucleation and the 

deterministic growth of vertically aligned carbon nanofibers (VACNFs) 

accounting the plasma sheath effects, kinetics of plasma species (electrons, ions, 

and neutrals), adsorption and dissociation of the hydrocarbon species over the 

catalyst surface via various complex processes, and growth of CNF in the 

plasma environment. In particular, we solve the simultaneous coupled kinetic 

equations to analyze the effect of plasma species on the size of the catalyst 

nanoparticle and the growth of carbon nanofiber.  

3.2 Introduction 

The growth of carbon nanofibers (CNFs), carbon nanotubes (CNTs) and related 

carbon nanostructures have gained heightened research and commercial interest 

for the last few decades. It has been observed that nanostructures produced via 

plasma based processes exhibit various miraculous electrical, physical and 

optical properties and, as a result, applications in electronics specially field 

emission devices [1-3], mechanics, biochemistry and several others [4].  
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The orientation of graphite basal planes with respect to the growth axis 

characterizes the divergence between CNFs and CNTs, and dictates their 

properties. The CNFs are composed of graphitic funnels whereas concentric 

cylinders exist in CNTs [5]. In general, graphitic planes are aligned along the 

growth axis in CNTs, i.e., inclination angle  = 0 and are inclined at some non-

zero angle to the growth axis in the case of CNFs. Diameter, height, shape and 

orientation of the vertically aligned carbon nanofibers (VACNFs) must be 

externally controlled for various practical applications [6-7]. The low 

temperature plasma enhanced chemical vapor deposition technique favours the 

disciplined growth of VACNFs as several parameters, such as ions, neutrals, 

and electrons fluxes from the plasma, plasma power, gas mixture ratio in 

plasma, and temperature have intense effect on the VACNFs growth [5, 8-10]. 

3.3 Analytical model 

The present model considers the following scenario towards elucidating the 

nucleation and the growth mechanism of carbon nanofibers in the plasma.  

I. The pre-etching of catalyst film in the presence of plasma segregates the 

catalyst film into discrete islands (nanoparticles) [11]. These catalyst 

nanoparticles act as the fundamental sites for the nucleation and growth of 

CNFs. The initial geometry of catalyst nanoparticle can greatly affect the 

configuration of resulting carbon nanostructure [12].  

II. Carbon precursors i.e., hydrocarbon gases and hydrogen are adsorbed and 

decomposed via various processes on the catalyst nanoparticle surface to 

produce carbon species and active hydrogen radicals. These carbon species 

dissolve and diffuse (surface as well as bulk) through catalyst nanoparticles and 

ultimately precipitate at the rear of the catalyst nanoparticle to form carbon 

nanofiber [13-14].  

III. Following this carbon precipitation, graphene layers form around the catalyst 

nanoparticle. These growing graphene layers exert significant stress on the 

catalyst particle resulting in the deformation of its shape [15].  



Mechanisms of plasma-assisted catalyzed growth of carbon nanofibers: 

A theoretical modeling 
Chapter 3 

 

 

 
54 

Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

IV. The carbon nanofiber grows vertically due to alignment force induced by 

electric field provided by the plasma sheath [16].     

Including these elementary processes, we have developed the theoretical model 

considering the reactive plasma of 2 2 2Ar + H + C H  gas mixture containing 

electrons, positively charged ions of acetylene (C2H2
+) and hydrogen (H+) 

denoted as ions of type 1 and 2, respectively, and neutrals of acetylene C2H2 

(type 1) and hydrogen H (type 2), nickel (Ni) catalyst film placed over silicon 

(Si) substrate surface and the sheath configuration near the substrate surface. 

The electric field within the sheath is assumed along the z- direction. Following 

Tewari and Sharma [17], Mehdipour et al. [18], and Lieberman et al. [19], the 

equations to investigate the sheath kinetics are 

               
0 0 0 0Continuity equation: ˆˆ ˆ .(  )  ,                            (3.1)k k i ei j k n f n

x y z


 
 
 

  
  

  
 

         0
0 0 0 0 0 0 0 0Ion-Momentum balance equation: ,           (3.2)k

k k k k k k kn k

dv
M n v en E M n f v

dz
             

                         
2

0 0 02
Poisson equation:  

( )
 4 ,                                      (3.3)k k k

d x
q n

dz


     

where k refers to either electron, +
2 2C H  or +H , 0kn  is their number density, 

0kM  

is their mass in plasma, 0k  is their fluid velocity, 
0if  is the ionization 

frequency, E  is the electric field, 
0knf  is the collision frequency, 0k  is the thk  

ion to electron number density ratio, 
0kq  is the charge of the species,   is the 

electrostatic potential, 
0 01, and 0 < 1.k k

k

      

3.3.1 Charging of the CNF 

The Eq. (3.4) describes the charge developed on the CNF surface due to 

accretion of positively charged ions and electrons on the surface of the CNF. 

The effects of collisional processes and dissipative losses have not been 

accounted in this equation since plasmas are considered here to be 

thermodynamically open systems [20, 21]. 
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where q is the charge over the whole CNF including tip as well as curved 

surface which can be expressed  as q = Ze,  where Z is the charge number and e 

is the electronic charge. For negatively charged nanoparticles/nanostructures, Z 

may vary from -1 to -100. ( )ij tipI  and ( )ij curI  are the ion collection currents at 

the tip and curved surface of the CNF and given by, 

       
1/ 2

2

,        (3.5)
4

8
( )[1 ]exp exp

B ij b S
ij ij itip

ij B S B S

k T E eUd
I n x q

m k T k T






     
      

    

 
   

           
 

1/2 1/2

2

                                                           

1
22 2

( ) exp

exp

B ij s s
ij ijcur

ij B ij B ij B ij

b

B s

s

m T

k T eVeV eVd h
I n x erfc

k T k T k

E

k T





  
          

                        
    










,                             (3.6)exp s

B s

eU

k T

  
   

  



 

where d is the diameter of the CNF tip, h is the height of the CNF, 
ijT  is  the  ion 

temperature, 
ijm  is the mass of ion (subscript j refers to 1 or 2 type of positively 

charged ion species as explained earlier), 
Bk  is the Boltzmann constant, 

22

 i
B s

e

d k T


 
  
 

 , 
SV  is the surface potential of the curved surface of the CNF, 

SU  is 

the substrate bias, 
bE  is the energy barrier for bulk diffusion, 

ST  is the substrate 

or catalyst nanoparticle temperature, 
1/2

0 2
0

2 ( )
( ) 1ij ij

ij i

e x
n x n

m v




 
 
 
 

   is the ion density 

in the plasma sheath; ( )x  is the electrostatic potential; 0ijn  is the initial ion 

density in plasma sheath; 0iv  is the ion velocity at any point within the plasma 

and 
0( ) exp

d

x
x 



 
 
 

  ; 0  is the negative potential at the surface; 
2

B e
d

e

k T

n e
   is 

the Debye length. ( )e tipI  and ( )e curI  are the electron collection currents at the 

tip and curved surface of the CNF and given by, 
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 is the electron density in plasma sheath, 0en  is 

the initial electron density in plasma sheath, 
eT  is the electron temperature, em  

is the mass of an electron, 
22

 e
B e

e

d k T


 
  
 

 , and 
e
  is the sticking coefficient of 

electrons which describes the probability of electrons adsorption to a surface 

i.e., ratio of number of electrons adsorb to a surface to the number of electrons 

impinge upon the surface [22]. 

3.3.2 Particle balance equations for various plasma species 
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where 
j  is the coefficient of ionization of the constituent neutral atoms due to 

external field, 
j

n  is the number density of neutral atom, 
e

n  is the electron 

number density, ijn  is the ion number density, 3
0

300
( ) / secj e j

e

k

T cm
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  is 

the coefficient of recombination of electrons and positively charged ions, 

1.2k   is a constant, ij  is the ion sticking coefficient, j  is the sticking 
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coefficient of neutral atoms, and j refers to either 1 or 2 type of positively 

charged ions and neutrals. 
1/ 2(2 )

iji
aij

ijij B ij

p n
J

jm k T
   is the adsorption flux onto 

the catalyst substrate surface, ip  is the partial pressure of adsorbing species, 

exp ai
desp ij

B ij

J j
k T


 

 
 
 

  is the desorption flux from  the catalyst-substrate 

surface, ai  is the adsorption energy, ijj  is  the ion flux on the catalyst 

substrate surface,  is the thermal vibrational frequency exp th
thd H

B s

J j
k T




 
 
 


  

is the flux of type 2 ion (namely hydrogen) on account of thermal 

dehydrogenation, th
 
is the activation energy of thermal dehydrogenation, 

H
j  

is the hydrogen ion flux at catalyst-substrate surface [17]. ( )j tipI  and ( )j curI  

are neutral collection current at the tip and curved surface of the CNF and given 

by: 
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where jT  is the neutral atom temperature and jm  is the mass of the neutral 

atom.   

Equation (3.9) indicates the balance of electron number density in the 

plasma system on account of ionization of neutral atoms, recombination of 

electrons and ions, and electron collection current on the CNF surface. The first 

term on the right-hand side of Eq. (3.9) refers to the gain in electron density per 

unit time due to ionization of neutral atoms; second and third terms represent 

the rate of decrease of electron density due to electron-ion recombination and 

electron collection current at the CNF surface, respectively. 
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Equations (3.10) and (3.11) describe the balance of positively charged 

ion species in the plasma system due to ionization of neutral atoms, electron-ion 

recombination, ion collection current at the surface of CNF, their adsorption, 

desorption, and thermal dehydrogenation. The first term on the right hand side 

describes the gain in ion density per unit time on account of ionization of neutral 

atoms. The second and the third terms represent the rate of decrease in 

positively charged ion density due to electron-ion recombination and ion 

collection current at the surface of the CNF (tip as well as curved surface), 

respectively. The fourth and fifth terms indicate adsorption and desorption of 

ions to/from the catalyst-substrate surface, respectively. One additional term in 

Eq. (3.11), i.e., the last term represents the increase of hydrogen ion number 

density in plasma because of thermal dehydrogenation of hydrocarbon ions 

since at temperature (> 400 K), dehydrogenation process (removal of hydrogen) 

becomes possibly an important factor [23, 24]. 

Equation (3.12) is the particle balance equation for neutrals of type 1 and 

2 which indicates the growth rate of neutral atom number density. First and third 

terms show the increase in growth rate of neutral density due to electron-ion 

recombination and neutralization of ions collected at the surface of CNF, 

respectively. The second and fourth terms symbolize the decay rate of neutral 

density due to ionization and accumulation of neutrals on the surface of CNF, 

respectively. 

3.3.3 Growth rate equation of the carbon species generated over the 

catalyst surface    

      

2 2

2 2

2 2

1 2
1
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where Cn  is the number of carbon species per unit area generated on the 

catalyst surface,
 

 16 2
6.8 10  cmads


   is the cross section for the reaction of 
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atomic hydrogen [31], 

1/ 2

B j
j j

j

k T
J n

m
 

  
 

 is the neutral atom flux, 

1/ 2
B ij

ij ij
ij

k T
J n

m
 

  
 

 is the hydrogen ion flux [23], 
4

thn vJ  


 
 
 

  is the 

flux of impinging species (where ,C H  ) [23], 
2 2 2 2

0C HC Hn    is the number 

density per unit area of 2 2C H  radicals [23],  15 2
0 1.3 10  cm


   is the 

number of adsorption sites per unit area [23], and  1.87 eViE   is the 

thermal energy barrier.  

 The Eq. (3.15) describes the generation of carbon species per unit area 

on the catalyst surface via various complex processes such as adsorption of 

hydrocarbons (first term), thermal dissociation of hydrocarbons (second term), 

ion induced dissociation of hydrocarbons (third term), and the direct carbon flux 

towards catalyst surface (fourth term) [23].  The Eq. (3.15) also includes the 

processes which are responsible for the carbon loss from the catalyst surface. 

These processes are; loss of carbon due to interaction of neutral hydrocarbons 

with the neutral hydrogen (fifth term), carbon evaporation (sixth term), and ion-

ion recombination (last term), i.e., hydrocarbon ion and hydrogen ion 

recombination [23].    

3.3.4 Growth rate equation of carbon nanofibers 
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where d is the inner diameter of the CNF, h is the height of the CNF, 

0 exp S
S S

B S

E
D D

k T
   
 

 is the surface diffusion coefficient, 0SD  is the 

constant, SE (=0.3 eV) is the energy barrier for diffusion of carbon species on 

the catalyst surface [25], 0 exp b
b b

B S

E
D D

k T
   
 

is the bulk diffusion 

coefficient, 0bD  is the constant, bE (=1.6 eV) is the energy barrier for bulk 

diffusion of carbon species through catalyst nanoparticle [25], 

0 exp SD
m m

B S

E
D D

k T
   
 

 is the diffusion coefficient of metal atoms [26], 0mD  

is the constant, SDE  is the activation energy of self-diffusion of metal atoms, 

( 20 )p GPa  is the pressure exerted by graphene layers on catalyst nanoparticle 

[27], exp inc
k

B S

E
k A

k T
   

 
 is the incorporation speed of carbon species 

into the graphene layers [28], kA  is constant, incE  is the energy barrier for 

diffusion of carbon species along the CNF-catalyst interface,  cnf  is the 

density of CNF, aHE (=1.8 eV for hydrogen) is the desorption energy, catm  is 

the mass of the metal catalyst particle, and cat  is the density of metal catalyst 

particle.  

The Eq. (3.16) accounts the various processes to elucidate the growth 

mechanism of carbon nanofiber on the metal catalyst surface. The first and 

second term in first bracket of RHS represent the surface and bulk diffusion of 

carbon species through the catalyst surface, respectively. These diffusion 

processes significantly depend on the catalyst nanoparticle temperature. For 

lower catalyst temperatures, surface diffusion process dominates the CNF 

growth whereas at higher catalyst temperatures, the CNF growth is mainly due 

to the bulk diffusion process and at intermediate temperature both the processes 

contribute to the CNF growth [29, 30]. However, in the present chapter, we 

have considered both surface and bulk diffusion process in the CNF growth 

since the temperature of catalyst nanoparticle is assumed to be constant. The 

third term represents the precipitation or incorporation of C species around the 

catalyst nanoparticle, i.e. realization of graphene layers around the catalyst 
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nanoparticle. These carbon layers exert substantial stress on the catalyst 

nanoparticle which can cause metal nanoparticle to deform. The catalyst 

nanoparticle no longer exhibited the spherical shape and appeared alike either 

truncated cone or teardrop. Now the question arises what stops the in plane 

growth of carbon condensation i.e., why carbon does not spread out over the 

whole substrate surface. The highly active atomic hydrogen and hydrogen ion 

etch the terminal carbons present at the edges of the graphitic nest and the 

carbon shadowed by the catalyst particle may contribute to the formation of 

graphitic shells around the catalyst particle or carbon nanofiber. Therefore, the 

Eq. (3.16) also incorporate the adsorption of hydrogen atom on the catalyst 

surface [25] (fourth term), incoming flux of hydrogen ion due to thermal 

dehydrogenation of hydrocarbon ions [18] (fifth term), ion induced 

decomposition of hydrogen [31] (sixth term), flux of H-atoms due to thermal 

dissociation of hydrocarbons [31] (seventh term), direct flux due to hydrogen 

ion decomposition [32] (eight term), and desorption of H-atom from the catalyst 

surface (ninth term) [25]. The last term corresponds to the metal diffusion [13] 

which is also responsible for the change of the catalyst particle morphology. 

Due to this morphological change and continuous carbon supply, interaction 

between metallic catalyst nanoparticle and substrate decreases and hence the 

catalyst particle gets lift off leading to the vertical growth of carbon nanofiber.  

3.4 Results and discussion 

The Fig. 3.1 shows the schematic of different stages of nucleation and growth of 

carbon nanofiber on the catalyst substrate surface in presence of plasma. The 

growth pattern considered in Fig. 3.1 is similar to the growth of single- and 

multi-walled carbon nanotubes (SWCNTs & MWCNTs). The Fig. 3.1(a) shows 

the initial stage in which thin catalyst film is deposited on the silicon substrate 

and kept in the plasma environment. We assume that the catalyst nanoparticles 

with spherical morphology are formed due to plasma etching [Fig. 3.1(b)]. In 

Fig. 3.1(c), the dissociation and adsorption of the carbon gas precursor (C2H2) 

as well as hydrogen on the catalyst surface is shown. The carbon species diffuse 

through bulk and surface of the catalyst particle and ultimately precipitate in the 

form of graphene layers at the rear surfaces of the catalyst nanoparticle [Fig. 



Mechanisms of plasma-assisted catalyzed growth of carbon nanofibers: 

A theoretical modeling 
Chapter 3 

 

 

 
62 

Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

3.1(c)]. These graphene layers exert significant pressure on the catalyst particle 

resulting in the shape change of catalyst particle [Fig. 3.1(d)]. The interaction 

(bonding force) between the catalyst nanoparticle and substrate is not so strong 

[33] and thus the catalyst nanoparticle is pushed up away from the substrate as 

the graphene layers precipitate out of the catalyst particle. Now, the active 

hydrogen and hydrogen ions etch the terminal carbons present at the edges of 

the graphitic nest and the carbon shadowed by the catalyst nanoparticle lead to 

the formation of new graphene layers [Fig. 3.1(e)].  Due to the plasma sheath 

effect, the vertical growth continues [18, 34] and the catalyst particle changes it 

shape continuously, and finally transforms to pear drop like shape [Fig. 3.1(f)]. 

The geometrical structure of the resulting CNF is shown in Fig. 3.1(g), where h 

is the height of the CNF, D is the initial diameter of the catalyst nanoparticle 

and d is the tip diameter or the inner diameter of the CNF. 

 

Fig. 3.1. Schematic representation of the nucleation and the growth mechanism of carbon nanofiber 

under plasma; (a) deposition of thin catalyst film on the substrate, (b) formation of catalyst 

nanoparticles, (c) dissociation and adsoprtion of hydrocarbons and hydrogen on catalyst particle 

surface, (d) precipitation of carbons and shape change of catalyst particle, (e) detachment of 

catalyst particle from substrate, (f) growth of carbon nanofiber, and (g) scheme of the CNF 

considered. 
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Using MATHEMATICA software, the first order differential Eqs. (3.1) - (3.16) 

have been solved simultaneously with appropriate boundary conditions listed in 

Table 3.1. 

 

Table 3.1. Boundary conditions used in the present model. 

Parameter Description Initial Value 

0en  Electron number density 1012 cm-3 

10in  Ion density of type 1 00.3 en  

20in  Ion density of type 2 00.7 en  

10n  Neutral atom density of type 1 13 310  cm  

20 n  Neutral atom density of type 2 15 310  cm  

0eT  Electron temperature 2 eV 

0iT  Ion temperature 2500 K 

0nT  Neutral temperature 2000 K 

sT  Substrate temperature 400 0C 

10 20   
Coefficient of recombination of 

electrons and ions 
1.12 10-7 cm3/sec 

e  
Sticking coefficient of an 

electron 
1 

ij  Sticking coefficient of ions 1 

j  Sticking coefficient of neutrals 1 

t  Total surface coverage 0.01 

 

The etching gas density 20 n  is assumed to be the greater than the 

hydrocarbon gas density 10n  in order to avoid the poisoning of the catalyst 

nanoparticle, i.e., formation of the thin layer of amorphous carbon on the front 

surface (surface which is exposed towards the bulk plasma) of the catalyst 

nanoparticle. The poisoning of catalyst nanoparticle blocks the active surface 

for the decomposition of incoming hydrocarbons, and stops the carbon 

nanofiber growth due to the loss of catalytic activity [35, 36]. 
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Fig. 3.2. (i) The time evolution of CNF length for different 

catalyst nanoparticle size(where a, b, c, d and e correspond to D 

= 109.3, 96.34, 75.91, 61.95, 47.31 nm, respectively). (ii) The 

variation of the growth rate of CNF with catalyst nanoparticle 

size. 

The variation of CNF length to the growth time for different catalyst 

nanoparticle size is shown in the Fig. 3.2(i). It can be seen from the Fig. 3.2(i) 

that as the catalyst nanoparticle size is increased, the growing CNF of shorter 

length is observed. This signifies that one can get thick and shorter CNFs with 

large catalyst nanoparticles. The dependence of CNF length on the catalyst 

nanoparticle size during the growth can also be interpreted in terms of the 
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growth rate (CNF length per unit deposition time) of CNF as shown in Fig. 

3.2(ii). The growth rate of CNF is decreased as catalyst nanoparticle size is 

increased. This happens because for large catalyst nanoparticle size, the carbon 

species diffusion path increases and therefore the growth of CNF is slowed 

down. These results are in good agreement with the experimental observations 

shown by Jong et al. [32]. 

The Fig. 3.3 shows the variation of CNF length for different 

hydrocarbon number density  11 12 13 14 3
10 10 ,  10 , 10 ,  10  cmn


  in the plasma. 

The Fig. 3.3 indicates that greater the hydrocarbon (C2H2) number density in the 

plasma larger would be the CNF length. This is explainable to the fact that with 

increasing number density of hydrocarbons, the dissociation of hydrocarbons at 

the catalyst nanoparticle surface increases resulting in greater diffusion of 

carbon species through the catalyst which consequently increases the CNF 

length. The results of the Fig. 3.3 are in accordance with the experimental 

observations of Matthews et al. [9].  

 

Fig. 3.3. The time variation of the CNF length for different hydrocarbon 

number density (where a, b, c, and d corresponds to 

11 12 13 14 3
10 10 ,  10 , 10 ,  10  cmn


 , respectively) at 

15 3
20 10  cmn


 . 
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Fig. 3.4. (i) The time evolution of CNF tip diameter for 

different hydrogen number density in the growth 

atmosphere (where a, b, c, d and e corresponds to
11 12 13 14 15 3

20
10 ,  10 , 10 ,  10 , 10  cmn


 , respectively). 

(ii) The time variation of inclination angle with CNF tip 

diameter and hydrogen density. 

The Fig. 3.4(i) shows the time evolution of the CNF tip diameter (CNF 

inner diameter) for different hydrogen number density (i.e.,
 

11 12 13 14 15 3
20 10 ,  10 , 10 ,  10 , 10  cm ).n


   From Fig. 3.4(i), it can be seen that as the 

deposition time is increased, the inner diameter of the CNF is decreased.  This 
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happens because the growing graphene layers exert significant stress on the 

catalyst nanoparticle which results in the change of the catalyst nanoparticle 

shape and consequently the decrease in the diameter of the base of the catalyst 

nanoparticle is observed. This is in good agreement with the experimental 

observations of Poa et al. [37]. Furthermore, in the Fig. 3.4(i), it has been shown 

that increase in hydrogen content 
11 12 13 14 15 3

20( 10 ,  10 , 10 ,  10 , 10  cm )n


  in the 

growth atmosphere decrease the inner diameter of the CNF. Two possibilities 

exist in this context; (i) more hydrogen adsorption over the metal catalyst 

particle surface weakens the metal-metal bond [14] which leads to the induced 

diffusion of metal atoms and consequently the base diameter of the catalyst 

nanoparticle or the inner diameter of the CNF tip is decreased, (ii) the 

abundance supply of hydrogen can terminate the large number of dangling 

bonds at the edges of the graphene layers and thus prevents the condensation 

reaction which leads to the formation of new graphene layers. Now catalyst 

nanoparticle experiences more stress due to these layers and this leads to 

decrease in catalyst particle size. Now, one can think that the catalyst 

nanoparticle size and the relative inclination of graphene layers must be 

correlated (See Appendix A). The Fig. 3.4(ii) shows the dependence of angle 

between the graphene layers and fiber axis on the catalyst nanoparticle base size 

as well as on the amount of hydrogen in the growth environment. It can be 

inferred from Fig. 3.4(ii) that increase and decrease of the hydrogen 

concentration and catalyst nanoparticle size, respectively, would tend to tilt the 

graphene layers away from the growth axis or fiber axis. The above 

observations are in compliance with the works of Cui et al. [11], Nolan et al. 

[38], and Murayama and Maeda [39].  

The role of atomic hydrogen on the CNF growth has also been 

investigated in the present chapter. In Fig. 3.5(i), time variation of CNF length 

for different hydrogen number density (
13 14 15 3

20 10 , 10 ,  10  cmn


 ) is shown.  As 

can be seen from Fig. 3.5(i), the CNF length decreases with increase in 

hydrogen atom number density in the plasma. This may be ascribed to the fact 

that with increase in the hydrogen atom number density, interaction between 

hydrogen and hydrocarbon on the catalyst nanoparticle surface [fifth term of the 
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Eq. (3.15)] increases resulting in the decrease in number (per unit area) of 

carbon species cn  generated on the catalyst nanoparticle surface as shown in 

Fig. 3.5(ii). This leads to loss of carbon diffusion on the catalyst nanoparticle 

surface resulting in decrease of CNF length and eventually, the decrease in CNF 

growth rate. The similar trend has been observed by other researchers [18, 23]. 

 

Fig. 3.5. The time variation of the CNF length for different 

hydrogen number density (where a, b, and c corresponds to 

13 14 15 3
20 10 , 10 ,  10  cmn


 , respectively) at 

13 3
10 10  cmn


 . 
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4.1 Brief outline of the  chapter 

In this chapter, the effects of nitrogen doping on the growth of CNFs i.e. the 

growth of the nitrogen contained carbon nanofibers (N-CNFs) and their field 

emission properties through the plasma kinetics-based model have been 

explained. The model used in previous chapter relies on selected absorbed 

species; however, one of the main advantages of plasma-based growth is the 

ability to generate the highly reactive plasma species, which significantly affect 

CNF growth. Therefore, in the present chapter, numerous additional species of 

the reactive plasma have been accounted. Moreover, the basic growth 

mechanisms of CNFs in the presence of reactive plasma remains the same, but to 

point out the consequent effects of nitrogen doping, many additional terms and 

equations have been incorporated in the present chapter. 

4.2 Introduction 

The growth of carbon nanofibers (CNFs) is an unexpectedly developing field of 

nanotechnology. Within the purview of a catalyst, diverse techniques can be 

utilized to synthesize CNFs, such as electric arc discharge, laser ablation, 

pyrolysis of organic precursor, and plasma-enhanced chemical vapour 

deposition (PECVD). The PECVD technique gathers continually growing 

interest because of its capability to grow vertically aligned CNFs at low 

temperatures.  

 

4

2 
Modeling the effects of nitrogen doping on the 

carbon nanofibers growth via catalytic PECVD 

process 
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This is possible because the electric field existing within the plasma sheath aids 

the CNFs’ growth in the vertical direction [1] and by substituting high thermal 

energy required in the growth process by dissociation of hydrocarbon precursors 

induced in plasma [2]. 

The growth and synthesis of nitrogen-doped CNFs/nitrogen-contained carbon 

nanofibers (N-CNFs) receives constantly developing interest as the 

incorporation of nitrogen into the CNF grid leads to extraordinary physical and 

chemical properties [3,4]. Along with doping, catalysed growth is essential to 

control the characteristics of the resulting CNF by properly selecting the reaction 

conditions [5]. Merkulov et al.[6] synthesized the isolated N-CNFs and observed 

that nitrogen concentration in the plasma environment strictly affects the growth 

rate, tip diameter, and nitrogen content in the resulting CNF. It is also observed 

that, by the proper selection of the gas ratio, that is, hydrocarbon to ammonia, 

the morphology of the N-CNFs can be controlled [7]. Saidin et al.[8] observed a 

decrease in CNF diameter and increase in CNF growth rate when the ammonia 

gas flow rate is increased in reactive plasma. Moreover, Teo et al.[9] observed 

the change in CNF shape on increasing the gas ratio. One of the most promising 

utilizations of CNFs is in the field emission devices [10]. The superior field 

emission obtained from CNFs/CNTs (carbon nanotubes) comes from their 

geometry rather than their crystalline structure [2]. Therefore, decent field 

emitters must have a high aspect ratio structure. CNFs hosting small diameters 

and comparatively excessive lengths can generate a high electric field (field 

enhancement) at the tip surface of the emitters to reap superior field emission; 

therefore, the greater the field enhancement factor of the emitter, the larger 

would be the field emission of electrons. Doping of CNFs with heteroatoms is 

essential for their practical applications [11]. Nitrogen atoms substitute carbon 

atoms in the graphene layers (graphene matrix of CNFs) and thus, enhance the 

n-type electrical conductivity [12]. Kimura et al.[10] synthesized N-CNFs using 

the microwave plasma chemical vapour deposition (MW-PECVD) technique 

and observed the reduction in turn on field and increment in the field-

enhancement factor when N-CNFs are utilized as field emitters. 
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4.3 Analytical model 

The present analytical model elucidates the effects of nitrogen doping on the 

growth and field emission properties of CNFs, i.e., the growth mechanism of N-

CNFs in the reactive plasma composed of acetylene (C2H2) and ammonia (NH3). 

In reality, the C2H2/NH3 plasma mixture contains a large number of species 

[13,14] (ions and neutrals). However, following the experimental studies of Bell 

et al.[15] and Merkulov et al.[16], the plasma species accounted in the present 

model are listed in Table 4.1. Fig 4.1 shows the schematic of deposition of these 

plasma species and N-CNF growth mechanism considered in the present model. 

The nickel catalyst nanoparticle placed over the silicon substrate is considered to 

be the nucleation site for N-CNFs’ nucleation. When a negatively biased 

substrate surface with a catalyst nanoparticle is subjected to the reactive plasma, 

an electric field E  is induced between the bulk plasma and the substrate surface 

as a result of a charge separation region known as the plasma sheath. This 

induced electric field is assumed to be in a vertically downward direction, i.e., 

from bulk plasma to substrate surface. The motion of ions is governed by this 

induced electric field, whereas neutrals have a random motion. At very low 

temperatures, it has been observed that no CNF grows when a small negative 

potential is applied to the substrate or a positive potential is applied to the 

substrate [17]. To investigate the sheath structure, fluxes, and energies of these 

plasma species, the following sheath equations are considered [18]. 

                                             ,                                                (4.1)i ek kx
d

n u n
dx

      

                           ,                                    (4.2)k k kx k k k kn kx
kxu u

du
M n en M n

dx

d

dx



             

                                     
2

2
 4 ,                                                    (4.3)k k

d
e n

dx


   

 

where Eqs. (4.1)-(4.3) denotes continuity equation, ion-momentum balance 

equation, and Poisson’s equation, respectively; k refers to either electron or ions 

that are considered in the present model, 
kn  is their number density, 

kM  is their 

mass in plasma, kxu  is their fluid velocity, 
i  is the ionization frequency, E  is 
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the electric field, 
kn  is the collision frequency, k  is the thk  ion to electron 

number density ratio,   is the electrostatic potential, 1,  and 0 < 1.k k
k
   

 

Table 4.1. Plasma species considered in the present model.

 
Type Ions Neutrals 

a 
+

2 2C H , 
+

2C H  2 2C H , 2C H  

b 
+

2H , H


 2H , H , 

c 

+

3NH , 4NH


, 2NH


 , 
+

HCN ,  

+
N  

3NH , 4NH , 2NH , 

HCN , N , 

 

 

Fig. 4.1. Schematic of the plasma species (ions and neutrals) 

deposition during nitrogen-contained carbon nanofibers (N-

CNFs) growth. 
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The presumptions of the present model are as follows: (a) negatively biased 

substrate is considered; (b) temperature of substrate and catalyst nanoparticle is 

considered to be the same; (c) the Maxwellian distribution of electrons, as well 

as ions, is considered; and (d) in the plasma sheath region, the electron number 

density is considered to be less than the ion number density, i.e., ni(x)>ne(x). 

The elementary processes considered to study the effects of nitrogen 

insertion/doping on the growth of CNFs in the reactive plasma are: 

1. Generation of carbon species on the catalyst nanoparticle surface (which is 

exposed to plasma) due to the dissociation of hydrocarbons on the catalyst 

nanoparticle surface [19]. 

2. Surface and bulk diffusion of carbon species through the catalyst nanoparticle 

and formation of graphene layers around the catalyst nanoparticle [20]. 

3. Transformation and deformation of catalyst nanoparticle shape due to stress 

exerted by these graphene layers [21]. 

4. Etching of nanofiber side walls and tip by the etchants present in the plasma. 

5. Vertical growth due to alignment force provided by the electric field induced 

by plasma sheath [22]. 

4.3.1 Charging of the N-CNF surface 

The following equation describes the charge developed on the N-CNF 

surface due to the accumulation of electrons and positively charged ions on 

the surface, considering plasmas to be the thermodynamically open system 

[23,24]. 

  

           

   

2 2 5

1 1 1

                                        ,                                             (4.4)

.
ia ia ib ib ic ictip cur tip cur tip cur

a b c

e e etip cur

I I I I I I

I I

q



  

          
     

  
 

  

where q is the charge over the entire CNF (i.e., tip and curved surface), and 

 ij
tip

I and  ij
cur

I are the ion collection currents at the CNF tip and the curved 
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surface, respectively (where j refers to the ions of type a, b, and c).  e tip
I  and 

 e cur
I are the electron collection currents at the CNF tip and the curved 

surface,[23–25], respectively.

 

4.3.2 Number density equalization of electrons 

   

2 2 5 2 2 5

1 1 1 1 1 1

                                     ,                                            (4.5)

.
a b c a e ia b e ib c e ice

a b c a b c

e ncnf e etip cur

a b cn n n n n n n n nn

n I I

     



     

   

 
  

      

 

 

where j  is the coefficient of ionization of neutral atoms [26], j  is the 

coefficient of recombination of electrons and positively charged ions, and e  

is the sticking coefficient of electrons.

 Equation (4.5) indicates the time evolution of electron number density 

in the plasma. The first three terms of Eq. (4.5) correspond to increase in 

electron number density per unit time due to ionization of neutral species of 

type a, b, and c, respectively. The next three terms represent the decrease in 

electron number density per unit time due to recombination of electrons with 

ions of type a, b, and c, respectively. The last term represents the decrease in 

electron density in the plasma due to the electron collection current at the 

CNF surface. 

4.3.3 Number density equalization of positively charged ions    
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where aijJ  and despjJ  are the ion adsorption flux and ion desorption flux 

onto/from the catalyst substrate surface, respectively (j refers to the ions of 

type a, b, and c). lk , mk , and pk  are the reaction rate coefficients of ion-

neutral reactions, and thdJ
 

is the hydrogen flux due to thermal 

dehydrogenation. 

Table 4.2. Ion-neutral reactions between various plasma species in the bulk plasma 

considered in the present model. 

Reaction Reaction Rate (cm3/s) Reference 

+ +

3 2 4
NH +H NH +H  13

4.00 10


  
[14] 

+ +

3 2 3 2
NH +H NH +H  13

9.63 10


  
[14] 

+ +

3 2 3
NH +H NH +H +H  10

8.46 10


  
[14] 

+ +

3 2 2 2
NH +H H +NH +H  9

2.18 10


  [14] 

+

3 2 2 2
NH +H H +NH +H


  9

6.8 10


  [39] 

+

3 2 3
NH +H H +H+NH


  10

8.46 10


  [39] 

+

2 2 2 2
NH +H NH +H


  9

1.0 10


  [14] 

+

2 2 2 2
H +NH NH +H


  10

5.00 10


  [14] 

+

2 2 3
H +NH NH +H


  11

5.00 10


  [14] 

+

2 3 3 2
H +NH NH +H


  9

5.70 10


  [14] 

+

2 3 4
H +NH NH +H


  11

5.00 10


  [14] 

3 3
H +NH NH +H
 

  11
5.00 10


  [14] 

2 2
H +NH NH +H
 

  11
5.00 10


  [14] 

+ +

2 2 2 2 2 2
H +C H C H +H  9

5.30 10


  [14] 

+ +

2 2 2 2
H +C H C H +H  9

4.30 10


  [14] 

+ +

2 2
H +C H C H +H  9

1.50 10


  [40] 

+ +

2 2 2 2
H +C H C H +H  9

1.00 10


  [40] 

 

In Eqs. (4.6)–(4.8), various processes are taken into account to equalize the 

number density of ions in the reactive plasma, such as gain in ion density per 
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unit time on account of ionization of neutral atoms (first term), decrease in 

positively charged ion number density due to electron–ion recombination 

(second term), and ion collection current at the surface of the CNF (third 

term), adsorption (fourth term) and desorption of ions (fifth term) to/from the 

catalyst–substrate surface, and increase and decrease in ion number density 

due to ion-neutral reactions between different plasma species (sixth and 

seventh term). The main ion-neutral reactions considered in the present 

model are listed in Table 4.2. The last term of Eq. (4.7) indicates the increase 

in hydrogen ion number density due to thermal dehydrogenation. 

4.3.4 Number density equalization of neutral species 
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      ,                 (4.9)
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where  j
tip

I and  j
tcur

I are neutral atom collection currents at the tip and the 

curved surface of CNF, respectively (j refers to the neutrals atoms of type a, 

b, and c). In Eqs. (4.9)–(4.11), the processes taken into account to equalize 

the neutral atom number density are: increase in neutral atom number density 

due to electron–ion recombination (first term) and neutralization of ions 

collected at the N-CNFs surface (third term), the decay rate of neutral atom 

density due to ionization of neutrals (second term) and accumulation of 

neutrals on the N-CNF surface (fourth term), and increase and decrease in 

neutral atom number density due to the ion-neutral reactions between 
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different plasma species (fifth and sixth term) that are listed in Table 4.2. 

Moreover, the last two terms represent the jth species inflow rate [IFj 

=4.4×1017×f /V] into the plasma chamber and jth species outflow rate [OFj 

=Rp×na/V] from the plasma chamber, where f is the inlet flow of 

corresponding gas, V is the volume of the chamber (≈2 × 104 cm3), and Rp is 

the pumping rate [29]. 

4.3.5 Growth rate of carbon species over the catalyst surface 

At the initial stage, applied plasma power dissociates the input gases and 

creates highly energetic ions and electrons, which further breaks the 

catalyst’s thin film into many catalyst nanoparticles, and these catalyst 

nanoparticles act as the fundamental sites for the nucleation and growth of 

CNFs [30]. At this nucleation stage, numerous carbon species (Nc) are 

generated on the catalyst nanoparticle front surface (plasma-exposed surface) 

via various surface processes that are discussed in Eq. (4.12). In the present 

model, the catalyst nanoparticle size (D) is assumed to be 100 nm. 

               

2 2 2 2

1 1 1 10

2 2

1 1
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      (4.12)
 

where  0sj jn   is the surface concentration of neutral atoms [31,32], j is 

the surface coverage by the respective species,  15 2
0 1.3 10  cm


   is the 

adsorption sites per unit area, 
4

j th
j

n v
J
 
 
 

 is the flux of neutral impinging 

species on the catalyst nanoparticle surface from the plasma, 

1/2

B e
ij ij

ij

k T
J n

m

  
   

     

is the ions flux on the catalyst nanoparticle surface 

from the plasma [32], 𝜐 is the thermal vibration frequency, 
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 16 2
6.8 10  cmads


 

 
is the cross section for the interaction among the 

various species [32], tdE (=2.1 eV) is the hydrocarbons dissociation energy, 

evE (= 1.8 eV) is the carbon evaporation energy, and dhcE (=1.8 eV) is the 

hydrocarbon desorption energy [33]. The explanation of various terms as well 

as their corresponding surface reactions involved in the Eq. (4.12), are listed 

in Table 4.3.  

Table 4.3. Various surface processes and their corresponding reactions on the 

catalyst nanoparticle surface (refs 31–36) considered in the Eq. (4.12) where “ads” 

and “des” corresponds to the adsorption and desorption of plasma species to/from the 

catalyst surface, respectively. 

Functional term Explanation and reactions involved 

(1- )a tJ   
adsorption of hydrocarbons 

2 2(plasma) 2 2(ads)
C H C H ,

 2 (plasma) 2 (ads)
C H C H .

 

-
exp td

sa
B S

E
n

k T




 
 
 

 

thermal dissociation of hydrocarbons 

2 2(ads) (ads) (ads)
C H 2C +2H ,

 

2 (ads) (ads) (ads)
C H 2C +H .

 

0

a d
ia

n y
J


 

ion induced dissociation of hydrocarbons 

+ +

2 2 2 2(ads) (ads) 2(plasma) 2 2
+ +

2 2 (ads) (ads) (ads) 2
+ +

2 2 2 (ads) (ads) (ads) 2 2
+ +

2 2 2(ads) (ads) 2(plasma) 2

C H +C H 2C +H +C H ,

C H +C H 2C +H +C H ,

C H +C H 2C +H +C H ,

C H +C H 2C +H +C H .









 

iaJ  
ion decomposition 

+

2 2 (ads) 2(plasma)
C H 2C +H , 

+

2 (ads) (ads)
C H 2C +H .

 
CJ  direct carbon flux towards catalyst surface 

a ads
b

J
J




 

interaction with atomic hydrogen from plasma 

2 2(ads) (plasma) 2 3(plasma),
C H +H C H  

2 (ads) (plasma) 2 2(plasma)
C H +H C H .  

c ads
b

N
J




 

interaction with atomic hydrogen 

(ads) (plasma) (plasma)
C +H CH .  

-
exp ev

c
B S

E
N

k T


 
 
 

 
evaporation of carbon 

(ads) (evaporation)
C C .  

-
exp dhc

sa
B S

E
n

k T


 
 
 

 
desorption of hydrocarbons 

2 2(ads) 2 2(des) 2 (ads) 2 (des)
C H C H , C H C H  .
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4.3.6 Growth rate equation of N-CNF 
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,                                         (4.13)D h  

where D is the catalyst nanoparticle diameter, d is the CNF tip diameter, h is 

the CNF height, 0 exp S
S S

B S

E
D D

k T
   
   

is the surface diffusion 

coefficient, 2
0SD a  , a (=0.34 nm) is the carbon atoms’ interatomic 

distance, SE  (=0.3 eV) is the energy barrier for carbon species diffusion 

through the catalyst nanoparticle surface [31],  0 exp b
b b

B S

E
D D

k T
   
 

 is the 

bulk diffusion coefficient, 0 / 2bD D  , bE (=1.6 eV) is the energy barrier 

for carbon species bulk diffusion through catalyst nanoparticle [31], P(≈20 

GPa) is the pressure exerted by graphene layers on catalyst nanoparticle, 

exp inc
k

B S

E
k A

k T
   

   
is the carbon species incorporation speed in the 

graphene layers [13], kA a , incE  (=0.4 eV) is the carbon species energy 

barrier to diffuse along the nanofiber–catalyst interface, cnf  is the nanofiber 

density, catm  is the mass of the metal catalyst particle, and cat  is the 

density of metal catalyst nanoparticle. 0 exp SD
m m

B S

E
D D

k T
   
   

is the metal 

atoms’ diffusion coefficient [31],  tdE  (=1.87 eV) is the energy for thermal 
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dehydrogenation of hydrocarbons [33]. dHE (=1.8 eV) is the hydrogen 

species desorption energy. 

Table 4.4. Various surface processes and their corresponding reactions on the catalyst 

nanoparticle surface (refs 31–36) considered in the Eq. (4.13) where “ads” and “des” 

corresponds to the adsorption and desorption of plasma species to/from the catalyst 

surface, respectively. 

Functional term Explanation and reactions involved 

s CD N
D


 surface diffusion of carbon species through catalyst 

nanoparticle 

b CD N
D


 

bulk diffusion of carbon species through catalyst 

nanoparticle 

2
4 CkN D  

incorporation of the carbon species in the form of graphene 

layers. 

2

m cat

cat

D m

D 
 metal atoms self-diffusion 

 1b tJ   
hydrogen adsorption on the catalyst nanoparticle surface 

(plasma) (ads) 2(plasma) 2(ads)
H H ,   H H .   

exp th
b

B S

E
J

k T

 
 
 

 
hydrogen ion incoming flux due to hydrocarbon ions 

thermal dehydrogenation 

0

sa d
ib

n y
J


 

generation of hydrogen due to ion induced decomposition of 

hydrocarbons 

+ +

2 2 (ads) (ads) (ads) 2
+ +

2 2 2 (ads) (ads) (ads) 2 2

C H +C H 2C +H +C H ,

C H +C H 2C +H +C H .




 

ibJ  direct hydrogen ion flux 

-
exp td

sa
B S

E
n

k T




 
 
 

 

the flux of H atom due to thermal dissociation of 

hydrocarbons 

2 2(ads) (ads) (ads)
C H 2C +2H ,

  2 (ads) (ads) (ads)
C H 2C +H .

 

c ic dJ y  

generation of hydrogen due to ion induced dissociation of 

ammonia 

3 3(ads) (ads) (ads) 3

4 4(ads) (ads) (ads) 4

2 2(ads) (ads) (ads) 2

NH +NH 2N +3H +NH ,

NH +NH 2N +4H +NH ,

NH +NH 2N +2H +NH .

 

 

 







 

0 exp td
c

B S

E

k T


  

 
 
 

 

generation of hydrogen due to thermal decompositions of 

ammonia 

3(ads) (ads) (ads)

4(ads) (ads) (ads)

2(ads) (ads) (ads)

NH C +3H ,

NH C +4H ,

NH C +2H .







 

exp dH
sb

B S

E
n

k T

 
 
 

 
hydrogen desorption from the catalyst nanoparticle surface 

(ads) (des)
H H .  
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a aI  Sticking of hydrocarbon neutrals on the CNF surface 

c cI  Sticking of ammonia neutrals on the CNF surface 

 

All complex processes involved in Eq. (4.13) to describe the growth 

mechanism of N-CNFs on the catalyst nanoparticle are listed in Table 4.4. 

The surface and bulk diffusion of carbon species significantly affect the 

growth of nanostructures, and their relative contribution depends on the 

catalyst nanoparticle temperature. At high temperatures, bulk diffusion 

dominates, and at low temperatures, surface diffusion dominates, whereas at 

intermediate temperatures, both are significant for growth [31,34,37–39]. 

Therefore, in the present paper, we have taken both the diffusion processes 

into account because the temperature of the catalyst nanoparticle is assumed 

to be constant through the growth process. The dissociation of hydrocarbons 

and the diffusion of carbon species is a key step for nanostructure growth. 

The growth of nanostructures terminates when the dissociation rate of 

hydrocarbons on the catalyst nanoparticle surface decreases because of the 

formation of the continuous carbon layer on the catalyst nanoparticle surface, 

which consequently prevents the diffusion of carbon species. Thus, term 

(1−Ωc), related to amorphous carbon deposition, is taken into account, where 

Ωc =nc×𝜋D2. 

Moreover, the realization of these carbon species in the form of a 

graphene layer is taken into account. Now, the continuously formed graphene 

layers around the catalyst nanoparticle due to continuous diffusion of carbon 

species exerts significant pressure on the catalyst nanoparticle and results in 

the catalyst nanoparticle shape deformation; therefore, the pressure term 

(outside the first bracket) is taken into account in Eq. (4.13). The catalyst 

nanoparticle shape deformation is an important process behind the inclination 

of graphene layers around catalyst nanoparticles during nanofiber growth. 

Therefore, the change in catalyst nanoparticle shape due to the metal atoms’ 

self-diffusion is also taken into account. Due to continuous carbon supply, 

both vertical as well as in-plane growth of carbon precipitation continuous, 

but in-plane growth stops as a result of etching of terminal carbons by the 
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active hydrogen radicals and ions. Moreover, due to the presence of nitrogen 

in the reactive plasma, nitrogen incorporation is also taken into account in 

this equation. Nitrogen insertion/doping in the CNF lattice significantly 

affects the physical structure and growth of CNFs. 

4.4 Results and discussion  

In the present chapter, an analytical model has been used to describe the N-CNF 

growth (i.e., the effects of nitrogen doping on the CNF growth) and its field 

emission properties through the catalyst-assisted PECVD process. The analytical 

model incorporates the charging of N-CNFs; kinetics of plasma species 

(electron, ions, and neutrals); surface as well as bulk diffusion, accretion, and 

adsorption of carbon species on the catalyst nanoparticle surface; sticking of 

nitrogen atoms on the catalyst nanoparticle surface; incorporation of carbon 

species in the form of graphene layers around the catalyst nanoparticle; and 

vertical growth due to the plasma sheath effect. 

The numerical solutions of the first-order, simultaneous differential Eqs. 

(4.1)–(4.13) given in Sec. 4.3 have been solved using MATHEMATICA 

software for experimentally determined boundary conditions and the glow 

discharge plasma parameters. The detailed overview of different sources of 

plasma excitation and process-related parameters, such as plasma power, gas 

pressure, substrate temperature, and plasma composition, used for the PECVD 

growth of CNFs/CNTs based on experimental works have been summarized in 

Table 4.5. Following Merkulov et al.[6] and Mao and Bogaerts [14], the process 

parameters and boundary conditions used in the present study are listed in 

Tables 4.6 and 4.7. Moreover, other parameters used in the present model are: 

mia =ma =26 and 25 a.m.u. for C2H2 and C2H, respectively; mib =mb =2 and 1 

a.m.u. for H2 and H, respectively; mic =mc =17 a.m.u., 18 a.m.u., 16 a.m.u., 14 

a.m.u., and 27 a.m.u. for NH3, NH4, NH2, N, and HCN, respectively; atomic 

mass of nickel (mcat)=58.69 a.m.u.; density of catalyst nickel (𝜌ct)=8.96 g/cm3); 

coefficient of recombination of electrons and ions (𝛼a0 ≈𝛼b0 ≈𝛼c0)=1.12 × 107 

cm3/s; 𝜅 =−1.2; sticking coefficient of electrons (𝛾e)=1; sticking coefficient of 

ions (𝛾ia =𝛾ib =𝛾ic)=1; and sticking coefficient of neutral atoms (𝛾a=𝛾b=𝛾c)=1. 
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Table 4.5. The different sources of plasma excitation and process-related parameters used for the 

plasma-enhanced chemical vapour deposition (PECVD) growths of carbon nanofibers 

(CNFs)/CNTs based on experimental works. 

Source of 

plasma 

excitation 

Gas 

mixture 

Gas ratio 

(flow rate) 
Pressure 

Substrate 

temperature 

Plasma 

power 
Reference 

Direct-

current  

(dc) 

C2H2/NH3 40/80 sccm 3 Torr 700 0C 123 W [6] 

dc C2H2/NH3 (0-76)/200 sccm 
1.875 

Torr 
650 0C -- [15] 

dc C2H2/NH3 (0-150)/200 sccm 3.5 Torr 750 0C -- [41] 

dc C2H2/NH3 50/200 sccm 
1.125 

Torr 
120-500 0C -- [42] 

dc C2H2/NH3 50/200 sccm -- 250 0C 20 W [43] 

dc C2H2/NH3 30/200 sccm 1.5 mbarr 200 0C -- [44] 

dc C2H2/NH3 50/200 sccm 0.7 mbarr 500 0C 20 W [45] 

(Micro- 

wave)  

MW 

C2H2/NH3 200 sccm 20 Torr 825 0C -- [46] 

MW CH4/NH3 
(150-240)/(60-

150) sccm 
21 Torr 650-1000 0C -- [47] 

Inductive 

coupled 

plasma  

(ICP) 

CH4/H2 20/80 sccm 
0.5-20 

Torr 
800-1000 0C 120 W [48] 

ICP C2H4/H2 
(5-20)/(80-95) 

sccm 
3 Torr 600-1000 0C 

50-200 

W 
[49] 

ICP CH4/H2 50/50 sccm 1 Torr 500-650 0C -- [50] 

ICP C2H2/H2 
(37.5-88)/(12-

62.5) sccm 
50 mTorr 700 0C 27 W [51] 

ICP C2H2/H2 15/85 sccm 20 mTorr 500 0C 400 W [52] 

RF CH4/H2 0.4/20 sccm 5 Pa 400 0C 350 W [53] 

RF C2H2/NH3 5/20 sccm -- 450 0C 180 W [54] 
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Table 4.6. Parameters used in the present model. 

Parameter value 

pressure 3 Torr 

plasma power 123 Watt 

substrate Temperature 700 0C 

C2H2 gas flow rate 40 sccm 

H2 gas flow rate 80 sccm 

NH3 gas flow rate 80 sccm 

electron temperature 2.2 eV 

ion temperature 2200 K 

neutral temperature 2000 K 

substrate potential -300 V 

 

Table 4.7.  Number density of various plasma species considered in the 

present model. 

Number density 

of various species 

Value 

Undoped CNF 

(C2H2/H2 gas mixture) 

Nitrogen doped CNF 

(C2H2/NH3 gas mixture) 

ne0 1010 cm-3 1010 cm-3 

C2H2
+ 0.645 ne0, 0.55 ne0, 

C2H+ 0.05 ne0 0.04 ne0, 

H2
+ 0.34 ne0 0.05 ne0 

H+ 0.01 ne0 0.05 ne0 

C2H2 0.5×1014 cm-3 0.5×1014 cm-3 

C2H 0.2×1011 cm-3 0.2×1011 cm-3 

H2 1015 cm-3 1015 cm-3 

H 0.2×1014 cm-3 0.1×1014 cm-3 

NH3
+  0.09 ne0 

NH4
+  0.1 ne0 

NH2
+  0.1 ne0 

HCN+  0.01 ne0 

N+  0.01 ne0 

NH3  0.5×1015 cm-3 

NH4  0.5×1013 cm-3 

NH2  0.5×1013 cm-3 

HCN  0.2×1012 cm-3 

N  0.9×1011 cm-3 
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Fig. 4.2. The time variation of tip diameter for undoped CNF (growth of 

CNF in C2H2/H2 gas plasma) and nitrogen-doped CNF (growth of CNF 

in C2H2/NH3 plasma) at C2H2 flow rate=40 sccm, H2 flow rate=80 sccm, 

and NH3 flow rate=80 sccm. Other parameters are given in the text. 

Fig. 4.2 shows the time variation of tip diameter for undoped (growth of 

CNF in C2H2/H2 gas plasma) and nitrogen-doped CNF (growth of CNF in 

C2H2/NH3 plasma). The tip diameter of both undoped and nitrogen-doped CNFs 

decreases with growth time. This can be easily explained by the fact that the 

diameter of catalyst nanoparticles at the tips of vertically aligned CNFs 

decreases during growth due to the stress exerted by growing graphene layers on 

the catalyst particles and self-diffusion of metal atoms of the catalyst [36]. 

Moreover, from Fig. 4.2, it can also be seen that the tip diameter d of the CNF 

decreases rapidly in the case of nitrogen-doped CNFs compared to the undoped 

CNFs. This reduction in tip diameter on account of nitrogen doping can be 

clarified with various facts. One such clarification is that, on ammonia insertion 

in the plasma, the amount of atomic hydrogen species (H and H+) in the plasma 

increases (cf. Fig 4.3), and consequently, the etching of CNFs increases. 

Moreover, on ammonia addition, many additional etchant species, that is, 

atomic nitrogen and cyanide species (N, N+, HCN+), form in the plasma. Thus, 

the relative etching of CNFs on account of nitrogen increases compared to 

undoped CNFs.  
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Fig. 4.3. The time variation of number density for (a) H and (b) 

H+ in the plasma for undoped (growth of CNF in C2H2/H2 gas 

plasma) and nitrogen-doped CNF (growth of CNF in C2H2/NH3 

plasma) at C2H2 flow rate=40 sccm, H2 flow rate=80 sccm, and 

NH3 flow rate=80 sccm. Other parameters are given in the text. 

As nitrogen doping has been taken into account, the height of CNFs 

decreases, as can be seen from Fig. 4.4. On ammonia addition, ammonium ions 

are formed in the plasma, which contains pentavalent nitrogen. Therefore, the 

incorporation of nitrogen in the CNF lattice generates more electrons, and 

consequently, the ionization of neutral hydrocarbon increases. This suppresses 

the concentration of hydrocarbon neutrals available for growth (cf. Fig. 4.5). 

Moreover, hydrocarbon ions in the plasma form cyanide species on reacting 

with ammonia. Thus, these cyanide species also decrease the concentration of 

carbon species available for growth. A similar effect of nitrogen doping on the 
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diameter and height was observed by Sumpter et al.[54] in their nitrogen-

mediated growth of bamboo-shaped carbon nanotubes (CNFs).  

 
Fig. 4.4. The time variation of height for undoped (growth of 

CNF in C2H2/H2 gas plasma) and nitrogen-doped CNF (growth 

of CNF in C2H2/NH3 plasma) at C2H2 flow rate=40 sccm, H2 

flow rate=80 sccm, and NH3 flow rate=80 sccm. Other 

parameters are given in the text. 

The superior field emission from carbon nanostructures (CNTs and 

CNFs) comes from their geometry rather than their crystalline structure [11], 

and therefore, field emission is primarily characterized by the field enhancement 

factor 𝛽 (=h/r), where h is the height of the CNF and r is the CNF tip radius, 

which signifies the electric field amplification at the tip of the emitter. Thus, 

from the results obtained, we have estimated the variation in the field 

enhancement factor for undoped CNFs and N-CNFs. From Table 4.8, it can be 

seen that the field enhancement factor is much larger for nitrogen-doped CNFs 

as compared to Undoped CNFs. Kimura et al.[10] experimentally observed 

improved field emission from nitrogen-treated CNFs. 

Table 4.8. Estimation of field enhancement factor for undoped and nitrogen-doped 

carbon nanofibers (CNFs) from the result obtained in Figs 4.2 and 4.4. 

CNFs Height (nm) Tip Diameter (nm) 
Field Enhancement 

Factor 

Undoped 13105 43.8 299.2 

Nitrogen Doped 10031 21.1 475.4 
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Fig. 4.5. Time variation of nitrogen density for (a) C2H2 and (b) 

C2H for undoped (growth of CNF in C2H2/H2 gas plasma) and 

nitrogen-doped CNF (growth of CNF in C2H2/NH3 plasma) at 

C2H2 flow rate=40 sccm, H2 flow rate=80 sccm, and NH3 flow 

rate=80 sccm. Other parameters are given in the text. 

Moreover, we have also observed that the relative concentration of 

hydrocarbon and nitrogen (ammonia) in the plasma significantly affects the N-

CNFs growth and structure. Fig. 4.6(a) shows the time variation of N-CNF 

height at different hydrocarbon (i.e., C2H2) gas flow rates, and Fig. 4.6(b) shows 

the N-CNFs growth rate (height of N-CNFs per unit deposition time) as a 

function of hydrocarbon (i.e., C2H2) to nitrogen feedstock gas (ammonia) ratio 

in C2H2/NH3 plasma.  
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Fig. 4.6. (a) The time variation of N-CNF height for different 

C2H2 gas flow rates in C2H2/NH3 plasma, keeping NH3 gas flow 

rate constant at 80 sccm. (b) N-CNFs growth rate as a function of 

C2H2/NH3 ratio for variable C2H2 gas flow rate and constant NH3 

gas flow rate. Other parameters are given in the text. 

The results demonstrated in Fig. 4.6 are obtained for a fixed ammonia 

gas flow rate and variable acetylene gas flow rate. As can be seen, N-CNF 

height decreases when C2H2 gas flow rate increases, that is, N-CNFs growth rate 

decreases with increase in C2H2/NH3 ratio. This result is somewhat surprising 

because one would think that higher carbon supply content would lead to a 

higher growth rate. However, the reverse trend is followed in reality. This 

astonishing growth of N-CNFs can be explained in many ways. One possible 

explanation is the poisoning of the catalyst particle. As C2H2 gas flow rate 

increases, carbon species generated on the catalyst nanoparticle surface increase 
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(cf. Fig. 4.7), which leads to the formation of a thin amorphous carbon layer on 

the catalyst nanoparticle surface, which blocks the diffusion of carbon species 

through catalyst nanoparticles. Thus, N-CNFs grow at a lower rate due to loss of 

catalytic activity of nanoparticles. The curve obtained in Fig. 4.6(b) is compared 

with the experimental data of Merkulov et al.[6].  

 
Fig. 4.7. Time variation of the number of carbon species per 

unit area generated on the catalyst nanoparticle surface for 

different C2H2 gas flow rates in C2H2/NH3 plasma, keeping NH3 

gas flow rate constant at 80 sccm. Other parameters are given in 

the text. 

One can see from this figure that the N-CNFs growth rate curve fits best 

with the experimental data of Merkulov et al.[6] in the broad range of C2H2/NH3 

ratios. However, one might wonder whether the same trend is to be followed if 

the NH3 flow rate is varied, keeping the C2H2 flow rate constant. Fig. 4.8 shows 

the time variation of N-CNFs height for different ammonia gas flow rates. From 

Fig. 4.8, it can be seen that N-CNF height increases with increase in ammonia 

gas flow rate, and therefore, N-CNF growth rate increases with the decrease in 

C2H2/NH3 ratio. This is imputable to the fact that number density of etchant 

species (i.e., N, N+, HCN+) increases in the reactive plasma as NH3 gas flow rate 

increases [cf. Fig. 4.9a–4.9c]. Moreover, reactions between hydrocarbons, 

hydrogen, and ammonia in the reactive plasma produce a large amount of active 

hydrogen (cf. Table 4.2). Thus, the number density of active hydrogen increases 

in the plasma, with an increase in NH3 flow rate [cf. Fig. 4.9d]. Therefore, these 
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species etch the amorphous carbon layer formed on the catalyst surface and 

contributes to the higher growth rate. 

In Fig. 4.10, the dependence of N-CNF tip diameter as a function of 

C2H2/NH3 ratio is shown for the PECVD case. From Fig. 4.10, it can be seen 

that the N-CNFs tip diameter decreases with decrease in C2H2/NH3 ratio; that is, 

reduction in N-CNFs tip diameter is observed when either C2H2 content is 

decreased or NH3 content is increased in reactive plasma. If the C2H2 gas flow 

rate increases, carbon deposition on the catalyst nanoparticle surface (which is 

at the tip of the N-CNFs) increases, and consequently, N-CNFs tip diameter 

increases. However, when the NH3 inflow rate increases, that is, C2H2/NH3 ratio 

decreases, the number of etchant species, as explained above, increases in the 

reactive plasma, and therefore, the relative etching of catalyst nanoparticles 

increases, and N-CNFs tip diameter decreases. From Fig. 4.10, one can also see 

that the dependence of N-CNFs tip diameter on C2H2/NH3 ratio fits better with 

the experimental data of Merkulov et al.[6] A similar effect of the C2H2/NH3 

ratio on the tip diameter was observed by Saidin et al.[8]. 

 

 
Fig. 4.8. Time variation of N-CNF height for different NH3 gas flow 

rates in C2H2/NH3 plasma, keeping C2H2 gas flow rate constant at 40 

sccm. Other parameters are given in the text. 
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Fig. 4.9. Time variation of nitrogen density for (a) N+, (b) HCN+, (c) N, and (d) H for 

different NH3 gas flow rates in C2H2/NH3 plasma, keeping C2H2 gas flow rate constant at 

40 sccm. Other parameters are given in the text. 

 
Fig. 4.10. N-CNF tip diameter as function of C2H2/NH3 ratio for variable 

C2H2 gas flow rate and constant NH3 gas flow rate. Other parameters are 

given in the text. 
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5.1 Brief outline of the  chapter 

In this chapter, we attempt to present the kinetic model to compare the effects of 

utilizing oxygen and water as the etching gases, on the plasma assisted catalyzed 

growth of vertically aligned CNFs accounting the plasma sheath effects and 

various surface processes including the formation of the amorphous carbon layer 

on the catalyst surface and poisoning of the catalyst nanoparticle. The first order 

kinetic differential equations have been assessed simultaneously and their results 

in the view of time evaluation analysis are discussed. 

5.2 Introduction 

Rolled graphene sheets in the form of one-dimensional carbon nanostructures, 

i.e., carbon nanofibers (CNFs) and carbon nanotubes (CNTs) have attracted 

great interest for applications in field emission devices inferable from their 

exceptional electrical properties [1-3]. Catalyst-assisted plasma enhanced 

chemical vapor deposition (PECVD) process is thought to be the most promising 

growth technique to grow vertically aligned CNFs/CNTs [4-6]. In PECVD 

growth process, a thin layer of metal catalyst is deposited over the substrate 

surface, and upon plasma processing in the presence of etching gas, granulated 

into the metal catalyst nanoparticles [7].  
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Each catalyst nanoparticle serves as the nucleation seed for the 

CNFs/CNTs growth by decomposing the carbon precursors over its active 

surface coming from the reactive plasma that comprises a carbon source gas and 

an etching gas [8, 9]. Catalyst activity during the growth, i.e., catalyst lifetime 

influences the CNFs/CNTs growth rate and catalyst lifetime decreases due to 

the formation of the amorphous carbon layer on the catalyst surface. Removal of 

amorphous carbon is one of the major concerns to enhance the CNFs/CNTs 

growth rate. 

  Etching gas etches the amorphous carbon layer formed on the active 

surface and retains the activity of the catalyst. Usually, hydrogen and nitrogen 

are utilized as the etching gases [10-12]. In the catalytic chemical vapor 

deposition growth process, it is observed that introducing a small amount of 

oxidizer such as 2H O  and 2O  can colossally expand the CNFs/CNTs growth 

rates. The presence of water vapours in the growth atmosphere amplifies the 

catalyst lifetime and preserves the catalyst action because of which CNFs/CNTs 

growth time and their length increments [13-15]. Besides, water vapors were 

also found to change their structure from multiwall to more slender nanotubes 

[16]. A few reviews have shown the possibility to grow ultra long CNFs/CNTs 

via plasma enhanced CVD process within sight of oxidizers [13, 17-21]. It is 

accounted for that high concentration of hydrogen radicals in PECVD process 

act as the sink for carbon species and thus suppresses the number of carbon 

species accessible for precipitation in the form of graphene layers around the 

catalyst nanoparticle. Oxygen in PECVD process keeps up the deterministic 

control over carbon to hydrogen ratio by scavenging these hydrogen radicals and 

also removes the amorphous carbon layer formed on the catalyst nanoparticle 

and in this manner supports the considerably higher CNF/CNT growth [20]. Kim 

et al.[21] investigated the role of water and oxygen on the growth of vertically 

aligned CNTs and found that addition of oxygen and water in the 

hydrocarbon/hydrogen plasma increased the CNTs growth rate up to thrice and 

twice, respectively, than that of CNT grown in typical hydrocarbon/hydrogen 

plasma. For the future industrial fabrication, it is vital to see how is the presence 
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of oxidizers and their relative level in the plasma influence the CNFs/CNTs 

growth. 

5.3 Model 

In this work, we have adopted the following scenario to enlighten the role of 

different plasmas on the growth of carbon nanofibers (CNFs). (i) We have 

accounted the CNF growth in hydrocarbon + hydrogen ( 2 2 2C H +H ) plasma, 

hydrocarbon + hydrogen + water ( 2 2 2 2C H +H +H O ) plasma, and hydrocarbon + 

hydrogen + oxygen ( 2 2 2 2C H +H +O ) plasma denoted as type I, type II, and type 

III plasmas, respectively. These plasma compositions contain electrons, singly 

ionized positively charged ions, radicals, and neutrals that are listed in Table 5.1. 

(ii) The nucleation of CNFs is considered on the nickel metal catalyst 

nanoparticles placed over the negatively biased substrate surface. (iii) The 

temperature of the metal catalyst nanoparticle and the substrate is assumed to be 

the same. (iv) The sheath electric field due to space charge separation is assumed 

along the direction perpendicular to the substrate surface. (v) The Maxwellian 

distribution of ions and electron is assumed. (vi) It is assumed that the ion 

number density is greater than the electron number density in the plasma sheath 

region. (vii) To investigate the structure of plasma sheath and the dynamics of 

plasma particles (electrons, ions, radicals, and neutrals), the sheath kinetics 

given in Ref. [22-24] are considered in the present chapter. Using the 

assumptions mentioned above, the main equations used in the model are: 

Table 5.1. Plasma species considered in the present model. Species of type A and B 

are taken into account when CNF growth is investigated in type I plasma. However, 

additional species of type C are taken into account when CNF growth is examined in 

type II and type III plasmas.  

Type X Y 
Z 

II plasma III plasma 

Ions 
2 2C H


, 4 2C H


, 

2C H


, CH


 

2H


,    

H


 

2H O


, OH


, 

O


 
OH


, O


 

Neutrals 2 2C H , 4 2C H  2H  2H O  2O  

Radicals CH , 2C H  H  OH , O  OH , O  



Theoretical modeling to study the impact of different oxidizers (etchants) 

on the plasma-assisted catalytic carbon nanofiber growth 
Chapter 5 

 

 

 
104 

Ravi Gupta, Department of Applied Physics, Delhi Technological University, Delhi, India 

5.3.1 Charging rate equation of CNFs 
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where q is the charge developed on CNFs surface, _tip ijI  and _cur ijI  are the 

ion collection currents at the tip and the curved surface of CNFs, respectively 

[see chapter 3],  j refers to X , Y , and Z  type of positively charged ions, 

_tip eI  and _cur eI  are the electron collection currents at the tip and the curved 

surface of CNFs [see chapter 3], respectively, and e  is the electron sticking 

coefficient at the CNF surface. The positively charged ions of type X and Y  

are taken into account when plasma of type I is considered. However, 

additional species of type Z  are taken into account when plasma of type II 

and III are considered. From Table 5.1, it can be seen that species of type Z  

are different for plasma of type II and III, respectively. In Eq. (5.1), the first 

three terms denote the charge developed on the CNFs surface due to the 

accumulation of positively charged ions and the last term indicates the 

reduction in charge on account of the accumulation of electrons from the 

plasma at the CNFs surface. It is assumed that all the ions, incident on the 

CNF surface transfer their charge and get neutralized.   

5.3.2 Kinetic equation of electron density 
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1 1 1
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where j  is the coefficient of ionization of neutral atoms [25], j  is the 

coefficient of recombination of electrons and positively charged ions [26], en  

is the electron number density, ijn  is the  ion number density (i.e., number of 

ions per unit volume), jn  is the neutral atom density, cnfn  is the number 
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density (i.e., number of CNFs per unit area) of CNFs, and  3
3 10 cmd


   

is the plasma sheath width.  

 The Eq. (5.2) indicates the growth of electron number density in the 

reactive plasma. The first three terms of Eq. (5.2) denotes the gain in electron 

number density per unit time due to ionization of neutral atoms. The last four 

terms of Eq. (5.2) indicates the electron number density decay rate due to 

electron-ion recombination and electron collection current at the CNFs 

surface, respectively. 

5.3.3 Kinetic equation of positively charged ions 

                   
 _ _tip

                         + ,                        (5.3)
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where jk  is the ion-neutral reaction rate coefficient. Eqs. (5.3) – (5.5) refer to 

the growth rate of positively charged ions of type X, Y, and Z, respectively in 

the plasma on account of gain in the ion number density per unit time due to 

ionization of neutral atoms (first term), decay rate of positively charged ion 

number density due to electron-ion recombination (second term) and ion 

collection current at the CNF surface (third term), increase/decrease in ion 

number density due to reaction between positively charged ions and neutrals 

in the plasma, these reactions have different reaction rate coefficients (fourth 

& fifth terms).  
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5.3.4 Kinetic equation of neutral species 
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where ij  is the ion sticking coefficient, _ai jJ  is the adsorption flux on the 

catalyst substrate surface, _desp jJ  is the desorption flux from the catalyst 

substrate surface, thdJ  is the hydrogen ion flux due to thermal 

dehydrogenation, _tip jI  and _ jcurI  are the neutral atom collection currents at 

the tip and curved surface of the CNF [see chapter 3], 

174.4 10 j
j

f
IF

V

  
 
 
 

 and p j
j

R n
OF

V

 
 
 

 are the thj  species inflow 

rate and outflow rate into/from the plasma chamber, respectively. jf  is the 

inlet flow of corresponding gas, V  4 32 10  cm   is the volume of the 

chamber, and pR  is the pumping rate [27]. Eqs. (5.6) – (5.8) refer to the 

growth of neutral atoms number density of type X, Y, and Z in the plasma on 

account of gain in neutral atom number density per unit time due to electron-

ion recombination (first term), decay rate of neutral atom number density due 
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to ionization (second term), gain in neutral density per unit time due to 

neutralization of ions collected at the CNF surface (third term), decay in 

neutral atom number density due to accretion of neutrals at the CNF surface 

(fourth term), inflow and outflow rate of neutral species from plasma 

chamber (fifth & sixth term), adsorption of ions to the catalyst surface 

(seventh term) and desorption of ions from the catalyst surface (eighth term). 

The ninth term of Eq. (5.7) corresponds to increase in hydrogen ion number 

density in the plasma due to thermal dehydrogenation [28,29]. The remaining 

terms correspond to the increase and decrease in neutral atoms number 

density due to the reaction between ions and neutrals in the plasma as 

mentioned above. 

5.3.5 Growth rate equation of carbon and hydrogen species 

generated over the catalyst surface 
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 is the flux of neutral impinging species on the catalyst 

nanoparticle surface from the plasma,  0sj jn    is the surface 
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concentration of  neutral atoms [28, 30],  j  is the surface coverage by the 

respective species, 0  is the adsorption sites per unit area, 

B ij
ij ij

ij

k T
J n

m

 
  
 

 is the ions flux on the catalyst nanoparticle surface from 

the plasma [28], where j  denotes the species of type X , Y , Z , and carbon 

species.   is the thermal vibration frequency, Cn  and Hn  are the number of 

carbon species and hydrogen radicals per unit area, respectively, generated 

on the catalyst nanoparticle surface, On  is the flux of water/oxygen species 

impinge to the catalyst nanoparticle surface,  16 26.8 10 cmads    is the 

cross section for the interaction among the various species [28], 

( 2.1 )tdE eV   is the hydrocarbons dissociation energy, ev ( 1.8 eV)E   

carbon evaporation energy,  1.8 eVdhcE   is the hydrocarbon desorption 

energy,  1.87 eVthE   is the energy for thermal dehydrogenation of 

hydrocarbons, ( 1.8 eV)dHE   is the hydrogen atom desorption energy [31]. 

The nucleation of the CNF is a fundamental stage of synthesizing the 

CNFs and the catalyst nanoparticles placed over the substrate surface act as 

the nucleation sites for the growth of CNFs. The hydrocarbons and other 

species from the plasma dissociate on the catalyst nanoparticle surface to 

generate carbon species. These carbon species diffuse through the catalyst 

particle surface and precipitates at the rear of the catalyst nanoparticle and 

hence, nucleates the CNF [8, 9].  Thus, the number of carbon species 

generated on the catalyst nanoparticle surface is the one of the most 

remarkable growth determining factor. Due to continuous dissociation of 

hydrocarbons and generation of carbon species, a thin carbon film known as 

amorphous carbon layer is formed on the catalyst nanoparticle surface which 

prevents the further dissociation of hydrocarbons and diffusion of carbon 

species through the catalyst and thus leads to the poisoning of catalyst 

nanoparticle and stops the CNFs growth [32]. The Eq. (5.9) represents the 

number of carbon species per unit area  Cn  generating on catalyst 

nanoparticle on accounting various surface processes i.e., hydrocarbons 
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adsorption on the catalyst nanoparticle surface (first term), thermal 

dissociation of hydrocarbons (second term), ion induced dissociation of 

hydrocarbons (third term), ion dissociation (fourth term), direct carbon flux 

towards catalyst surface (fifth term) [28], and generation of carbon species 

due to hydrocarbon ions and hydrogen ions interaction i.e. ion-ion interaction 

(sixth term). Moreover, many processes lead to the loss of carbon species 

such as; loss of hydrocarbons neutrals due to interaction with hydrogen 

(seventh term), carbon evaporation (eight term), and desorption of 

hydrocarbons neutrals from catalyst nanoparticle surface [31]. The last three 

terms denote the loss of carbon species due to interaction with atomic 

hydrogen generated on the catalyst nanoparticle surface, interaction with the 

species of type Z and due to reaction with water/oxygen molecules, 

respectively. These interactions act as the sink for carbon species that may 

otherwise form amorphous carbon layer on the catalyst nanoparticle surface. 

Moreover, the term  21c
c

d
n D

dt



   is the blocking term that denotes the 

blocking of hydrocarbons dissociation on the catalyst nanoparticle surface 

when the number of carbon species  cn  generated on the catalyst 

nanoparticle surface increases rapidly and forms the amorphous carbon layer.  

In the plasma-assisted catalytic growth process, the relative number density 

of carbon species  cn  and hydrogen radicals  Hn  generated on the catalyst 

nanoparticle surface have significant implications for the CNF growth. 

Therefore, the model accounts the various processes responsible for the 

generation of hydrogen species or radicals on the catalyst nanoparticle 

surface discussed in Eq. (5.10) such as; hydrogen adsorption on catalyst 

nanoparticle surface [30] (first term), hydrogen produced due to ion-induced 

dissociation and thermal dissociation of hydrocarbons (second & third term) 

[31], and direction hydrogen ion flux (fourth term). However, there are many 

other surface processes which are responsible for the loss of hydrogen 

species such as; desorption of hydrogen radicals from catalyst nanoparticle 

surface (fifth term), interaction of hydrogen radicals with carbon species 
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(sixth term), and interaction of adsorbed hydrogen with incoming hydrogen 

neutrals and ions from the plasma (seventh  & eight term) [31]. 

5.3.6 Growth rate equation of carbon nanofibers 
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where D is the catalyst nanoparticle diameter, d  is the CNF tip diameter, h is 

the CNF height, 0 exp S
S S

B S
D D

k T
       

 is the surface diffusion 

coefficient, 2
0 0SD a  , 0 ( 0.34 )a nm  is the carbon atoms inter-atomic 

distance, 
S (=0.3 eV) is the energy barrier for carbon species diffusion 

through the catalyst nanoparticle surface [30], 0 exp b
b b

B S
D D

k T
       

 is 

the bulk diffusion coefficient, 0 2b
DD 


 , 

b  (=1.6 eV) is the energy 

barrier for carbon species bulk diffusion through catalyst nanoparticle [30], 

 ( 20 )P GPa  is the pressure exerted by graphene layers on catalyst 

nanoparticle [33], exp inc
k

B S
k A

k T
   

 
 is the carbon species incorporation 

speed into the graphene layers [34], 0kA a  ,  0.4 inc eV   is the carbon 

species energy barrier to diffuse along the nanofiber-catalyst interface, cnf  

is the nanofiber density, catm  is the mass of the metal catalyst particle, and 

cat  is the density of metal catalyst nanoparticle. 0 exp SD
m m

B S
D D

k T
   

 
 is 

the metal atoms diffusion coefficient [35], 0mD  is the constant, SD  is the 

metal atoms self-diffusion activation energy. 

 The catalyzed CNF growth through PECVD process is dynamical and 

complex process during which carbon species generated on the catalyst 
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nanoparticle surface (as discussed in Eq. (5.9)) diffuse through the catalyst 

and ultimately precipitate to form graphene layers around rear surface of the 

catalyst nanoparticle and forms the CNF. Therefore, the terms in the first 

square bracket of Eq. (5.11) represents the surface as well as bulk diffusion 

of carbon species through catalyst nanoparticle and incorporation of carbon 

species to form graphene layers, respectively. Due to continuous dissociation 

of hydrocarbons and diffusion of carbon species, carbon precipitation grows 

in vertical as well planar direction. During the growth catalyst nanoparticle 

undergoes the shape transformation due to compressive stress exerted by the 

continuously adding graphene layers. Therefore, the pressure term is also 

taken into account outside the first bracket. Moreover, self-diffusion of the 

metal catalyst nanoparticle atoms is also an important factor for catalyst 

nanoparticle shape transformation (first term in the second square bracket). 

Continuous supply carbon species results in the continuous vertical as well 

planar growth. However, to stop the planar growth, hydrogen plays an 

important role. Highly reactive atomic hydrogen and ions act as the etchants 

and etch the terminal carbons. However, the carbons under the shadow of the 

catalyst nanoparticle remain protected. Thus, new graphene layers form in 

between the catalyst particle and existing graphene layers and support the 

vertical growth. The second term in the second square bracket denotes the 

etching of CNF by the hydrogen species.  The last term in the second square 

bracket represents the sticking of atoms and ions of type ‘Z’ that also act as 

the good etchants and etch the CNF tip as well as side walls.  

5.4 Results and discussion  

Using the analytical equations presented in Sec. 5.3, we will investigate and 

analyze how the different plasma compositions affect the CNF growth rate and 

structure. To understand the better insight of such effects, we varied the types of 

neutrals and ions for various plasma compositions and their initial concentration 

in the reactive plasma and simultaneously solved the first order differential Eqs. 

(5.1) – (5.11) using Mathematica Software for typical glow discharge plasma 

parameters and appropriate boundary conditions at t=0 listed in Table 5.2 and 

other parameters used in the present model are as follows; 
iXm =

Xm = 26 amu, 
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25 amu, 50 amu for, 2 2C H , 2C H , and 4 2C H  respectively,  
iYm =

Ym =2 amu, 1 

amu for 2H  and H , respectively, 
iZm =

Zm =18 amu, 32 amu, 17 amu, 16 amu  

Table 5.2. Boundary conditions used in the present model. 

Term Description Value 

en  Electron density 12 31.5 10  cm  

iXn  Hydrocarbon ion density  

 
+

2 2C H  0.12 en  

 
+

2C H  0.1 en  

 
+

4 2C H  0.08 en  

iYn  Hydrogen ion density
 

 

 
+

2H  0.35 en  

 +
H  0.35 en  

iZn  Oxygen/water ion density  

 2H O


 0.001 en  

 OH


 0.001 en  

 O


 0.001 en  

Xn  Hydrocarbon neutral density  

 2 2C H  13 31.4 10  cm  

 2C H  13 31.2 10  cm  

 4 2C H  13 31.0 10  cm  

Yn  Hydrogen neutral density
 

 

 2H  14 3 5.6 10  cm  

 H  14 3 5.6 10  cm  

Zn  Oxygen/water neutral density  

 2H O  10 -35 10  cm  

 2O  10 -35 10  cm  

 OH  10 -35 10  cm  

 O  10 -35 10  cm  

eT  Electron temperature 2.5 eV  

iT  Ion temperature 2500 K  

nT  Neutral temperature 2000 K  

ST  Substrate temperature 800 K  

 

for 2H O , 2O , OH , and O ,respectively,  atomic mass of nickel catm = 58.69 

amu, density of catalyst nickel ct (= 8.96 g/cm3), coefficient of recombination 
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of electrons and ions X Y Z   (= 1.12 10-7 cm3/sec),  = -1.2, substrate 

temperature 
ST = 800 K, sticking coefficient of electrons  1

e
  , sticking 

coefficient of ions  1iX iY iZ     , sticking coefficient of neutral atoms 

acetylene  1X Y Z     , acetylene gas ( 2 2C H ) inflow rate = 50 sccm, 

hydrogen gas ( 2H ) inflow rate = 100 sccm. 

In Fig. 5.1, the variation of the CNF height with growth time for 

different plasmas is shown. From the Fig. 5.1, one can see that CNF grown in 

2 2 2 2C H +H +O  plasma attains maximum height followed by CNF grown in 

2 2 2 2C H +H +H O  and 2 2 2C H +H  plasma. To understand why CNF growth rate is 

maximum in the 2 2 2 2C H +H +O  plasma and minimum in 2 2 2C H +H  plasma, we 

have plotted the curves of the number of carbon species per unit area generated 

on the catalyst nanoparticle surface as a function of growth time for different 

plasmas (cf. Fig. 5.2).  

          
Fig. 5.1. Time evaluation of height of the CNF grown in different 

plasma mixtures.  

From Fig. 5.2, one can see that the rate at which carbon species 

generated on the catalyst nanoparticle surface is maximum for 2 2 2 2C H +H +O  

plasma followed by 2 2 2 2C H +H +H O  and 2 2 2C H +H  plasma. In 2 2 2C H +H  

plasma, CNF growth continues due to continuous dissociation of hydrocarbons 
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on the front surface of catalyst nanoparticle to generate carbon species and due 

to continuous diffusion of these carbon species through the catalyst. Atomic 

hydrogen etches the amorphous carbon from the catalyst surface and maintains 

the catalyst activity for further dissociation of hydrocarbons coming from the 

plasma and contributes to the continuous CNF growth. During the growth, the 

number of carbon species generated on the catalyst nanoparticle surface 

increases continuously due to which etching of amorphous carbon by hydrogen 

becomes less effective, this leads to cover the catalyst nanoparticle surface with 

amorphous carbon layer and block the further dissociation of incoming 

hydrocarbons from the plasma. Thus, CNF growth terminates due to the 

poisoning of catalyst nanoparticle. However, in 2 2 2 2C H +H +H O  plasma, water 

acts as the catalyst enhancer, i.e., water molecules enhance and preserve the 

catalyst activity during the CNF growth. Water molecules etch away the 

amorphous carbon layer covering the catalyst nanoparticle by means of 

2 2C+H O CO+H  [11] with large reaction rate coefficient and thus maintain 

catalyst activity that increases the hydrocarbons dissociation on the catalyst 

surface. Therefore, the number of carbon species generated on the catalyst 

surface increases (cf. Fig. 5.2) and results in the much-enhanced CNF growth as 

compared to 2 2 2C H +H  plasma. Furthermore, the addition of water vapours in 

the plasma not only removes the carbonaceous impurities (amorphous carbon) 

from the catalyst surface but also increase the number of hydrogen radicals on 

the catalyst surface  2 2C+H O CO+H . These highly reactive hydrogen radicals 

interact with carbon species on the catalyst surface and act as a sink for carbon 

species that may otherwise be diffused through the catalyst to contribute in the 

CNF growth. However, 2 2 2 2C H +H +O  plasma affords highly productive CNF 

growth; this is because of the two important roles played by the oxygen; (i) 

removal of amorphous carbon from the catalyst surface by converting carbon 

species into CO species by the means of various reactions [20,36] and thus 

prevents catalyst poisoning, (ii) removal of the highly reactive hydrogen radicals 

i.e.,  2H+O OH+O  with large reaction rate 
17 3

10 cm /mol.sgk   [20,36] that 

prevents the sinking of carbon species due to carbon-hydrogen interaction. 

These highly effective contributions of oxygen continuously increase the 
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hydrocarbons dissociation on the catalyst surface to generate the maximum 

number of carbon species on the catalyst surface (cf. Fig. 5.2) and results in the 

much higher CNF growth compared to 2 2 2 2C H +H +H O  and 2 2 2C H +H  plasma. 

During the growth, the concentration of oxygen species in the plasma decreases 

(as their concentration is about 1% of the hydrocarbon species) and formation of 

amorphous carbon on the catalyst surface increases. Consequently, dissociation 

of hydrocarbon species on the catalyst surface decreases which ultimately drives 

the CNF growth in the saturation region.  

 
Fig. 5.2. Time evaluation of generation of carbon species per unit area 

(nC) on the catalyst nanoparticle surface as a function of different plasma 

mixtures. 

To make it clear that how different plasmas maintain catalyst activity 

during the growth; we have plotted the curves of blocking function C  as a 

function of growth time for various plasma mixtures in Fig. 5.3 which shows 

that blocking function attains the saturation (i.e., the situation when catalyst 

particle is completely covered with the amorphous carbon film) quickly in the 

case of 2 2 2C H +H  plasma and blocks the further dissociation of incoming 

hydrocarbons from the plasma on the catalyst surface. Thus, catalyst particle 

lost its activity, and therefore, more hydrocarbon species remained 

undissociated in plasma as can be seen from Fig. 5.4. However, in 

2 2 2 2C H +H +H O  plasma, blocking function slowly attains the saturation, and 
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thus catalyst particle maintains its activity for the much longer time. This leads 

to more dissociation of hydrocarbons on the catalyst surface and therefore, the 

fewer number of undissociated hydrocarbons left in the plasma (cf. Fig. 5.4).  

 
Fig. 5.3. Temporal variation of blocking function (ΩC) for different 

gas mixtures.  

 

 
Fig 5.4. Temporal variation of plasma species number density in different plasma mixtures for 

(a) C2H2, (b) C2H, (c) C4H2, (d) C2H2
+, (e) C2H+, and (f) C4H2

+. 

In 2 2 2 2C H +H +O  plasma, blocking function attains the saturation at the 

slowest rate and thus maintains the high catalyst activity due to which much 

more hydrocarbons dissociate on the catalyst surface, and therefore, least 

number of hydrocarbons remained undissociated in the plasma that can be seen 
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from Fig. 5.4. From the results obtained in Fig. 5.1, the calculated CNF growth 

rates (i.e., saturated height per unit time taken to achieve saturation) are 1.52 

nm/s, 3.315 nm/s, and 4.34 nm/s for 2 2 2C H +H , 2 2 2 2C H +H +H O , and 

2 2 2 2C H +H +O , respectively. This shows that on the addition of water and 

oxygen in the reactive plasma, CNFs grow with much higher rates (almost 

double).  

 
Fig. 5.5. Time evolution of diameter of CNF grown in three 

different plasma mixtures. 

 
Fig. 5.6. Temporal variation of height of CNF grown in C2H2+H2+H2O 

plasma as function of different water concentration (number density) in 

the plasma i.e., (a) 4.7×1010 cm-3, (b) 5.5×1010 cm-3, (c) 6.0×1010 cm-3, 

(d) 6.5×1010 cm-3, (e) 7.5×1010 cm-3, and (f) 8.5×1010 cm-3. 
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Fig. 5.5 shows the time evolution of the CNF tip diameter for the 

different plasmas.  From the Fig. 5.5, it can be seen that CNF tip diameter 

decreases with the growth time. This can be understood from the catalyst 

particle shape and size transformation which remained on the tip of the CNF 

during the growth. Due to compressive stress applied by the continuously 

formed graphene layers around the catalyst particle, the shape of the catalyst 

particle changes continuously to teardrop like shape from the initial spherical 

shape that causes the remarkable reduction in the rear size of the catalyst 

particle. Moreover, hydrogen acts as the etchant and etches the CNF side walls 

as well as the tip which results in the reduction in CNF tip diameter. From Fig. 

5.5, one can also see that CNF tip diameter is least for the 2 2 2 2C H +H +O  plasma 

followed by the 2 2 2 2C H +H +H O  and 2 2 2C H +H  plasma. The significant 

reduction in CNF tip size during the growth in 2 2 2 2C H +H +H O  plasma in 

contrast with the 2 2 2C H +H  plasma is attributed to the fact that the number of 

hydrogen radicals augments on the catalyst nanoparticle surface by means of

2 2C+H O CO+H , thus relative etching of the CNF increases which results in 

the reduction in the CNF tip diameter. Moreover, OH species formed in the 

2 2 2 2C H +H +H O  plasma also act as the etchants and etch the CNF and reduce the 

CNF tip diameter. However, CNF tip diameter is least in the 2 2 2 2C H +H +O  

plasma among all the three plasma mixtures. In 2 2 2 2C H +H +O  plasma, CNF 

grows for the much longer time in contrast to other plasmas, in this way; 

relative etching of the CNF by etchants (hydrogen radicals and OH species) is 

higher which brings about the lesser tip diameter. 

A family of time evolution curves discussed above reveals that CNF can be 

grown with much higher rate and with lesser tip diameter when 2 2H O/O  is 

added to the hydrocarbon + hydrogen plasma. The kinetics of water/oxygen 

assisted catalytic CNF growth must be accurately known to synthesize the 

highly efficient CNFs for their practical applications in field emission devices. 

The CNF growth can be deterministically controlled by suitably varying the 

growth parameters. The water/oxygen level in the plasma is one of the most 

significant growth parameters. In Fig. 5.6, the time evolution of the CNF growth  
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Fig. 5.7. Temporal variation of height of CNF grown in C2H2+H2+O2 

plasma as function of different oxygen concentration (number density) 

in the plasma i.e., (a) 4.5×1010 cm-3, (b) 6.0×1010 cm-3, (c) 7.3×1010 cm-3, 

(d) 8.0×1010 cm-3, (e) 8.5×1010 cm-3, and (f) 9.5×1010 cm-3. 

has been carried out at different water concentration, i.e., different water 

molecules number density in the reactive plasma. The curves plotted in Fig. 5.6 

exhibits the complex behavior: as water number density increases up to 

10 -3
6.51 10  cm  (which is about 1% of the hydrocarbon species number density 

in the plasma), the CNF height, i.e., CNF growth rate increases, but with further 

increase in water concentration CNF height decreases significantly. The 

increase in the CNF growth rate till 
10 -3

6.51 10  cm  exemplifies the effect of 

water in maintaining the catalyst activity. Beyond this water level, CNF growth 

dropped steadily, which is due to the rapid increase in the hydrogen species on 

the catalyst surface [cf. Fig. 5.8(i)]. These hydrogen species ruin the carbon 

diffusion and precipitation, and thus retards the growth process. Moreover, with 

the high water level in the plasma, the oxidation of carbons from the catalyst 

surface increases by means of 2 2C+H O CO+H , therefore, the number of 

carbon species available for growth decreases significantly [cf. Fig. 5.8(ii)]. 

Thus last three terms of Eq. (5.9) becomes dominants over the all other terms 

responsible for carbon generation due to which water loses its primary 

characteristic. Likewise, the effect of oxygen level in the plasma on the CNF 

growth has been seen in Fig. 5.7 which indicates that CNF height increases up 
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to optimum oxygen concentration i.e.,
10 -3

7.3 10  cm . This is due to the fact that 

adequate measure of oxygen expels the amorphous carbon from the catalyst 

surface and accordingly preserve and enhance the catalyst activity which is its 

essential trademark. But beyond this ideal level, oxygen species oxidizes the 

carbon from catalyst surface (last two terms of Eq. (5.9) becomes dominants) 

and act as the sink for carbon species [cf. Fig. 5.8(iii)] that may otherwise form 

graphene layers and may contribute to the growth. Hence, oxygen setbacks its 

essential characteristic and poisons the growth process. Thus, one can interpret 

the results of Figs. 5.6 – 5.8 that 2 2H O/O  enhance the CNF growth with the 

large extent when their relative concentration is almost 1% of the hydrocarbon 

species in the reactive plasma. 
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Fig. 5.8. (i) & (ii) Shows the temporal variation of carbon species number density 

(nC) and hydrogen species number density (nH), respectively, generated on the 

catalyst nanoparticle surface in C2H2+H2+H2O plasma as function of different 

water concentration (number density) in the plasma i.e., (a) 4.7×1010 cm-3, (b) 

5.5×1010 cm-3,(c) 6.0×1010 cm-3, (d) 6.5×1010 cm-3, (e) 7.5×1010 cm-3, and (f) 

8.5×1010 cm-3. (iii) Temporal variation of carbon species number density generated 

on the catalyst nanoparticle surface in C2H2+H2+O2 plasma as function of different 

oxygen concentration number density) in the plasma i.e., (a) 4.5×1010 cm-3, (b) 

6.0×1010 (c) 7.3×1010 cm-3, (d) 8.0×1010 cm-3, (e) 8.5×1010 cm-3, and (f) 9.5×1010 

cm-3. 
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Fig. 5.9. Bottom to top approach, i.e., atom to atom operation of CNF growth in three 

different plasma gas mixture. (a) CNF growth in typical hydrocarbon (C2H2)/hydrogen 

(H2) plasma, in which continuous dissociation of hydrocarbon species (neutrals and ions) 

on the catalyst nanoparticle surface generate the excess carbon species and the ultimately 

amorphous carbon layer is formed on the catalyst nanoparticle surface and terminates the 

CNF growth. (b) CNF growth in C2H2+H2+H2O plasma, in which water species etch the 

amorphous carbon from the catalyst surface by means of many chemical reactions and 

preserve the catalyst activity and enhance the CNF growth. (c) CNF growth in 

C2H2+H2+O2 plasma, in which oxygen species not only remove the amorphous carbon 

from the catalyst surface but also remove the excess hydrogen radicals (H) from the 

catalyst surface which act as the sink for carbon species and thus CNF grows with much 

higher rate as compared to growth in (a) and (b). 

5.4.1 Comparison with available experimental observations 

In our analytical model, we have investigated the effects of different plasmas 

(i.e., 2 2 2C H +H , 2 2 2 2C H +H +H O , and 2 2 2 2C H +H +O ) on the growth and tip 

diameter of the vertically aligned CNFs.  The theoretical results obtained from 

our model are in good agreement with the available experimental observation, 

as follows. Hata et al. [13], Yoshihara et al. [14], Yun et al. [15], Hussain et al. 

[16] has observed the increase in CNTs growth rate (CNF height per unit 
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deposition time) on the addition of water in the CVD growth process. He et al. 

[37] observed the much enhanced CNF growth and more elongation in catalyst 

nanoparticle in the presence of water in acetylene/hydrogen plasma mixture. 

Zhang et al. [20] revealed that CNF growth rate increases when oxygen is added 

to the hydrocarbon/hydrogen reactive plasma. Kim et al. [21] compared the 

growth of CNTs in above three plasma mixtures found that growth rate is 

maximum in 2 2 2 2C H +H +O plasma followed by 2 2 2 2C H +H +H O , and 2 2 2C H +H  

plasma. Futaba et al. [38] observed the increase in CNT growth rate up to some 

optimum water level in growth atmosphere and found the decrease in growth 

beyond that level. The effect of insertion of small amount of water/oxygen in 

the PECVD growth process on the CNF growth can also be seen from the 

schematic Fig. 5.9. 
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6.1 Brief outline of the  chapter 

In this chapter, we endeavour to explore the roles of catalyst on the dissociation 

of plasma species on catalyst nanoparticles surface in the plasma enhanced 

chemical vapor deposition (PECVD) process and its repercussions on the growth 

of the CNFs/CNTs, on the dynamics of catalyst nanoparticles during the PECVD 

growth of CNFs/CNTs, and on the alignment of  graphitic shells about the 

growth axis by the numerical model that includes many time-dependent 

equations governing the nanostructuring of nanofilm, deformation of 

nanoparticle during the growth, the formation of graphitic shells (rolled 

graphene sheets around the nanoparticle), and growth of resulting nanostructure. 

Additionally, the model includes the sheath kinetics of electrons, neutral and 

charged species in the hydrogen-diluted acetylene plasma and many surface 

deposition processes responsible for the carbon nanomaterials growth. The 

results of the numerical modeling that elucidate the dependence of one-

dimensional carbon nanomaterials growth on the catalyst and their comparison 

with the existing experimental observations have been discussed. 

6.2 Introduction 

One dimensional carbon nanomaterials such as carbon nanotubes (CNTs) and 

carbon nanofibers (CNFs) constructed in an orientation perpendicular to the 

substrate surface, exhibit high aspect ratios (length to diameter). 

 

6

2 
Modeling to study the role of catalyst in the 

formation of graphitic shells during carbon 

nanofiber growth subjected to reactive plasma 

 

 

Published work of the present chapter: 

1. Ravi Gupta, Neha Gupta, and Suresh C. Sharma, Modeling to study the role of catalyst in the 

formation of graphitic shells during carbon nanofiber growth subjected to reactive plasma, Phys. 

Plasmas 25, 043504 (2018). 

1.  
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The characteristics are particularly advantageous in field emission 

devices [1-3]. The entirely selective growth of vertically oriented CNFs/CNTs 

can be achieved on the predeposited metal catalyst film over the substrate by 

applying plasma [4-6]. It is necessary to control the CNF/CNT structure, aspect 

ratio, and degree of graphitization for their potential applications in field 

emission devices. However, it is hard to accomplish such high-level growth 

without the precise knowledge of the roles of the catalyst in the plasma 

enhanced chemical vapor deposition process. The nanostructuring (formation of 

nanoislands/nanoparticles) of predeposited ultra-thin metal catalyst film 

(nanofilm) to initiate the CNF/CNT nucleation can be achieved by plasma 

pretreatment or thermal annealing. The nucleation seeds thus formed influence 

the nature, growth, and graphitization of nucleating carbon nanostructure. The 

transformation of nanofilm into nanoparticles not only depends on the process 

parameters but also on the nature and thickness of the nanofilm. In particular, 

nickel, cobalt, and iron are the most effective catalysts used for CNF/CNT 

growth; however, nickel shows much-enhanced growth followed by cobalt and 

iron for typical CVD case [7]. The nanostructuring of thick nanofilm prompts 

the formation of large nanoislands and growth of thick and shorter CNFs. 

However, reduction in nanofilm thickness results in the growth of thin and 

longer CNFs [8-10]. The electrical conductivity and field emission efficiency of 

CNFs/CNTs significantly rely on the arrangement and number of graphitic shell 

[11, 12] and can also be enhanced by the thickness of the nanofilm [13].   

6.3 Model 

This section describes the indispensable role of catalyst on the plasma-assisted 

growth of CNFs. As explained in the previous chapters, we consider the 

nucleation and the growth of CNF on the nickel catalyst nanoparticle in the 

plasma containing the ionized gas mixture of hydrocarbon gas and etchant gas. 

However, in the present chapter, we study the dynamics of the metal catalyst 

used to nucleate the carbon nanofibers through PECVD process in the presence 

of C2H2/H2 gas mixture. The present model considers the predeposited nickel 

nanofilm over the silicon substrate placed in the plasma chamber of inner 

diameter 32 cm and 23 cm in height [14].  
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Table 6.1. Plasma species considered in the present model. 

Type Neutral species Positively charged Ions 

A 
C2H, C2H2, C2H3, C4H2, C4H3, 

C6H2, C6H4 

C2H+, C2H2
+, C2H3

+, C4H2
+, 

C4H3
+, C6H2

+, C6H4
+ 

B H, H2 H+, H2
+ 

 

The Table 6.1 details the positively charged and neutral species 

considered in the present computation from the experimental observations of 

literature specifying the plasma chemistry of the acetylene and hydrogen gas 

mixture [14-19]. Generally, C2H2 contained plasma consist C2xHy species 

[where x=1 to 5 and y=1,2]. However, in the present model, we consider the 

C2xHy species of type x=1 to 3 because higher species have the primary 

characteristic of sputtering and etching of the amorphous carbon layer formed 

on the catalyst front face during the growth. The plasma assisted CNF growth is 

strongly affected by the fluxes and energies of the hydrocarbon and etchant 

species in the plasma sheath region formed between bulk plasma and substrate 

maintained at negative potential Us. The fluxes and energies of plasma species 

can be controlled by the plasma parameters and the electric field (assumed to be 

in the vertical direction) induced in the plasma sheath region. To investigate the 

sheath structure, fluxes, and energies of the plasma species, a conventional fluid 

approach (sheath model) has been accounted in the present model [20, 21] that 

incorporates ionization of neutrals and ion-neutral collisions, however, electron-

ion collisions are not accounted in the sheath model. The temperature of 

electrons and ions are assumed to be constant throughout the sheath. The 

number density and speed of the charged species (electrons and ions) are 

evaluated by the continuity Eqs. (6.1 & 6.2) and momentum Eqs. (6.3 & 6.4);  

                                         ( )  ,                                                       (6.1)ion ek kz
d

n u n
dz


    

                                        
( )  ,                                                     (6.2)e ez

k
ion e

d
n u n

dz
  

                               ,                                               (6.3)k kz k col kz
kzu u

du
M e m

dz

d

dz



 

  

    

                                       0 ,                                                      (6.4)e col ezue m
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where k refers to the positively charged species considered in the present model, 

jn , 
jm , and ju  are the number density,  mass,  and speed of the plasma species 

(j=e and k for electrons and positively charged ions, respectively),   is the 

sheath potential, ( )ion ik k nn    is the ionization frequency of the neutrals due 

to the collision with electrons, ik  is the ionization potential of the kth ion, k  

is the thk  ion to electron number density ratio, 1,  and 0 < 1k k
k
    , nn  is 

the number density of neutral atoms. However, the electron impact excitation 

and dissociation of the neutrals have not been accounted in the present plasma 

sheath model. 
col  is the collision frequencies of positively charged ions with 

neutrals. To determine the electric potential within the sheath, Poisson’s 

equation (Eq. 6.5) has been considered in the present model.  

                                       
2

2
)4 ( ,                                                  (6.5)e k k

d
e n n

dx


     

6.3.1 Nanostructuring of the thin metal catalyst film 

Prior to carbon nanostructure growth, the predeposited thin metal (Nickel) 

catalyst film (nanofilm) is pre-treated with the low-temperature hydrogen 

plasma. The heavy plasma bombardment sinters the nanofilm into the many 

catalyst nanoislands (nanoparticles) which later initiates the CNF/CNT 

nucleation. The nucleation density (surface number density of nanoparticles) 

and nucleation seed size (nanoparticle size) can be deterministically 

controlled by reasonably varying the plasma conditions and initial nanofilm 

thickness and can be evaluated using the equation given underneath; 
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where cfA  is the area of the metal catalyst film, ST  is the substrate 

temperature, cfm  is the mass of the catalyst film, cft  is the thickness of the 

film,  1 0 1
0.104 cal g  cfC C

 
  is the specific heat of the film, cf  is the 

density of catalyst film material, ctn  is the number of catalyst nanoparticle 

per unit area, 0  is the number of sites available, 
4

j th
j

n v
J
 
 
 

 and 

1/ 2

B e
ij ij

ij

k T
J n

m
 

  
 

are the neutral and ion flux, respectively [22], BU (= 

3.74 eV for the nickel catalyst) is the surface binding energy of the material 

(sputter target), dy  is the sputtering yield [23], and t  is the total surface 

coverage. 2,
f f

e i  , and 2
f

 
are the mean energies collected by metal catalyst 

film surface due to electrons, ions, and neutral atoms, respectively [24] and 

given by 
2

1

f k
k B kk

k

Z
Z k T

Z


 



  
   

  
  and ,b

k
B k

E

k T
   where  k  can be 

ion, electron or neutral atom. bE  is the energy barrier at the catalyst film 

surface, 2i fI , 2 fI , and efI  are the collection currents at the metal catalyst 

film surface due to ions and neutrals of type B, and electrons, respectively 

[25].  

The Eq. (6.6) indicates the plasma-controlled nanostructuring of the thin 

metal catalyst nanofilm (segregation of nanofilm into many nanoparticles) by 

considering the energy balance at the nanofilm surface. In the LHS part of 

Eq. (6.6), the substrate temperature, specific heat and mass-volume density of 

the catalyst material is assumed to be constant. Thus, 

   cf cf s cf s cfm C T C T V
t t


 


 

. Since the number of the nanoparticles and 

their size is continuously changing during the plasma processing of the 

nanofilm, therefore, volume V  is replaced by the total volume of the 

nanoparticles i.e.,    'cf cf s cf s cf cf ctm C T C T A V n
t t


 


 

, where 
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 3

12' DV   is the volume of the each catalyst nanoparticles and D  is the 

diameter of the nanoparticles (assuming here that all the nanoparticles formed 

are uniform in size with the hemispherical in shape). The plasma processing 

of the thin film initially segregates the nanofilm into large nanoislands and 

the continuous bombardments of energetic plasma species fragment the 

islands into many catalyst nanoparticles. Thus, the number density of the 

nanoparticles (number of nanoparticles per unit film area) as a function of 

processing time has been evaluated    'cf cf s cf s cf cf ctm C T C T A V n
t t


  

   
 

instead of nanoparticles size which is later evaluated using the mass balance 

condition between the nanofilm and nanoparticles 'cf cf ct cfA t V n A   .  

Thus, reduced LHS of the Eq. (6.6) can be written as 

   
1

cf cf s cf s cf cf cf ct
ct

m C T C T t A n
t n t


 


 

.  However, the RHS part of the 

Eq. (6.6) accounts the energy of the incident plasma species (first term of 

RHS), power gained by the film surface due to the formation of neutrals at 

the surface (second term), etching of the nanofilm by plasma species (third 

term), and physical sputtering (fourth term) of the nanofilm. 

After pre-treatment, these nanoparticles are subjected to hydrogen 

diluted hydrocarbon plasma to initiate the growth of CNFs. The peculiar 

ability of these catalyst nanoparticles to form graphene layers around them is 

believed to be related with their catalytic activity for the decomposition of the 

hydrocarbon species to generate carbon and hydrogen species via various 

surface reactions [26-27] (see Table 6.2) and complex processes incorporated 

in the underneath equations.  
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Table 6.2. The surface reactions incorporated in the present model and their corresponding 

parameters, where pl= plasma and ad= adsorption. 

Functional term Explanation Reaction involved 

(1- )A tJ   

adsorption of 

hydrocarbons on the 

catalyst nanoparticle 

surface 

2X Y(pl) 2X Y(ad)
C H C H

 
 

-
exp td

sA
B S

E
n

k T




 
 
 

 thermal dissociation of 

hydrocarbons 2X Y(ad) (ad) (ad)
C H 2XC +YH

 

0

A d
iA

n y
J


 ion induced dissociation 

of hydrocarbons 

+

2X Y 2X Y(ad) (ad) Y(pl)
+

2X Y

C H +C H 2X C +H

                                        +C H


 

iAJ  ion decomposition 
+

2X Y (ad) 2(pl)
C H 2X C +H  

A ads
B

J
J




 

loss of adsorbed 

hydrocarbons due to 

interaction with atomic 

hydrogen from plasma 

2X Y(ad) (pl) 2X Y'(pl)
C H +H C H  

 

C ads
B

n
J




 

loss of generated carbon 

species at interaction 

with atomic hydrogen 
(ad) (pl) (pl)

C +H CH  

-
exp ev

C
B S

E
n

k T


 
 
 

 evaporation of carbon (ad) (evaporation)
C C  

-
exp dhc

sa
B S

E
n

k T


 
 
 

 
desorption of 

hydrocarbons 2X Y(ad) 2X Y(ds)
C H C H

 

 1B tJ   
hydrogen adsorption on 

the catalyst nanoparticle 

surface 

(pl) (ad)

2(pl) 2(ad)

H H

H H




 

0

sA d
iB

n y
J


 

generation of hydrogen 

due to ion-induced 
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hydrocarbons 
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2X 2X' Y'(ad) (ad) (ad)
+

2X' '
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hydrogen desorption 

from the catalyst 
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where 
C

n  and 
Hn  are the surface number density of carbon and hydrogen 
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species, respectively, generated on the catalyst nanoparticle front face. 

 0sj jn    is the surface number density of  neutral atoms [22, 26, 28],  j  is 

the surface coverage by the corresponding species, 
0  is the adsorption sites per 

unit area,   is the thermal vibration frequency,  16 26.8 10 cmads    is the 

cross section for the interaction among various species [22], ( 2.1 )tdE eV   is 

the hydrocarbons dissociation energy, ev ( 1.8 eV)E   carbon evaporation 

energy,  1.8 eVdhcE   is the hydrocarbon desorption energy, 

 1.87 eVthE   is the energy for thermal dehydrogenation of hydrocarbons, 

( 1.8 eV)dHE   is the hydrogen atom desorption energy [29].

 The dissociation of the hydrocarbon species on the front active surface 

of the catalyst is the complex process which is discussed in detail in the Eq. 

(6.7) that incorporates the adsorption of neutral hydrocarbon species on the 

catalyst surface (first term), thermal and ion induced dissociation of 

hydrocarbons (second & third term), ion dissociation (fourth term), direct 

carbon flux towards catalyst surface (fifth term) [22], and generation of carbon 

species due to the interaction between hydrocarbon ions and hydrogen ions i.e., 

ion-ion interaction (sixth term), loss of hydrocarbons neutrals due to interaction 

with hydrogen (seventh term), carbon evaporation (eight term), and desorption 

of hydrocarbons neutrals from catalyst surface (ninth term) [29], and interaction 

between carbon and hydrogen species generated on the catalyst nanoparticle 

surface (tenth term). The continuous generation of carbon species due to the 

progressive dissociation of hydrocarbons leads to the formation of the 

amorphous carbon layer on catalyst active surface. This amorphous carbon layer 

poisons the catalyst activity and blocks the further dissociation of the 

hydrocarbon species. Thus, the term  21c
c

d
n D

dt



   indicative of the 

catalyst poisoning rate has also been accounted in the Eq. (6.7), where c  is 

blocking function which represents the poisoning of the catalyst particle and 

depends on the number of carbon species generated on the catalyst and the 

growth time. 
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The Eq. (6.8) indicates the hydrogen species generation rate on the catalyst 

surface on accounting the adsorption of hydrogen on catalyst nanoparticle 

surface [26] (first term), ion-induced dissociation and thermal dissociation of 

hydrocarbons (second & third term) [29], direct hydrogen ion flux (fourth term), 

loss of hydrogen due to desorption of hydrogen radicals from catalyst 

nanoparticle surface (fifth term), the interaction of hydrogen radicals with 

carbon species (sixth term), and interaction of adsorbed hydrogen with 

incoming hydrogen neutrals and ions from the plasma (seventh  & eight term) 

[31]. The Eq. (6.8) does not account the poisoning rate of the catalyst this is 

because both Eqs. (6.7) and (6.8) are simultaneous coupled equations and both 

account the terms corresponding to the interaction between the carbon and 

hydrogen species generated on the catalyst surface. Therefore, if catalyst 

poisoning leads to the saturation of nC, this further leads to the saturation of nH . 

6.3.2 Restructuring of the catalyst particle during CNF growth 

    

exp exp

,   (6.9)

       exp

S b
S b

B S B S c SD
m

cat iA B Sinc cat
k

B S cat

E E
D D

k T k T Pn ES
D

t I k TE D
A

k T m

   

     
     

      
           
   

 

where  2 2

6
S d b d b

 
    
 

 is the surface area of the catalyst 

nanoparticle that remains at the top of the CNF during the growth. , d , and 

b  are the length, base diameter, and tip diameter of the elongated or 

deformed catalyst nanoparticle, respectively.  2
0SD a   is the surface 

diffusion coefficient, 0 ( 0.34 )a nm  is the carbon atoms inter-atomic 

distance, SE (=0.3 eV) is the energy barrier for carbon species diffusion 

through the catalyst surface [26],  2b
DD 


  is the bulk diffusion 

coefficient, 
bE  (=1.8 eV) is the energy barrier for carbon species bulk 

diffusion through catalyst nanoparticle [26],  ( 20 )P GPa  is the pressure 

exerted by graphene layers on catalyst nanoparticle [31],  0kA a   is the 
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carbon species incorporation speed into the graphene layers [31], 

 0.4 incE eV   is the carbon species energy barrier to diffuse along the 

nanofiber-catalyst interface, ctm  is the mass of the metal catalyst particle, 

and ct  is the density of metal catalyst nanoparticle. mD  is the metal atoms 

self-diffusion coefficient [32], SDE  is the metal atoms self-diffusion 

activation energy. 

The plasma assisted catalyzed growth of CNF is the dynamic process, in 

which catalyst particle undergoes shape transformation (deformation). The 

growth, as well as alignment of the graphitic shells around the catalyst 

nanoparticle unequivocally, relies upon the degree up to which the catalyst 

nanoparticle can restructure itself during the CNF/CNT growth. 

Subsequently, it is critically vital to think about how the catalyst nanoparticle 

experiences shape change and what are factors in charge of this. The Eq. 

(6.9) represents the rate of change of the surface area of the catalyst 

nanoparticle. However, it is assumed that the volume of the catalyst 

nanoparticle remains invariant during the growth i.e., the initial volume of the 

hemispherical particle must be equal to the final volume of the peer drop 

shaped particle, i.e.,  3 2 23D d b bd   . One of the major factors for the 

catalyst deformation is the varying compressive stress exerted by the growing 

graphitic shells around the catalyst. Thus, to evaluate the change in surface 

area of the catalyst during the growth, it is necessary to account all the 

processes that are responsible for the precipitation and the growth of 

graphitic shells. Thus, Eq. (6.9) accounts the surface and the bulk (first 

&second term) diffusion of the carbon species generated on the active surface 

of the catalyst that eventually precipitates around the rear of the catalyst 

nanoparticle to frame graphitic shells (third term) and subsequently exert 

significant pressure on the catalyst nanoparticle (multiplication term outside 

the first bracket). Moreover, the self-diffusion of the metal atoms (last term) 

along the growth direction is an additional critical factor for the catalyst 

particle elongation. 
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6.3.3 Growth of carbon nanofibers 

                   

exp exp

S,       (6.10)
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The Eq. (6.10) illustrates the rate of graphitization, i.e., number of graphitic 

shells formed ( gN ) around the catalyst nanoparticle during CNF growth, 

however, the Eq. (6.11) relates the dimensions (i.e., CNF tip diameter and 

height) of the plasma grown CNF with the number of carbon and hydrogen 

species generated on the catalyst nanoparticle surface. The first three terms of 

Eqs. (6.10) & (6.11) denote the surface diffusion, bulk diffusion, and 

precipitation of carbon species around the catalyst particle, respectively. 

However, the last term of both the equations denotes the decrease in a 

number of graphene layers due to etching of side walls of CNF, i.e., removal 

of precipitated carbon due to the interaction with hydrogen species. During 

the growth, etching of the CNF by hydrogen species leads to the decrease in a 

number of graphene layers formed and thus decrease in CNF diameter. 

Therefore, the etching term has been subtracted in Eq. (6.10). However, the 

highly active hydrogen species etch the terminal carbons present at the edges 

of the graphitic nest and the carbon shadowed by the catalyst particle may 

contribute to the vertical growth of graphitic shells and thus leads to the 

higher growth of the CNF. Therefore, etching term has been added in Eq. 

(6.11). 
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6.3.4 Balance equation of neutral species  
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where j  is the coefficient of ionization of neutral atoms [33], 
j

  is the 

coefficient of recombination of electrons and positively charged ions [34], 

e
n  is the electron number density, ijn  is the  ion number density (i.e., 

number of ions per unit volume), 
j

n  is the neutral atom density, 
cnf

n  is the 

number density (i.e., number of CNFs per unit area) of CNFs, and 

 3
3 10 cm

d



   is the plasma sheath width, ij  is the ion sticking 

coefficient, _ai jJ  is the adsorption flux on the catalyst substrate surface, 

_jdespJ  is the desorption flux from the catalyst substrate surface, 
thdJ  is the 

hydrogen ion flux due to thermal dehydrogenation, _tip ijI  and _cur ijI  are the 

ion collection currents at the tip and curved surface of the CNF, _tip jI  and 

_ jcurI  are the neutral atom collection currents at the tip and curved surface of 

the CNF [ See chapter 3], 
174.4 10 j

j

f
IF

V

  
  
 

 and p j
j

R n
OF

V

 
 
 

 

are the thj  species inflow rate and outflow rate into/from the plasma 

chamber, respectively. jf  is the inlet flow of corresponding gas, 
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 4 32 10  cmV    is the volume of the chamber, and pR  is the pumping rate 

[35], jk  is the ion-neutral reaction rate coefficient. 

The Eqs. (6.12) & (6.13) denote the growth of neutral species of type A 

and B in the bulk plasma on account of increase in number density due to 

electron-ion recombination (first term), decrease in number density due to 

ionization of neutral species (second term), increase in number density due to 

neutralization of ions collected at the CNF surface (third term), decrease in 

number density due to the accretion of neutrals at the CNF surface (fourth 

term), inflow and outflow rate of neutral species from plasma chamber (fifth 

& sixth term), adsorption of neutrals to the catalyst surface (seventh term) 

and desorption of neutrals from the catalyst surface (eighth term). The Ninth 

term of Eq. (6.13) corresponds to gain in hydrogen ion number density in the 

plasma per unit time due to thermal dehydrogenation [22, 28]. The remaining 

terms correspond to the increase and decrease in neutral atoms number 

density due to the ion-neutral reactions considered in the present model [17] 

(see Table 6.3). 

6.3.5 Balance equation of positively charged ions 
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        The Eqs. (6.14) and (6.15) denote the growth rate of positively charged 

species of type A and B, respectively in the bulk plasma on account of 

ionization of neutral species (first term), electron-ion recombination (second 

term), ion collection current at the CNF surface (third term), and reaction 
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between positively charged ions and neutrals in the plasma at different 

reaction rates (fourth & fifth terms). 

Table 6.3. Ion-neutral reactions in the bulk plasma considered in the 

present model. The reaction rates of these reactions have been adopted 

from the Ref. [41]. 

Reaction Reaction Rate (cm3/s) 

2 4 2 6 2
C H+C H C H +H
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1.30 10
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6.3.6 Balance equation of electrons 
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The Eq. (6.16) illustrates the growth of electron number density in the bulk 

plasma on account of gain in electron number density per unit time due to 

ionization of neutral species of type A & B (first & second term), decay rate 

due to electron-ion recombination (third & fourth term) and electron 

collection current at the CNFs surface (last term). 

6.3.7 Charged developed over the CNF surface 

                 
  ,            (6.17)_ _ _ _

Z
I I I Itip ij cur ij e tip e tip et j j




    


 

where Z is the charge number developed on the CNF surface due to the 

accumulation of positively charged species (first two terms) and negatively 

charged electrons (last term) from the plasma. 

6.4 Results and discussion 

In the present chapter, an analytical model has been developed to provide the 

better insight into the catalyzed growth of CNF via PECVD process. The 

fragmentation of metal catalyst thin film into the catalyst particles, dissociation 

of hydrocarbons on the catalyst surface to generate carbon species, diffusion of 

carbon species through the catalyst, precipitation of carbon species, and 

deformation of catalyst particle during growth have been incorporated in the 

present paper. 

In this section, the numerical solution of model equations illustrated in 

Sec. 6.3 is used to explore the consequences of catalyst nanofilm on the plasma-

assisted growth of CNF. In particular, we investigate the role of catalyst 

nanofilm on the number density and size of nucleation seeds and further its 

repercussions on the CNF growth. The first order simultaneous differential 

equations have been solved using the MATHEMATICA software for 

experimentally determined initial conditions [8, 9] and glow discharge plasma 

parameters [17, 20] listed in Table 6.4.  
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Table 6.4(a). Initial values of number density of numerous plasma species considered in 

the present computation on the basis of the literature Refs. [17, 18] specifying the 

plasma composition of the C2H2/H2 gas in the glow discharge. 

Parameter Description Initial Value 

en  electron number density 1.45×1010 cm-3 

ijn  Ion number density  

 C2H+ 0.05×1010 cm-3 

 C2H2
+ 0.15×1010 cm-3 

 C2H3
+ 0.1×1010 cm-3 

 C4H2
+ 0.15×1010 cm-3 

 C4H3
+ 0.15×1010 cm-3 

 C6H2
+ 0.07×1010 cm-3 

 C6H4
+ 0.08×1010 cm-3 

 H+ 0.35×1010 cm-3 

 H2
+ 0.35×1010 cm-3 

jn  Neutral atom number density  

 C2H 1×1010 cm-3 

 C2H2 0.4×1014 cm-3 

 C2H3 0.7×1013 cm-3 

 C4H2 0.3×1013 cm-3 

 C4H3 0.2×1012 cm-3 

 C6H2 0.4×1012 cm-3 

 C6H4 0.5×1011 cm-3 

 H 0.2×1014 cm-3 

 H2 1×1015 cm-3 

 

Table 6.4(b). Initial values of the various parameters considered in the present 

computation on the basis of the experimentally determined initial conditions Refs.  

[8,9]. 

Parameter Description Initial Value 

eT  electron temperature 2 eV 

iT  ion temperature  0.15 eV 

nT  neutral atom temperature 0.15 eV 

cfA  Area of catalyst film 1 cm2 

ct  Density of nickel catalyst 8.96 g/cm3 

10 20   electron-ion recombination 

coefficient  

1.12 10-7 cm3/sec 

sT  substrate temperature 550 0C 

e  electron sticking coefficient 1 

ij  ion  sticking coefficient 1 

j  neutral atom sticking coefficient 1 

t  total surface coverage 0.01 

2 2C Hf  C2H2 gas flow rate 50 sccm 

2Hf  H2 gas flow rate 200 sccm 

sU  substrate potential -300 V 
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Figure 6.1(a) shows the time evolution of nanoparticle surface number 

density as a function of nanofilm thickness during plasma pre-treatment. The 

number density of nanoparticles increases with time due to continuous 

bombardment of highly energetic species on the film surface from the plasma 

during the pre-treatment and attains the saturation when nanofilm get 

completely transformed into a large number of nanoparticles. However, the 

surface number density of these nanoparticles decreases with increase in initial 

thickness of the nanofilm and therefore the size of the nanoparticle increases 

(see Fig. 6.1(b)). 

 

Fig. 6.1. Dependence of (a) catalyst nanoparticles number density 

and (b) size of catalyst nanoparticle on the catalyst thin film 

thickness during plasma pre-treatment. 
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Fig. 6.2. Growth time variation of (a) elongation produced in 

catalyst and (b) catalyst base and tip diameter for different catalyst 

film thickness.  

 

Figure 6.2 shows the restructuring of catalyst nanoparticle during the CNF 

growth. At the CNF nucleation stage, catalyst particle is assumed to be 

hemispherical. During the CNF growth, continuously formed graphene layers 

around the catalyst surface exert significant compressive stress on the catalyst 

particle which results in the elongation of the catalyst particle [see Fig. 6.2(a)]. 

The introductory length of the catalyst is assumed to be the half of the particle 

size. As catalyst particle elongates during the growth, the length of the catalyst 

increases with growth time and finally attains saturation. However, elongation 
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produced leads to the decreases in catalyst particle base as well as tip diameter 

[see Fig. 6.2(b)]. It can be seen from Fig. 6.2(b) that base diameter of the 

catalyst decreases at the higher rate as compared to the tip diameter. The carbon 

species generated at the active surface (front face) of the catalyst nanoparticle 

precipitate at the rear surface after their diffusion through the catalyst. Thus, the 

stress produced by the graphene layers adding one to the other between the 

catalyst and the existing graphene layers is much more near the rear surface of 

the catalyst. Additionally, one can see from Fig. 6.2 that restructuring catalyst is 

continuous during the growth and also depend on the thickness of the nanofilm. 

The different catalyst size results from the different catalyst nanofilm thickness 

lead to the different distortion behaviour. It is found that small nanoparticles 

deform quickly as compared to the large nanoparticles. 

To comprehend the reliance of the CNF growth on the catalyst film 

thickness, the families of curves have been shown in Fig. 6.3-6.6. With the 

increase in nanofilm thickness, size of the nanoparticle increases which leads to 

increase the catalyst activity for the hydrocarbons dissociation on the active 

front face of the catalyst. Thus, a large number of carbon species generates on 

the catalyst surface (see Fig. 6.3) and ultimately increases the carbon 

precipitation rate. Large catalyst particles have more tendencies to shadow the 

graphene layers from carving by hydrogen species. Therefore, carbon species 

after diffusion through catalyst precipitate in the form of new graphene layers in 

the region shadowed by the catalyst, consequently, number of graphene layers 

increases (see Fig. 6.4). However, small catalyst particles are comparatively less 

proficient to shadow the graphene layers from carving by hydrogen, and thus 

carbon species precipitate in a manner to encourage the vertical growth of 

existing graphene layers resulting in the higher CNF growth (see Fig. 6.5). 

Furthermore, CNF nucleates from different nanofilm (varying in thickness) 

show different growth saturation behaviour. The small catalyst nanoparticles are 

characterized by a smaller active surface for hydrocarbons dissociation, which 

are found to be poisoned quickly due to the progressive formation of amorphous 

carbon layer at the catalyst nanoparticle surface, whereas larger nanoparticles 

maintain their catalytic activity for quite long time (see Fig. 6.6). Thereby, 
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resulting in the faster saturation of the CNFs grew over small catalyst particles 

as compared to the large catalyst particles.   

 

Fig. 6.3. Growth time variation of number of carbon species 

generated on catalyst nanoparticle front face as the function of 

nanofilm thickness. 

 

Fig. 6.4. Dependence of number of graphitic shells (graphene layers) 

formed during CNF growth on the catalyst film thickness. 
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Fig. 6.5. Growth time variation of CNF height for different catalyst film 

thickness. 

 

 

Fig. 6.6. Growth time variation of blocking function (poisoning of 

catalyst) as a the function of catalyst film thickness. 
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As schematically shown in Fig. 6.7, the correlation between CNF inner and 

outer diameters with the catalyst nanoparticle base diameter and tip diameters, 

respectively, strongly depends on the catalyst nanoparticle restructuring during 

PECVD growth of CNFs. The continuous deformations of catalyst particle 

during the growth lead to the reduction in base diameter (see Fig. 6.2) and 

thereby, decrease in inner diameter. Thus, the thickness of the CNF wall 

increases during the growth or more precisely say the number of graphitic shells 

increases during the growth (see Fig. 6.4) from bottom to the top of the CNF. It 

is believed that outer diameter of the CNFs/CNTs remains uniform throughout 

the growth, and there is 1:1 correlation between the catalyst diameter and 

CNFs/CNTs outer diameter [8]. However, from the present study one can notice 

the reduction in the outer diameter of the CNF during the growth [8] (see Fig. 

6.2). Thus, one can predict the upper limit of the CNF/CNT outer diameter from 

the catalyst nanoparticle size, whereas, in reality, the outer diameter of the 

CNF/CNT depends on the extent up to which the catalyst nanoparticle can 

restructure itself during the growth. 

 

Fig. 6.7. Schematic of the restructuring of catalyst particle during CNF growth over (a) thick 

catalyst film (thickness around 10 nm or more), (b) thin catalyst film (thickness around 5 nm), and 

(c) ultrathin films (thickness around 2 nm or less). The dotted arrows show the flux of 

hydrocarbons and hydrogen species on the catalyst and CNF walls. 
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The schematic Fig. 6.8 shows the dependence of the alignment of the graphitic 

shells on the catalyst nanoparticles obtained from the different catalyst 

nanofilms (nanofilms having different thickness). In the previous chapters, we 

reported the strong dependence of the graphitic shell inclination angle on the 

geometry of the deformed catalyst nanoparticle i.e., 𝑡𝑎𝑛 𝜃 =
𝑏−𝑑

2𝑙
 , where 𝜃 is the 

inclination angle of the graphitic shells with the vertical growth axis. From this 

relation, one can see that straighter or less inclined graphitic shells are formed if 

elongation produced in the catalyst is higher and the difference between tip and 

base diameter of the deformed catalyst is lesser. 

 

Fig. 6.8. Schematic of the dependence of graphene layers inclination on the restructuring of 

the catalyst during CNF growth over (a) thick catalyst film (thickness around 10 nm or more), 

(b) thin catalyst film (thickness around 5 nm), and (c) ultrathin films (thickness around 2 nm 

or less). 

In the present chapter, we account the restructuring of the catalyst nanoparticle 

to evaluate the deformation produced (elongation produced the change in tip and 

base diameter) in the catalyst nanoparticle during the CNF growth in the plasma 

environment. The results of the present investigation show that the ultra-thin 

catalyst nanofilms lead to the formation of smaller catalyst nanoparticles (see 

Fig. 6.1). The difference between the tip and the base diameter of the deformed 

catalyst nanoparticle is found to be less for nanoparticles obtained from the thin 

nanofilm and increases with increase in nanofilm thickness [see Fig. 6.9 (a)]. 
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Therefore, the catalyst nanoparticles obtained from thin nanofilm undergo higher 

elongation as compared to the nanoparticles obtained from the thick nanofilms 

[see Fig. 6.9 (b)]. Thus, less inclined graphitic shells are formed when nucleated 

over the small nanoparticles obtained from the thin catalyst nanofilms. 

Furthermore, from the above-detailed discussion (see Figs. 6.1 to 6.9), one can 

also notice the transition of thick CNFs containing a large number of graphitic 

shells to the thin CNFs/CNTs containing few graphitic shells when thickness on 

nanofilm decreases (see Fig. 6.8).  

 

Fig. 6.9. Variation of (a) difference between catalyst tip 

and base diameter and (b) elongation produced in the 

catalyst with catalyst film thickness. 
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These theoretical findings obtained are in good agreement with the available 

experimental observations as follows. Chhowalla et al. [10] observed the 

dependence of nanoparticle size and their number density on catalyst film 

thickness for plasma enhanced CVD case, and Jang et al. [36] observed the 

similar trend for thermal CVD case. Many experimental works of literature 

report the restructuring of catalyst particle during CNF/CNT growth [8-9, 37-

40]. Cantoro et al. [8] and Hofmann et al. [9] observed the dependence of 

catalyst deformation on the catalyst film thickness and its consequent effect on 

growth and the structure of the resulting nanostructure. Sharma et al. [13] have 

reported that the number of graphene layers (graphitic shells) in CNT increases 

with increase in catalyst film thickness. Moreover, He et al. [12] observed the 

correlation between graphene layers inclination angle and the catalyst particle 

deformation.  
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7.1 Brief outline of the  chapter 

In this chapter, we studied the PECVD process in inductively coupled plasma 

(ICP) chamber reactor in which growth of CNFs occurred on nickel 

nanoparticles located on a substrate surface. The growth model contains two 

different models, one corresponds to the gas discharge model which accounts all 

volumetric reactions in the bulk plasma, and other corresponds to the surface 

deposition model that accounts all the surface reactions of various gaseous 

species on the catalyst surface. The plasma model accounts sheath equations that 

are solved for electron density, electron temperature, gas (ions and neutrals) 

density, and gas temperature to get the better insight of various operating plasma 

parameters. The surface deposition model accounts the fluxes of gaseous species 

from the plasma to the catalyst surface, their decomposition, diffusion, and 

precipitation on/through/around catalyst surface, respectively, via various 

complex processes. To get more insight into the plasma modification (i.e., 

change in density and temperature of plasma species) due to the change in 

process parameters, the COMSOL Multiphysics 5.2 simulation software is 

utilized to simulate the changes of densities and temperatures of the plasma 

species due to the change in plasma power and gas pressure in the plasma 

reactor. The simulation results and model validation was conducted against the 

experimental observations, and computational results available in the literature 

and analysis was focused onto the impact of the plasma power and gas pressure 

on the CNF growth rate and resulting structure. 

 

7

2 
Parametric study of plasma characteristics and 

carbon nanofibers growth in PECVD system: 

Numerical modeling 

 

Submitted work of the present chapter: 

1. Ravi Gupta and Suresh C. Sharma, submitted to Plasma Sources Science and Technology 
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7.2 Introduction 

Carbon nanofibers (CNFs) and carbon nanotubes (CNTs) characterize the 

unique forms of carbon in nanometer regime. Their exceptional properties such 

as high aspect ratios, high mechanical strength, and high chemical stability make 

them to be promising as field emission devices [1-5]. To obtain the enhanced 

field emission characteristics, the vertically oriented CNFs/CNTs are grown on 

catalyst substrate surface by plasma enhanced chemical vapor deposition 

(PECVD) technique [6-7]. PECVD process uses electrical energy to generate a 

glow discharge (plasma) in which the energy is transferred into a gas mixture. 

This transforms the gas mixture into reactive radicals, ions, neutral atoms, 

molecules, and other highly excited species. The areas with uncompensated 

surface charges, i.e., plasma sheaths are formed near the boundaries of the 

plasma exposed surfaces (i.e., catalyst-substrate surface and chamber walls). 

Therefore, nanostructures are grown in the plasma sheath region rather than bulk 

plasma. The electric field due to the plasma sheath near the catalyst-substrate 

surface has the significant role in the growth process. The strength of the electric 

field at the surface controls the kinetics of the ionized species and their 

deposition on the catalyst surface. The plasma sheath width affects the strength 

of the electric field near the surface, changing in the plasma parameters 

significantly affects the sheath width which consequently affects the electric 

field strength [8-11].  

The growth characteristics (i.e., nanostructure height and diameter) and 

resulting structure of CNFs/CNTs depend on the fluxes and the energies of the 

radicals, ions, and neutral species from the bulk plasma to the catalyst 

nanoparticle surface. These fluxes and energies can be controlled by many 

operating parameters such as; plasma power, gas pressure, gas ratio, substrate 

temperature, and substrate bias, etc. Among them, gas pressure and plasma 

power directly influence the plasma sheath width, the strength of the electric 

field in the sheath region, densities, temperature, and energies of plasma 

species, and collision between plasma species, which in turn affects the growth 

characteristics of the CNFs and CNTs [12-30]. 
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7.3 Model 

The plasma enhanced chemical vapor deposition of the CNFs onto the nickel 

catalyst nanoparticles placed over silicon substrate via acetylene, hydrogen, and 

argon in the plasma reactor has been investigated through the analytical as well 

as the computational model. The ionized and neutral species accounted in the 

present model on the basis of experimentally specified plasma chemistry of the 

acetylene, hydrogen, and argon gas mixture [20, 31-36] are presented in Table 

7.1. The volumetric reactions between these plasma species in the bulk plasma 

accounted in the present model are obtained from the refs. [20, 36]. 

Table 7.1: Species considered in the present model. 

Type Neutrals Positively charged species 

X 

C2H, C2H2, C2H3, C4H, 

C4H2, C4H3 C6H, C6H2, 

C6H4, C8H, C8H2, C8H4, 

C10H, C10H2, 

C2H+, C2H2
+, C2H3

+, C4H+, 

C4H2
+, C4H3

+ C6H+, C6H2
+, 

C6H4
+, C8H+, C8H2

+, C8H4
+, 

C10H+, C10H2
+, 

Y H2, H H2
+, H+ 

 

7.3.1 Computational approach 

The computational model to simulate the plasma modifications was 

constructed in the COSMSOL Multiphysics modeling suite. The 2D 

axisymmetric inductively coupled plasma (ICP) module is used to couple 

drift-diffusion interface for electron density and electron temperature; heavy 

species transport interface for non- electron species; and electrostatics 

interface for the electric field, space charge density, and induction current in 

a frequency transient domain sketched schematically in Fig. 7.1. The mesh 

with Finer standard size settings consisting quadratic triangle elements is 

applied to the geometries created in the present computation. All the input 

parameters feed to the computational domain are listed in Table 7.2. 
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Fig. 7.1. Geometry of the model constructed in the COMSOL 

modeling suite which includes five turn inductive coils (source of 

inductively coupled plasma) connected to 13.56 MHz generator.  A 

dielectric material is used between the coils and plasma reactor. The 

applied power to the coils reaches to the plasma reactor through this 

dielectric material. The predeposited nickel catalyst film over the 

silicon substrate is placed at the bottom of the plasma reactor. 

Table 7.2. Parameters fed into the computational model developed in the  

COMSOL Multiphysics modeling suite. 

Parameter Value 

Relative permittivity of vacuum 1 

Relative permittivity of dielectric material 4.2 

Relative permittivity of silicon substrate 12 

Relative permeability of vacuum 1 

Electrical conductivity of vacuum 0 

Electrical conductivity of coils 6×107 S/m 

Electrical conductivity of dielectric material 0 

Gas temperature 500 K 

Reduced electron mobility 4×1024 V-1m-1s-1 
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7.3.2 Analytical approach 

In the PECVD synthesis technique, the CNFs and other carbon 

nanostructures are grown in the plasma sheath region formed between the 

bulk plasma and the substrate surface.  The processes in the plasma and on 

the catalyst substrate surface affect the nanostructure nucleation and 

formation. The sheath model is used to find the number density, temperature, 

and energies of the plasma species in the plasma environment. However, the 

interaction of the plasma species with the catalyst substrate surface and the 

growth of CNFs have been accounted in the surface deposition model. The 

outcomes of sheath equations serve the initial values for the surface 

deposition model. The sheath model accounts the continuity equation (Eqs. 

7.1 & 7.2), momentum equation (Eqs. 7.3 & 7.4), and Poisson’s equation 

(Eq. 7.5) to investigate the dynamics of the plasma species [8, 37],  

                                                          ( ) ,                                                (7.1)e e i e

d
n u v n

dz
                                                

                                                          ( ) ,                                                 (7.2)i i i i

d
n u v n

dz
  

where en  and in  are the number densities of electrons and positively charged 

species considered (assumed to be singly charged) in the present model, 

respectively, eu  and iu  are the velocities of electrons and positively charged 

species along the plasma sheath, respectively, ( )i i i nv r n  is the ionization 

frequency of the ions, i  is the ionization potential of the positively charged 

species, ir  is the jth gas pressure to total gas pressure ratio  j

T

p

p
 or ith

 type 

positively charged species number density to electron density ratio  i

e

n

n
,  

nn  is the neutral atoms number density considered in the present model.  

                            ( ) ,                            (7.3)e e
e e en

e e e

T dnd e d
u m v

dz u dz n u dz
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                               ( ) ,                              (7.4)i i
i i in

i i i

T dnd e d
u m v

dz u dz n u dz


    

                                  
2

2
( ) 4 ( ),                                       (7.5)e i i

d
e n r n

dz
    

where  ven n ev n  and  vin n iv n  are the collision frequencies of the 

electrons and ions with the neutrals, respectively,   is the collision cross-

section, 
8 2v B e

e

k T
e em

u


 
  
 

 and 
8 2

v B i

i

k T
i im

u


 
  
 

 are the mean velocities of 

electrons and ions,   is the sheath potential.   

 The above-mentioned sheath equations have been solved for appropriate 

boundary conditions such as; 0eu  , e
i

i

T
u

m
 , e i in r n  

(quasi- neutrality 

condition), 1ir  , 0 1ir  ,  0  , e

i

Td

dz e




  , n

i
T

T

p




 
 
 

 is the mean 

free path of the positively charged species.  

  The synthesis of the CNFs involves three main steps; (i) nucleation 

stage, in which carbon-containing precursors (species from plasma) 

dissociates on the catalyst front surface that is exposed to plasma, (ii) surface 

and bulk diffusion of carbon species generated on the catalyst surface, and 

(iii) precipitation of diffused carbon species in the form of graphitic shells at 

the catalyst interface [38]. The CNF growth model incorporates numerous 

terms and equations corresponding to various complex processes and growth 

stages. The flux of the hydrocarbon and hydrogen species (ions and neutrals) 

from the plasma sheath on the catalyst surface generates carbon species and 

hydrogen radicals on the catalyst surface via various complex processes. The 

Eq. (7.6) corresponds to the number of carbon species per unit area per unit 

time generated on the catalyst active surface due to the hydrocarbon neutrals 

adsorption on the catalyst active surface (first term), thermal dissociation of 

adsorbed hydrocarbon neutrals on the catalyst active surface (second term), 

ion induced dissociation of hydrocarbon neutrals (third term), dissociation of 

incoming ions of the plasma sheath (fourth term), interaction of hydrocarbon 
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ion and hydrogen ion (fifth term), loss of adsorbed hydrocarbons due to 

interaction with incoming hydrogen from the plasma (sixth term), carbon 

species evaporation from the catalyst surface  (seventh term), desorption of 

hydrocarbon neutrals from catalyst surface (eighth term), and interaction 

between carbon and hydrogen species generated on the catalyst nanoparticle 

surface (ninth term) [9-11].  

The number of carbon species generated on catalyst surface is one of the 

growth rate determining factors, a possible explanation for the change in 

growth rate is the correlation between the generations of the carbon species to 

the growth of amorphous carbon layer on the active surface of the catalyst. 

The rapid increase in number of carbon species enhances the growth of 

amorphous carbon layer which ultimately poisons the catalyst and slows 

down the dissociation rate of incoming hydrocarbon species. The term 

 21c
c

d
n D

dt



   in Eq. (7.6) denotes the growth rate of the amorphous 

carbon layer on the catalyst surface.   
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where 
C

n  is the surface concentration of carbons, 
8

4
B j

j

k Tj
j m

n
J 

 
 
 

 and 

B e

ij

k T
ij ij mJ n  are the neutrals and ions flux, respectively [10] (where j 

refers to the species of type X and Y),  0sj jn    is the surface 

concentration of  neutral species adsorbed on the catalyst surface from the 

plasma sheath [9-11], j  is the surface coverage by jth species, 
0  is the 

adsorption sites per unit area,   is the thermal vibration frequency, 
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 16 26.8 10 cmads    is the cross-section for the interaction among various 

species [10], ( 2.1 )td eV   is the hydrocarbons dissociation energy, 

ev( 1.8 eV)   carbon evaporation energy,  1.8 eVdhc   is the 

hydrocarbon desorption energy [39], and D is the diameter of the catalyst 

nanoparticle.  

The relative number of hydrogen radicals generated on the catalyst 

surface is also an important parameter to change the growth process. These 

highly reactive hydrogen radicals interact with the adsorbed hydrocarbons 

and carbon species and prevent the early poisoning of the catalyst by slowing 

down the growth of formation of the amorphous carbon layer.  The Eq. (7.7) 

is indicative to the number of hydrogen radicals per unit time generated on 

the catalyst surface due to the adsorption of hydrogen species on the catalyst 

surface from the plasma [9] (first term), ion-induced dissociation of hydrogen 

(second term), generation of hydrogen radicals due to the thermal 

dissociation of hydrocarbons (third term) [39], direct hydrogen ion flux 

(fourth term), desorption of hydrogen radicals from catalyst  (fifth term), 

interaction of hydrogen radicals with carbon species generated on the catalyst 

surface (sixth term), and interaction of adsorbed hydrogen radicals with 

influx of hydrogen neutrals and ions from the plasma (seventh  & eight term) 

[39]. 
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where 
H

n  is the surface concentration of hydrogen radicals, 

( 1.8 eV)dHE   is the hydrogen atom desorption energy [39]. 

 After the nucleation stage, the growth of the CNF is initiated that 

includes various processes which are clearly explained in volumetric growth 
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rate equation of CNF (Eq. 7.8). The carbon species Cn  dissolve in and 

diffuse through catalyst nanoparticle (first and second term), and then carbon 

layers precipitate from the rear sides of the catalyst nanoparticle to from 

inclined graphitic shells (third term). These graphitic shells, i.e., precipitated 

carbon species exert varying compressive stress on the catalyst nanoparticle 

due to which it undergoes shape deformation [40, 41]. The restructuring of 

the catalyst particle during the CNF growth is the crucial phenomenon this is 

because the extents up to which catalyst particle can reconstruct itself 

determine the diameter (d) of the CNF and number of graphitic shells in the 

CNF. Therefore, the first three terms of Eq. (7.8) are multiplied by the stress 

(P) applied by the growing graphitic shells. Moreover, self-diffusion of atoms 

of metal catalyst nanoparticle along the growth direction also makes catalyst 

to reconstruct itself (fourth term). Apart from the carbon deposition process, 

the etching by hydrogen is also an important step in CNF growth (last term). 

The hydrogen radicals etch carbons atoms present at the edges of the shells; 

however, carbon atoms under the geometrical shadow region of the catalyst 

particle contribute to the vertical growth of the graphitic shells.   
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where D and h are the diameter of the catalyst nanoparticle and height of the 

CNF, respectively, 0 2b
DD 


 , 

b  (=1.6 eV) is the energy barrier for 

carbon species bulk diffusion through catalyst nanoparticle, 2
0 0SD a  , 

0 ( 0.34 )a nm  is the carbon atoms inter-atomic distance, 
S (=0.3 eV) is the 

energy barrier for carbon species diffusion through the catalyst nanoparticle 

surface [9-11], 0kA a  ,  0.4 inc eV   is the carbon species energy 

barrier to diffuse along the nanofiber-catalyst interface [42],  ( 20 )P GPa  is 
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the pressure exerted by graphene layers on catalyst nanoparticle [43], cnf  is 

the nanofiber density, catm  is the mass of the metal catalyst particle, and cat  

is the density of metal catalyst nanoparticle. 0 exp SD
m m

B S
D D

k T
   

 
 is 

the metal atoms diffusion coefficient [44], 0mD  is the constant, SD  is the 

metal atoms self-diffusion activation energy. 

 Due to the continuous accumulation of positively charged species (first 

& second term) and electrons (last term) on the growing CNF surface over 

the negatively biased substrate surface, a charge is developed with growth 

time on the CNF surface that is represented by the Eq. (7.9).  

               _ _ _ _                  (7.9),tip ij cur ij e tip e cur e
jj

dZ
I I I I

dt
     

where Z is the charge number, _tip ijI  and _cur ijI  are the ions collection 

current due to jth species at the tip as well as the curved surface of the CNF, 

respectively [see chapter 3].  _tip eI  and _cur eI  are the electron collection 

current at the tip as well as the curved surface of the CNF, respectively [see 

chapter 3], and e  is the sticking coefficient of electrons. 

 The plasma species (electrons, ions, and neutrals) from the plasma 

sheath, accumulate and deposit on the catalyst surface and growing CNF 

surfaces, however, some of the species desorbs from the surface and move in 

the plasma again. Thus, it is also important to evaluate how the number 

densities of plasma species decay in plasma with growth time. 
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where e
n , 

ijn , 
j

n  are the number density of electrons, positively charged 

ions, and neutrals of jth species, respectively. 
j

  is the ionization coefficient 

of neutral atoms [45], 
j

  is the recombination coefficient  of electrons and 

positively charged ions [46], 
cnf

n  is the surface density of CNFs, and 

 3
3 10 cmd


   is the plasma sheath width, ij  is the sticking coefficient 

of positively charged ions, _ai jJ  is the adsorption flux of neutrals on the 

catalyst surface, _jdespJ  is the desorption flux of neutrals from the catalyst 

substrate surface, thdJ  is the hydrogen flux from the catalyst surface due to 

thermal dehydrogenation,  
1174.4 10j jfIF V


     and 

 1

j p jnOF R V


    are the thj  neutrals species inflow rate and outflow 

rate into/from the plasma chamber, respectively. jf  is the inlet flow of 

corresponding gas,  4 32 10  cmV    is the volume of the chamber, and 

pR  is the pumping rate [47], jk  is the reaction rate coefficient of the 

reactions that are accounted in the present model. 

The Eq. (7.10) represents the decay rate of electron number density in 

the plasma due to the gain in electron number density per unit time due to 

ionization of neutral species (first term), decay rate due to electron-ion 

recombination and electron collection current at the CNFs surface (second 

and last term). The Eq. (7.11) represent the decay rate of positively charged 

species in the plasma due to ionization of neutral species (first term), 

electron-ion recombination (second term), ion collection current at the CNF 

surface (third term), and reactions between different plasma species at 
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different reaction rates (fourth & fifth terms). The Eq. (7.12) represent the 

decay rate of neutral species in the plasma on account of various processes 

such as; electron-ion recombination (first term), decrease in number density 

due to ionization of neutral species (second term), increase in number density 

due to neutralization of ions collected at the CNF surface (third term), 

decrease in number density due to the accretion of neutrals at the CNF 

surface (fourth term), inflow and outflow rate of neutral species from plasma 

chamber (fifth & sixth term), adsorption of neutrals to the catalyst surface 

(seventh term) and desorption of neutrals from the catalyst surface (eighth 

term). The ninth and eight terms represent the increase and decrease in 

neutral atoms number density due to the various reactions considered in the 

present model [20, 36]. The last term of Eq. (7.12) is corresponds to gain in 

hydrogen ion number density in the plasma due to thermal dehydrogenation 

of hydrocarbons on the catalyst surface [10]. 

The all above equations solved simultaneously for appropriate 

experimentally determined boundary conditions and initial parameters [8, 20] 

that are listed in Table 7.3 and Table 7.4. 

Table 7.3. Initial conditions fed into the analytical model. 

Parameter Description Initial Value 

D 
Diameter of the catalyst 

nanoparticle 
40 nm 

eT  electron temperature 3 eV 

iT  ion temperature 0.17 eV 

nT  neutral atom temperature 0.17 eV 

ct  Density of nickel catalyst 8.96 g/cm3 

10 20   
electron-ion recombination 

coefficient 
1.12 10-7 cm3/sec 

sT  substrate temperature 550 0C 

e  electron sticking coefficient 0.99 

ij  ion  sticking coefficient 0.99 

j  neutral atom sticking coefficient 0.99 

t  total surface coverage 0.01 

2 2C Hf  C2H2 gas flow rate 50 sccm 

2Hf  H2 gas flow rate 200 sccm 

sU  substrate potential -300 V 
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Table 7.4. Initial number density of the species fed into the 

analytical model.  

Species Considered Initial Values (cm-3) 

en
 
(electron number density) 4.18 ×1011 

ijn
 
(Ion number density)×1011 cm-3 

C2H+ 0.002 

C2H2
+ 0.95 

C2H3
+ 0.084 

C4H+ 0.91×10-3 

C4H2
+ 0.66 

C4H3
+ 0.54 

C6H+ 0.02×10-3 

C6H2
+ 0.008 

C6H4
+ 0.097 

C8H+ 0.005×10-4 

C8H2
+ 1.55×10-3 

C8H4
+ 0.61×10-3 

C10H+ 0.008 

C10H2
+ 0.56×10-3 

H2
+ 1.45 

H+ 0.38 

jn (Neutral species number density) 

C2H 2.25×1011 

C2H2 5.15×1014 

C2H3 6.06×1013 

C4H 9.12×109 

C4H2 9.22×1012 

C4H3 1.85×1012 

C6H 4.55×109 

C6H2 3.42×1012 

C6H4 2.48×1013 

C8H 1.11×109 

C8H2 8.33×1011 

C8H4 4.24×1010 

C10H 7.01×108 

C10H2 6.14×1011 

H2 1.48×1015 

H 2.54×1014 
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7.4 Results and discussion 

The effect of input process parameters such as gas pressure and input plasma 

power on the plasma characteristics have been investigated in the present study 

using the computational approach as well as analytical approach and their 

repercussions on the growth characteristics of the CNFs have been studied. The 

computational results of electron density and temperature at different gas 

pressures are shown in Figs. 7.2 & 7.3, respectively. At low pressure, i.e., about 

50 mTorr, the electron density in the plasma and near the substrate was found to 

be 3.94×1017 m-3 and 1.87×1017 m-3, respectively. And the electron temperature 

in the plasma and near the substrate was found to be 3.6 eV and 2.74 eV, 

respectively. When gas pressure is increased up to 5 Torr, the electron density in 

the plasma and near the substrate is found to be reduced to 2.67×1016 m-3 and 

0.04×1016 m-3, respectively. And the electron temperature in the plasma and near 

the substrate is found to be reduced to 2.64 eV and 2.34 eV, respectively. 

Moreover, the temporal variation of electron density and electron temperature 

obtained from the analytical model incorporated in the Sec. 7.3.1 are shown in 

Figs. 7.4(a) and 7.4(b), respectively. It can be seen from Fig. 7.4 that electron 

density and electron temperature decreases with time and with gas pressure. 

With the increase in gas pressure, the mean free path of electrons decreases 

which in turn increase the collision between electrons and neutral species and 

make electrons to lose their energy faster and leads to decrease in the electron 

density in the plasma. The reduction in electron density decreases the electric 

field in the plasma, thereby decreasing the electron temperature. Moreover, due 

to the continuous collision between electrons and other species, the energy and 

number of electrons decay with space and time. Harilal et al. [21] 

experimentally found the decrease in electron density and temperature with time 

in the laser produced carbon plasma. Many studies also report the reduction in 

electron density and temperature when the gas pressure in the plasma is raised 

[18, 20, 22].  
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Fig. 7.2. Electron density spatial distribution in the plasma obtained from the computational model 

for different gas pressures, i.e., (a) 50 mTorr, (b) 500 mTorr, and (c) 5 Torr. 

 

 

Fig. 7.3. Electron temperature spatial distribution in the plasma obtained from the computational 

model for different gas pressures, i.e., (a) 50 mTorr, (b) 500 mTorr, and (c) 5 Torr.  

The number density distributions of the various neutral species in the bulk 

plasma region and substrate surface obtained from the computational model at 

different gas pressures are shown in Fig. 7.5. The number density of neutral 

species drops as one go from bulk plasma region to the substrate surface due to 

the ionization of neutral species, dissociation of the neutral species and various 

reactions between ion and neutral species. From Fig. 7.5, one can see that the 

number density of carbon-bearing species near the substrate surface is related to 

the gas pressure [23]; when gas pressure is raised, the number densities of 

neutral species increase and decay at the slower rate in the plasma. This can be 

ascribed to the fact that with an increase in pressure, plasma becomes more 

collisional due to which species lose their energy faster and, therefore, 

temperature and energy of the neutral species decrease. The rates of reactions 
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between ions and neutrals also depend on the temperature of the respective 

species. A large number of collisions at higher pressure decreases the neutral 

temperature, and thereby, decreasing the reaction rates. The reduction in electron 

number density with increase in pressure also leads to the lower ionization of 

neutral species. Thus, the concentration of neutral species increases in the 

plasma as gas pressure is raised.   

 

Fig. 7.4. Variation of (a) electron density and (b) electron 

temperature with growth time in the plasma for different gas 

pressures, i.e., 50 mTorr, 500 mTorr, and 5 Torr keeping other 

parameters constant that are given in the text.  
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Fig. 7.5. Density distribution of the neutral species in the bulk plasma region (black dots) and 

near the substrate surface (red dots) obtained from the computational model for different gas 

pressures i.e., 50 mTorr, 500 mTorr, and 5 Torr. 

 In Fig. 7.6(a) and 7.6(b), the temporal variation of CNF height and diameter, 

respectively, has been carried out at different gas pressures in the plasma. From 

Fig. 7.6(c) & 7.6(d), one can see that the decomposition of various carbon-

bearing species on the catalyst surface depends on the gas pressure. Moreover, 

the surface concentration of the carbon species over the catalyst surface changes 

with gas pressure. With increase in gas pressure, the neutral density in the 

plasma increases (see Fig. 7.5) due to which flux of hydrocarbon neutrals and 

hydrogen neutrals on the catalyst nanoparticle surface increases. Which leads to 

more effective generation of carbon species and hydrogen radicals on the 

catalyst active surface [see Fig. 7.6(c) & 7.6(d)] and thus, enhance the CNF 

growth (height per unit deposition time). Whereas, at sufficiently high pressure 

(around and above 50 Torr), CNF growth begins to drop significantly. This is 

because, at much higher pressure plasma is not sufficient to dissociate 

hydrocarbons neutrals but able to dissociate hydrogen molecules since they 

require less dissociation energy as compared to the hydrocarbons neutrals. Due 

to which hydrocarbons neutral flux and number of carbon species on the catalyst 

surface increases rapidly leading to the early poisoning of the catalyst. To make 

it clear, the poisoning rate (variation of blocking function with the growth time)  
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Fig. 7.6. Temporal variation of the (a) CNF height, (b) CNF diameter, (c) surface 

concentration of carbon species on the catalyst surface nC, (d) surface concentration of 

hydrogen radicals on the catalyst surface nH, and (e) poisoning rate of the catalyst for 

different gas pressures i.e., 50 mTorr, 500 mTorr, 5 Torr, 50 Torr, and 500 Torr keeping 

other parameter constant that are given in the text. 

of the catalyst nanoparticle at different gas pressure is plotted in Fig. 7.6(e) 

which shows that catalyst nanoparticle maintains its activity for quite long time 

when gas pressure is increased up to 5 Torr. This is because of the removal of 

amorphous carbon layer due to the presence of sufficient number of hydrogen 

radicals. However, at high pressure (around and above 50 Torr), the rapid 

growth in surface density of carbon species is obtained [see Fig. 7.6(c)] due to 

which interaction between carbon species and hydrogen radicals becomes less 

effective. This leads to the rapid growth of the amorphous carbon layer over the 

catalyst active surface which in turn leads to the quick poisoning of the catalyst 

activity. The Fig. 7.6(b) shows the temporal variation of the CNF diameter at 
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different gas pressures. The initial diameter (at time t=0) of the CNF is assumed 

to be same as the diameter of the catalyst nanoparticle and reduction of CNF 

diameter with growth time is observed due to the compressive stress exerted by 

the growing graphitic shells and also due to the etching of CNF side walls by 

energetic hydrogen species (radicals and ions). Moreover, it can also be seen that 

CNFs having large diameters are grown when gas pressure in the plasma is 

increased which can be explained by two ways; (i) the rate of diffusion and 

precipitation of carbon species over the growing walls of the CNFs increases due 

to the availability of large number of carbon species, (ii) at higher pressure, ions 

lose their energy due to large of collisions and thus, fewer energetic ions reach 

near the substrate surface and, consequently, etching is reduced [23]. The results 

obtained in Fig. 7.6(a) and 7.6(b) are in good agreement with the available 

experimental observations discussed as follows; Wei et al. [7] experimentally 

investigated the effect of pressure in the plasma on the CNF length and observed 

that the length of the CNF increases with increase in pressure (0-30 Torr) and 

decrease when pressure is increased further (cf. 7.6(a) ref. [7]). Wang et al. [17] 

investigated the growth of CNTs via PECVD technique at two different gas 

pressures i.e. 15 Torr, and 30 Torr and found that average length of the CNF 

grown at 30 Torr is smaller than that at pressure 15 Torr. Li et al. [24] studied 

the effect of gas pressure on the structure and growth of the CNTs via chemical 

vapor deposition (CVD) technique and observed that CNTs grow with shorter in 

length and larger in diameter at high pressure (50-760 Torr). Ganjipour et al. 

[14] observed the increase in CNTs diameter when gas pressure in the PECVD 

system is increased (0-500 Torr). Pint et al. [25] investigated the effect of 

pressure on the CNT growth via CVD process and found the increase in CNT 

height with increase in pressure (0-15 Torr). Tsakadze et al. [26] studied the 

effect of the pressure on the field emission properties of the CNTs grown via 

thermally CVD system and observed the length of the CNTs is decreased at high 

pressure range (300-700 Torr). Tanemura et al. [27] have tried to optimize the 

PECVD process parameters to enhance the growth of CNTs and found that 

diameter of the CNTs increases when pressure of C2H2 gas is raised in the 

growth environment. Chhowalla et al. [12] investigated the PECVD growth 

process conditions of the vertically aligned CNTs and observed the increase in 
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the length of the CNTs with increase in the pressure (0-10 Torr). Hinkov et al. 

[28] found the increase in the growth rate of plasma grown single-walled CNTs 

with increase in the pressure (0-1000 mbar). Cruden et al. [19] reported the 

increase in the CNFs length with increase in pressure (2 Torr, 3 Torr, and 8 

Torr) in the DC PECVD growth process of CNFs. From the results obtained in 

the present study and from the above specified experimental literature, one can 

conclude that CNFs grow at slower rate when pressure is very low and very 

high. However, the optimum pressure range for the enhanced CNFs growth is 

about the one order of the magnitude in the units of Torr. 

Figures 7.7, 7.8, and 7.9 show the computational results of the electron 

number density, electron temperature, number densities of positively charged 

species in the bulk plasma region and near the substrate surface at different 

input plasma powers, respectively. From the computational plots obtained at 

200 W input plasma power, the electron density and temperature in the bulk 

plasma region is found to be 1.22 ×1017 m-3 and 3.6 eV, respectively, which 

reduced to 0.42 ×1017 m-3 and 3.07 eV, respectively, near the substrate surface. 

However, at 1000 W, the electron density and temperature are found to be 8.56 

×1017 m-3 and 5.81 eV, respectively, in the bulk plasma region and 5.89 ×1017 

m-3 and 5.24 eV, respectively near the substrate surface. Moreover, from the 

spatial distribution of the densities of various species, we have obtained the 

reduction in the ion densities from bulk plasma region to substrate surface due 

to the collisions with the neutral species in the plasma as discussed before. The 

Figs. 7.10(a) and 7.10(b) shows the analytical results of the electron number 

density and electron temperature with the growth time in the plasma at different 

input plasma powers, respectively. When input plasma power is increased, the 

volume of the plasma region increases which goes into the increase in electric 

field in the plasma, and consequently, electron number density and electron 

temperature in the plasma increases. Collison et al. [22] experimentally 

observed the increase in the electron density and temperature when plasma 

power in the plasma system is increased. The increase in the electron density 

with input plasma power also leads to more ionization of the neutral species, 

thereby, increasing the ion densities in the plasma [see Fig. 5.9]. Therefore, ion 

densities decay at the slower rate in the plasma with the increase in input plasma 
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power. Thus, ion-induced decomposition process and ion dissociation process 

on the catalyst nanoparticle surface becomes dominant due to which large 

number of carbon species and hydrogen radicals are produced on the active 

catalyst surface as shown in Fig 7.11(a) and 7.11(b), respectively.  

 
Fig. 7.7. Electron density distribution in the plasma obtained from the computational model for 

different input plasma powers, i.e., (a) 200 W, (b) 500 W, and (c) 1000 W. 

 

 

Fig. 7.8.  Electron temperature spatial distribution in the plasma obtained from the computational 

model for different plasma powers, i.e., (a) 200 W, (b) 500 W, and (c) 1000 W. 

To understand the effect of power on the distribution of plasma species and their 

repercussion on the growth of CNFs, blocking function versus growth time 

curve is plotted for different input plasma powers in Fig. 7.11(c). As input 

plasma power is increased, poisoning rate of the catalyst becomes slower which 

is somewhat surprising because one would think of faster poisoning of the 

catalyst due to the availability of a large number of carbon species on the 

catalyst surface. However, reverse trend is followed in reality, this is because a 
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large number of hydrogen radicals are also produced at the same time on the 

catalyst surface and interacts with amorphous carbons and preserve the activity 

of the catalyst for quite longer time, thereby, increasing the growth of the CNF 

[see Fig. 7.11(d)]. Moreover, at high input plasma power, the highly energetic 

hydrogen ions and radicals also etch walls of the CNF which leads to decrease 

in CNF diameter [see Fig. 7.11(e)]. The results obtained in the Fig. 7.11(d) and 

7.11(E) are in line with the available experimental observations as follows; 

Chang et al. [29] synthesized the CNTs at low temperature using microwave 

plasma and found the considerable reduction in the diameter of the CNT when 

input plasma power is raised (700-1000 W). Merkulov et al. [30] found the 

reduction in the diameter of the CNFs when plasma power of the DC PECVD 

system is increased. Wei et al. [7] also observed the increase in the CNF length 

with an increase in the plasma power (0-2000 W).  

 

Fig. 7.9. Density distribution of the positively charged species (ions) in the bulk plasma region 

(black dots) and near the substrate surface (red dots) obtained from the computational model for 

different input plasma powers, i.e., 200W, 500W, and 1000W. 
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Fig. 7.10. Variation of (a) electron density and (b) electron 

temperature with growth time in the plasma for different gas 

pressures i.e., 50 mTorr, 500 mTorr, and 5 Torr keeping other 

parameters constant that are given in the text. 
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Fig. 7.11. Temporal variation of the (a) surface concentration of carbon species on the 

catalyst surface nC, (b) surface concentration of hydrogen radicals on the catalyst surface nH, 

(c) poisoning rate of the catalyst, (d) CNF height, and (e) CNF diameter for different input 

plasma powers i.e., 200 W, 500 W, and 1000 W. 
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8.1 Conclusion 

The work carried out in the present thesis aims to develop the analytical model 

to elucidate the mechanisms of the nucleation and growth of carbon nanofibers 

(CNFs) in the reactive plasma environment. The model incorporated in the 

present thesis comprises the plasma sheath equations to investigate the energy 

and fluxes of the plasma species (neutrals and charged species), charge 

neutrality equation, energy and particle balance equations of all the plasma 

species (neutrals and charged species), dissociation of the plasma species over 

the catalyst nanoparticle active surface to generate building species (carbon 

species) and hydrogen radicals via various complex surface processes,  surface 

and bulk diffusion of building species through the catalyst surface, incorporation 

of carbon species in the form of graphitic shells, deformation of catalyst 

nanoparticle due to the stress exerted by the graphitic shells, etching of graphene 

layers, alignment of graphitic shell, and vertical growth of CNFs under the 

inclusion of electric field induced in the plasma sheath. The present work of the 

thesis may help to understand the better insights of the plasma parameters, 

operating process parameters, and gaseous sources on the growth characteristics 

of the CNFs. In brief, the work done in the present thesis can be summarized as 

follows: 

 The plasma parameters strongly influence the plasma pre-treatment of the 

metal catalyst film. The diameter and surface concentration of the catalyst 

nanoparticles increases when ions of the etching species (hydrogen ions) 

in the plasma and input plasma power increases. Moreover, it has been 

8 
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found that the plasma species transfer their momentum to the substrate 

film surface and raise the substrate temperature. 

 The growth rate of CNF increases with decrease in catalyst nanoparticle 

size. In addition, it is observed that upon an increase in hydrocarbon 

number density, the CNF length gets increased. Moreover, we have also 

shown the effect of hydrogen on the CNF tip diameter, CNF growth, and 

the inclination angle of graphene layers to the fiber axis. It is found that 

the tip diameter and CNF growth decreases and the graphene layers tilt 

away from the growth axis as hydrogen content in the growth atmosphere 

increases.  

 An analytical model to study the effects of nitrogen doping on the growth 

of CNFs and hence the plasma-assisted growth model of nitrogen 

contained carbon nanofibers (N-CNFs) is developed, and its field emission 

properties have been estimated. From the results obtained, it can be seen 

that, on nitrogen doping, the height and the tip diameter of the CNFs 

decreases. The field enhancement factor 𝛽 calculated from these results 

reveals that nitrogen-doped CNFs have enhanced field emission 

characteristics than undoped CNFs. Moreover, it has also been observed 

that C2H2/NH3 gas ratio is the crucial parameter for the N-CNFs growth. 

The N-CNF growth rate increases and the tip diameter decreases with a 

decrease in the C2H2/NH3 gas ratio. These results have been explained on 

the basis of variation in the number density of etchant species in the 

reactive plasma.  

 The CNF growth in three different plasmas, i.e., 2 2 2C H +H  plasma, 

2 2 2 2C H +H +H O  plasma, and 2 2 2 2C H +H +O  plasma has been investigated. 

From the results obtained, it is found that the CNF growth in normal 

2 2 2C H +H  plasma terminates faster due to the formation of the amorphous 

carbon layer on the catalyst active surface. However, on the addition of 

water in 2 2 2C H +H  the reactive plasma, i.e., in 2 2 2 2C H +H +H O  plasma, 

water molecules etch the amorphous carbon by means of 

2 2C+H O CO+H  from the catalyst surface and thus preserve the catalyst 

activity and enhance the CNF growth. On the other hand, the CNF growth 
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rate is found to be maximum in 2 2 2 2C H +H +O  plasma. This is because of 

the dual role played by the oxygen during the CNF growth; (i) etching of 

amorphous carbon layer from the catalyst surface and (ii) removal of 

hydrogen species from the catalyst surface which act as the sink for carbon 

species. Also, in the present study, we found that tip diameter is minimum 

for CNF grown in 2 2 2 2C H +H +O  plasma followed by 2 2 2 2C H +H +H O  and 

2 2 2C H +H  plasmas.  Moreover, relative concentrations of oxidizers in the 

reactive plasma significantly influence the CNF growth, i.e., CNF growth 

rate increases when the concentration of oxidizers increases up to some 

optimum level after that CNF growth rate decreases rapidly. This is 

because of the oxidation of the carbon species generated on the catalyst 

surface that might have ultimately diffused and precipitated in the form of 

the graphene layers around the catalyst nanoparticle. 

 The role of thin metal catalyst film thickness on the nucleation and  growth 

of CNFs/CNTs in the hydrogen-diluted acetylene plasma have been 

studied. It is observed that nanostructuring of thin nanofilms leads to the 

formation of small nanoparticles. In addition, it is also found that catalyst 

nanoparticle goes under shape deformation during CNFs/CNTs growth 

and restructuring rate of nanoparticle significantly depends on the 

nanofilm thickness. The CNFs/CNTs nucleated from thin nanofilms 

contain few graphitic shells with the small opening angle and show faster 

growth with early saturation compared to those nucleated from thick 

nanofilms. Moreover, the reduction in CNF inner and outer diameters has 

been found with growth time as well as with nanofilm thickness.  

 The numerical simulations have been carried out using COMSOL 

Multiphysics 5.2 simulational software to investigate the properties of 

Ar+H2+C2H2 reactive plasma as the function of process parameters and 

their impact on the growth dynamics of the CNFs have been studied using 

analytical model. From the numerical data obtained, we found that 

temperature and number density distributions of the electrons and other 

species (neutrals and positively charged) in the plasma are non-uniform 
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i.e., densities of each species decreases from bulk plasma region to 

substrate surface and from the analytical model. It is found that the 

temperature and density of electrons and other species decay in the plasma 

due to collisions and dissociation/ionization reactions among various 

species. Moreover, we have also found that the electron density and 

temperature in the plasma decreases when gas pressure is raised and 

increases when input plasma power is raised and the densities of neutral 

and charged species are related to the concentration and energy of the 

electrons in the plasma. From the surface deposition model, we have 

obtained that the dissociation rate of the carbon bearing species on the 

catalyst active surface to generate carbon-hydrogen species are related to 

the gas pressure and input plasma power; when gas pressure is raised (50 

mTorr to 5 Torr), the growth rate of CNF increases. However, at very high 

pressure, i.e., above and around 50 Torr, the growth of the CNF decreases 

due to the quick poisoning of the catalyst whereas, the diameter of the 

CNF increases within the entire pressure range. Thus, we can conclude 

that the optimum pressure for the enhanced growth of the CNFs is about 

one order of the magnitude in the units of Torr. Moreover, when input 

plasma power is raised (200 W to 1000 W), the growth rate of the CNF 

increases, however, the CNF diameter decreases due to more effective 

etching of the energetic ions.  

8.2 Future scope of the present work 

The present work of the thesis can be extended to fabricate the thin and long 

vertically oriented carbon nanofibers for their potential applications in the 

field emitters as the superior field emission from carbon nanostructures 

(CNTs and CNFs) comes from their geometry rather than their crystalline 

structure. 

The present work incorporates most of the important aspects for the 

deterministically controlled nucleation and growth of CNFs in reactive 

plasma. However, there are some aspects which can be deepened further for 

the future development of the synthesis of the plasma grown CNFs. 
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 During the PECVD growth of CNFs, the CNFs are not exactly 

normal to the substrate surface. The alignment mechanism of the 

CNFs during PECVD growth can be investigated to enhance the field 

emission properties. 

 The contribution of higher hydrocarbon species, i.e., C12H, C12H4, 

C12H6, C12H8 etc. on the resulting structure of the CNF. 
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Graphene layers (graphitic shells) inclination angle with 

the growth axis 

The geometry of the catalyst nanoparticle size is shown in Fig. A1, where l is the 

length of the truncated cone, D is the diameter of the catalyst nanoparticle and d 

is the diameter of the CNF tip. From Fig. A1, the angle between graphene layers 

and the growth axis can be calculated in terms of the tip diameter of the CNF and 

the diameter of the particle size. Initially, catalyst nanoparticle have spherical 

shape and finally transforms to pear drop like shape i.e., hemispherical + 

truncated cone shape. Here, we are assuming that the volume of the catalyst 

nanoparticle remains constant during the CNF growth. Therefore, initial volume 

must be equal to the final volume of the catalyst nanoparticle. 

 

Fig. A1. Geometrical representation of the 

deformed catalyst particle at the tip of the Carbon 

Nanofiber. 
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Volume of sphere = volume of hemisphere + volume of truncated cone 
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