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                                        ABSTRACT 

 
 

Carbon nanotubes are allotropes of carbon with cylindrical nano 

structure. The structure of a nanotube is similar to graphite, with a 

difference that the sheets are rolled to form a tube and capped at least one 

end. CNTs have found applications in field emission displays, nanoscale 

electronic devices, biosensors and hydrogen storage medium. There are 

various techniques through which CNTs can be synthesized but CNT 

synthesized in a plasma medium are known to be vertically aligned at low 

growth temperatures. The present thesis is a rigorous and detailed study 

of parameters affecting CNT growth in plasma and the consequent field 

emissions from them. 

   In the research work, we have developed a theoretical model describing 

the growth of CNT in plasma with and without catalyst, separately. The 

model detailing CNT growth in plasma without catalyst is extended to 

study the effect of plasma parameters, plasma compositions, different 

plasma mediums, and negative ions on the growth of CNT and the results 

obtained have been extended to present an estimate of the behavior of 

field enhancement factor of CNT. The broad outcomes of the research are 

that the plasma parameters (electron density and temperature , ion density 

and temperature), relative density of negative ions, fractional 

concentration of light positive ion, decreases the radius of CNT and since 

the field enhancement factor is inversely proportional to radius , it can be 

estimated that field enhancement factor would increase with all the above 

parameters. The CNT growth on a catalyst-substrate surface in a plasma 

environment is a complex process and therefore a model is developed 

underlining the numerous complex growth processes in a plasma 
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environment. The impact of plasma parameters, plasma power, substrate 

bias, substrate temperatures, different carrier gases and their flow rates on 

the height and radius of CNT is thoroughly studied. The outcomes of 

present research can be extended to improve field emission from the 

CNTs at low temperatures. 
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CHAPTER  1 

INTRODUCTION 

 

1.1: Motivation 

Carbon Nanotube (CNT) was seen as early as 1978, by Abrahamson et al. 

[1]
 
while working with standard carbon arc. In 1978, they

 
published an 

article describing, “a thick mat of fine fibers has been found on the 

surface of the graphite and carbon anode of the low current arc operated 

in nitrogen” [2]. But, due to research environment during those times 

their work went unnoticed until in 1985, when a new form of carbon 

named buckminister fullerene (C60) or the “buckyball”, was reported by 

Kroto et al. [3]. But, it was Iijima [4]
  
in 1991 who was the first to present 

CNT with diameter up to 3-10 nm and the length up to 1µm.  

 

1.1.1: Structure of CNT 

CNTs consist of graphene sheet rolled up in tube of a few nanometers 

diameter and length of many microns. The structure of a nanotube is 

similar to graphite, with a difference that the sheets are rolled to form a 

tube and capped at least one end. Each layer of graphene constitutes 

carbon atoms arranged in hexagons to form a honeycomb structure. The 

carbon bonding in graphite is sp
2
. Carbon has atomic number 6 with 

electronic configuration of 1s
2 

2s
2 

2p
2
. The 1s

2
 orbital contains strongly 

bound electrons and the four valence electrons occupy the 2s
 
and 2p 

orbitals. The covalent bonds in carbon materials arises due to 2s, 2px, 2py  

,and 2pz orbitals. The three possible hybridizations that can occur in C are 

sp, sp
2
 and sp

3
. In CNT, the hybridization of carbon is sp

2 
and the sp

2  
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bonding state gives rise to chain structure. In sp
2
 hybridization, the 2s 

orbital mixes with the three 2p orbitals i.e., 2px,2py ,and 2pz forming three 

sp
2
 orbitals with one p orbital remaining. 

 

Fig. 1: Illustrates the orbitals of the carbon atom and sp
2
 hybridized carbon 

  

These sp
2
 orbitals form the strong sigma (σ) bonds between the carbon 

atoms in graphite planes while the pz provide the weak Vander-wall 

bonds in between the planes. The graphite layers when viewed 

perpendicularly gives a honeycomb pattern of graphite. If these patterns 

are wrapped back on top of themselves such that their edges are joined 

and one of their end is open and the other is closed, then tubes of graphite 

are formed. Fig. 2 illustrates the formation of CNTs. 

 

 

 

 

 

   

1s 2s 

1s                         sp
2
                         sp

2
                         sp

2
 

 Carbon atom 

sp
2
  hybridized carbon 

2px 2py 2pz 

2pz 
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Fig. 2. Depicts the formation of CNT 

 

   

1.2 : Classification of CNTs  on the number of sheets rolled up and   

       the direction of rolling  of sheets  

 1.2.1: Depending on the number of sheets rolled up: 

a.   Single-Walled Carbon Nanotubes (SWCNTs): 

 

 Bethune et al. [5]
 
at IBM and Iijima [6]

 
at NEC, Japan were the first to 

prepare SWCNTs by metal catalyzed direct current arc using graphite 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

sp
2
 orbital 

Graphene sheet 

Carbon nanotube 



electrodes under a helium atmosphere. 

close to 1 nanometer (1nm =10

millions of times longer

 

 

Fig. 3. Depicts an image of SWCNT [7]

 

b. Multi-Walled Carbon  

 

Multi-walled carbon nanotubes (MW

a number of layers 

interlayer distance between two 

The diameter of MWCNTs can range upto 

Fig. 4.  Displays an image of MWCNT

 

5 

electrodes under a helium atmosphere. Most SWCNTs have 

(1nm =10
-9 

m), with a tube length that can be many 

millions of times longer. SWCNT is shown in Fig.3. 

 

Depicts an image of SWCNT [7] 

Walled Carbon  Nanotubes (MWCNTs): 

walled carbon nanotubes (MWCNTs) as shown in Fig.4

 of graphene rolled as concentric cylinders.

interlayer distance between two graphene layers in MWCNTs is 0.34

The diameter of MWCNTs can range upto hundreds of nanometers. 

 

Displays an image of MWCNT [8] 

 

 a diameter 

with a tube length that can be many 

as shown in Fig.4 consist of 

of graphene rolled as concentric cylinders. The 

e layers in MWCNTs is 0.34 nm. 

of nanometers.  
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1.2.2: Depending on the way of folding 

We define a hexagon by two integers (n, m) with n=0,1,2,3….. and 

m=0,1,2,3…., and  ����������  are the unit vectors then the position of each 

hexagon is given by vector �	
 as 

                                           �	
 = ���� + 
��� , 

The vector �	
�that denotes the position of a hexagon is called as a ‘chiral 

vector’. A tube which is obtained by rolling the sheet along the chiral 

vector R (n,m)  is called a chiral tube. The chiral angle ‘�’ is the angle 

between the x-axis and chiral vector �	
 and is used to denote the folding. 

In order to uniquely define different types of tubes, chiral angle between 

0< θ<��/6 is sufficient. A chiral tube is identical to its mirror images and 

achiral tube is not identical to its mirror images.  

a. Zigzag CNT:  

These are formed for θ=0 and chirality (n,0) i.e., by folding graphene 

sheets parallel to the x-axis. The name zig-zag owes to the zigzag 

arrangement of carbon atoms. They are ‘achiral’ tubes i.e., they are not 

similar to their mirror images. 

b. Armchair CNT:  

These are formed for θ =��/6 and chirality (n, n). They are also ‘achiral’. 

c. Helical CNT:  

Their chiral angle ranges between 0 and �/6 and chirality is (n, m). They 

are ‘chiral’. 
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Fig.5.Illustrates the arrangement of atoms in Zigzag and Armchair CNT in a  

graphene sheet [9] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 6. Illustrates the Zigzag, Chiral and Arm chair CNT [10] 
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1.3: Properties of Carbon Nanotubes 

1.3.1: Mechanical Properties of CNT  

Carbon nanotubes are the strongest and stiffest materials known. The 

immense strength is the result of covalent sp
2 

bonds formed between the 

individual carbon atoms. The stiffness of a material is measured in terms 

of its Young’s modulus which is defined as the ratio of the stress (force 

per unit area) along an axis to the strain (ratio of deformation over initial 

length) along that axis in the range of stress in which Hooke's 

law holds[11]. CNTs are known to have the largest Young’s modulus of 

nearly 1.8 TPa. Moreover, the maximum stress that a material can 

withstand is given by its tensile strength, which is a measurement of 

the force required to pull something such as rope, wire, or a structural 

beam to the point where it breaks. A comparison of Young’s modulus, 

tensile strength, and density of diamond, graphite, different types of 

CNTs, and stainless steel is tabulated in Table 1. 

S. 

No. 

Material Young’s 

Modulus 

  

(in T Pa) 

Tensile 

Strength 

 

 (in G Pa) 

Density (g/cm
3
) 

1. Diamond 1.05 [12]
 
 and 0 

.7-1.2[13]
 
  

0.8-1.4 

[13] 

3.52 

2. Graphite 1.6 in Plane 

[14] 

0.01-0.08 

[13] 

2.26 

3. SWCNT 1[13]
 
 and 

1.8[15] 

50-200  

[13] 

1.55 for SWCNT  

bundle [19] 

4. MWCNT 0.7-1.8 [14] 11-63[16]  2.5 for 10 walls with  

outer diameter of 

20nm[20] 

5. Stainless 

Steel 

0.186 [17]-

0.214[18] 

0.38[17]
 
– 

1.55[18] 

7.85 

 

Table 1. Comparison of physical properties of different materials 
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1.3.2:  Electrical Properties: 

 A mean free path of ~ 2 µm, with a resistivity of 10
-6

 Ω cm for electrons 

in metallic tubes has been measured [21] which is better than the 

conductivity of copper (Cu) at room temperature. The highest current 

density measured in metallic SWCNT is ~ 10
9
 A/cm

2 
[22]. The 

semiconducting SWNTs exhibit high hole mobility (p-type) of ~ 2 × 10� 

cm
2
/ Vs, which is comparable to the in-plane mobility of graphene 

(3 × 10� cm
2
/ Vs) and better than silicon (Si) (1.5 × 10�  cm

2
/ Vs for 

electron mobility and 4.5 × 10� cm
2
/Vs for hole mobility).

 The resistivity for 350 nm long cross- section MWCNTs with 20nm 

diameter prepared through arc discharge method was calculated to be 

9 × 10�� Ω cm and resistance was 10kΩ[23]. The resistivity of SWCNTs 

grown through arc-discharge method is 10
−4

 Ω cm [24]. 

1.3.3: Electronic Properties: 

The electronic properties of CNTs are highly dependent on their 

diameters and the direction in which the graphene sheet is rolled up to 

form nanotubes [25]. The armchair nanotubes are reported to be metallic 

whereas zig-zag nanotubes are semiconducting [26]. 

 1.3.4: Thermal Properties: 

 The thermal properties of nanotubes are associated with its specific heat 

and thermal conductivity. The CNTs are known to be exceedingly good 

conductors of heat better than diamond. Hone et al. [27] have reported the   

specific heat of SWNT bundles with average diameter 

of 1.25 nm from 300 to 4K. Above 4K, the experimental curve was in 

accordance with theoretical curve for single walled CNTs but deviated 

remarkably from graphene and graphite curves upto 100K. Lasjaunias et 

al. [28] measured specific heat to 0.1K for SWNT bundles. They further 
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elucidated that for CNTs the bundling of graphene sheet into tubes 

reduced the low-energy phonon density of states.  Mizel et al. [29] 

reported that for SWNT, the specific heat changed its dependence on 

temperature (T) from T
1/2

 to linear T. Moreover, as the size of SWNT 

bundles was increased, the linear variation of specific heat with 

temperature decreases whereas at high temperatures, specific heat showed 

a mixed 2D-3D behavior due to weak intertube interaction. Yi et al. [30] 

revealed the linear dependence of specific heat of MWNTs for a 

temperature range of 10K to 300K. The thermal conductivity ( ) of 

carbon based material is through atomic vibrations. The sp
3
 bond makes 

diamond good thermal conductors but the presence of sp
2
 bonds in CNTs 

bestows them with high thermal conductivity. Berber et al. [31] reported 

the thermal conductivity of CNTs to be 6600W/mK at room temperature. 

The thermal conductivity of bulk samples of CNTs aligned by high 

magnetic fields was greater than 200W/mK whereas for unaligned 

samples it was one order smaller than diamond. Llaguno et al. [32], 

showed a linear dependence of ( ) with temperature for CNTs with 

average diameter of 1.2nm and 1.4 nm at low temperatures. For 1.4 nm 

diameter samples, at 35K  /T increases whereas for 1.2 nm the increase 

of  /T is at 40K. Kim et al. [33] measured the thermal conductivity of 

MWNTs as 3000W/mK at room temperature. 

1.3.5: Magnetic Properties: 

CNTs exibhit weak magnetism but the exact reasons behind weak 

magnetism are not fully known. Cespedes et al. [34] calculated the 

average room temperature magnetization to be 0.1 Bohr magnetons per 

carbon atom and found that CNTs were magnetized when placed in 
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contact with the magnetic material by the transfer of spin from the 

magnetic substrate to the nanotube. 

1.4: Applications of CNT: 

1.4.1: Electron Field Emission Property: 

Field emission is the extraction of electron from a solid surface by 

tunneling through a potential barrier, which is approximately equal to the 

work function of the material, !   .  

 According to Fowler and Nordheim [35], the emitted current (I) depend 

exponentially on the applied field (E) and work function (!) as: 

    

                

   

1 3
3 2 2 28  (2 )  ( )

exp ,
2 3   8    ( )

m yq E eI
h q Eh t y

π φ να
π φ

 
 
 
 
 
 

−
=

 

where   α  is the emission site area (in cm
2
) ,h is the Planck’s constant, me 

is the electron mass, q is the electronic charge, � = ∆#
# , and ν(y) and t(y) 

are the Nordheim elliptic functions. A straight line obtained between ln 

(J/E
2
) and (1/E) is called Fowler -Nordheim plot. 

    The local electric field strongly depends on the shape of a surface and 

can be significantly enhanced at the apex of sharp features. An important 

parameter known as the geometric field-enhancement factor (β) expresses 

this influence  

 

 

 where         

                                  

              

 Ea
Em

β =
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 Ea is the actual electric field at the tip of CNT and Em is the macroscopic 

electric field.          

 Kokkorakis et al. [36, 37] calculated the field enhancement factor of the 

open and closed CNTs through simulation, and showed that β depends on   

ℎ/%, where h is the height of the carbon nanotube and % the radius of its 

cap. Miller [38] solved analytically the field enhancement factor of the 

floated sphere case using the image method, as  & = &'(1-h/d) , where h 

is the height of the sphere center and d is the anode-cathode distance. 

Wang et al. [39]
 
calculated the field enhancement factor when the anode-

cathode distance d is much larger than the height h of CNT using a 

floating sphere method as  & = (
) + 3.5 , h being the height and % the 

radius of CNT. Wang et al. [40]
 
also calculated & for the CNT array as  

& = (
) + 3.5 −+ , where��+ ≡ -(./0 is the function of intertube 

distance R and represents the coulomb field interaction between the 

CNTs. Filip et al. [41]
 
obtained the enhancement factor including the 

screening effect among CNTs as,  & = 1 + s -23�456 − 10, where s is the 

screening effect parameter. 

1.4.1.1: Flat Panel Display: 

The fabrication of flat panel display from CNTs is an important 

application of CNT as it consumes low power with high brightness, fast 

response rate, and a wider temperature range of operation. Choi et al. [42] 

fabricated one such flat panel display from SWCNT as illustrated in 

Fig.7. It consists of nanotube-epoxy stripes on the cathode glass plate and 

phosphor coated Indium-Tin-Oxide (ITO) stripes on anode plate. A 230V 

is required to generate a display of 76 µmA/mm
2
 at 30 µm anode-cathode 



distance. A pulse of ±150V is switched among anode and cathode 

in order to obtain image.  

 

 

 

 

 

 

  

 

 

 

 

Fig. 7. SWNT flat panel display

 

1.4.1.2: Transistors: 

CNTFET (Carbon Nanotube Field E

made by a single-semiconducting CNT 

the channel by a thin insulator film placed on a nanotube. 

one such CNT transistors. 

diameter separating two metal electrodes at the top and a 

surface coated with silicon dioxide(SiO

applied to the silicon through the gate , electrodes turn on and off the 

flow of currents across the CNT by controlling 

carriers onto it.  

200 µm 

12 

e of ±150V is switched among anode and cathode stripes 

SWNT flat panel display  

(Carbon Nanotube Field Effect Transistors) consists of channel 

semiconducting CNT and the "gate" is separated from 

the channel by a thin insulator film placed on a nanotube. Fig.8 illustrates 

 It consist of semiconducting CNT of 1nm 

arating two metal electrodes at the top and a silicon (

surface coated with silicon dioxide(SiO2)[43,44].When an electric field is 

applied to the silicon through the gate , electrodes turn on and off the 

flow of currents across the CNT by controlling the movement of charge 

stripes 

ransistors) consists of channel 

"gate" is separated from 

illustrates 

It consist of semiconducting CNT of 1nm 

silicon (Si) 

.When an electric field is 

applied to the silicon through the gate , electrodes turn on and off the 

the movement of charge 
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 The CNTFET are reported to have high transconductance, high carrier 

velocity and the p-CNTFET produces ~1500 A/m of the on current per 

unit width at a gate overdrive of 0.6 V while p-MOSFET produces ~500 

A/m at the same gate voltage. 

      

 

 

Fig. 8. Schematic of carbon nanotube transistor 

1.4.2: Hydrogen Storage: 

The faster growing demand of alternative sources of energy in 

comparison to rapid depleting fossils fuels can be met with hydrogen. 

Hydrogen is a versatile energy source that is easy to produce with high 

utilization efficiency and more importantly it is environment compatible. 

However, one of the problems with hydrogen is its storage as liquid 

hydrogen is expensive and compressed hydrogen is dangerous.  

CNT have an ability to absorb high-density hydrogen at room 

temperature and atmospheric pressure. Dillon et al. [45] found that 

hydrogen is absorbed by SWCNT via the interaction of chemical bonds 

of hydrogen with the Vander-wall forces of SWCNT. They showed that 
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hydrogen condensed to density of 5-10 wt% inside narrow SWCNT of 12 

A. Chen et al. [46] have reported thatCNT doped with lithium (Li) and 

potassium (K) had a high uptake of 20 wt% and 14 wt% ,respectively 

under ambient conditions.  

1.5 : Synthesis Methods of CNT 

CNTs can be synthesized through various techniques. Some of those 

techniques are detailed below.  

1.5.1 : Arc Discharge Method: 

 In an electric arc-discharge method [47], the arc is produced in helium 

atmosphere between two electrodes in a reactor. Both the cathode and 

anode rods are made of graphite. The anode is filled with mixture of 

metallic catalyst and graphite powder. When a high current is passed 

through an anode and cathode, the plasma of helium gas created by high 

currents, evaporates the carbon atoms. This method produces large 

quantity of SWCNTs along with MWCNTs and fullerenes. Due to high 

growth temperature, the technique produces crystalline CNTs with high 

yield but it is difficult to produce aligned CNTs. Bethune et al.[48] have 

generated SWCNT in the form of soot when a graphite rod used as an 

anode was  doped with metal catalyst as such as  iron (Fe) or cobalt (Co) . 

                    

 

 

 

 

 

 Fig. 9.  A schematic of arc–discharge method to grow CNT 
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1.5.2:  Laser Ablation Method: 

In this technique, a laser beam is focused onto a metal-graphite-

composite target of diameter 6-7mm[49].The target is made of a graphite 

metal composite with 0.5 atomic percent of nickel (Ni) and cobalt (Co). 

During the laser ablation method, the furnace is heated to a temperature 

of 1200 
0
C and the laser beam ablates the graphite target. A flow of inert 

gas is introduced in the furnace to carry the grown nanotubes to the cold 

finger. This technique produces high quality single walled carbon 

nanotube (SWCNT). 

 

 

 

 

 

 

 

        

Fig. 10. Schematic of laser ablation method to grow CNT 

 

1.5.3: Chemical Vapor Deposition (CVD) Method:  

In CVD, since heat is the main source for process reactions to occur, it is 

often referred to as thermal CVD (T-CVD) [50]. The temperature ranges 

from 400 
0
C to 1000 

0
C for production of nanostructures in T-CVD. In 

catalytic CVD (C-CVD), the catalyst helps in the decomposition of vapor 

species at the catalyst particle surface. C-TCVD has recently been used to 

synthesize MWCNT [51]
 
and SWCNT [52]. In this, the catalyst-particle 
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is heated to higher temperatures in a furnace where hydrocarbon gas 

decomposes, diffuses, and finally incorporates into catalyst particle to 

form nanostructures
 
[53]. 

 

The following steps were proposed by Baker et al.[54] to occur during 

growth of nanostructures through CVD: 

1)The hydrocarbon gas (acetylene or methane) first decomposes and then  

adsorps on the  metal catalyst surface. 

2)The carbon species diffuses through catalyst particle and  precipitates 

on  the rear face to form the body of the filament. In this case, diffusion is 

the rate determining step. 

 3)An excess accumulation of carbon occurs on the front surface since the  

supply of carbon onto the front face is faster in order to prevent physical  

blocking of the active surface.  In this case, carbon forms the skin around  

the main filament body. 

 4) This process continues until the tip of the metal catalyst particle is 

 deactivated. The deactivation or “poisoning” of catalyst particle occurs 

due to the carbon formed around the catalyst particle and prevents the 

hydrocarbon gas from further reaching the catalyst particle and thereby 

finally terminating the growth. 

 

 

 

 

 

 



17 

 

 

 

 

 

 

 

 

 

 

  

 

 Fig. 11. Schematic of chemical vapor deposition (CVD) technique to    

  grow  CNT 

 

There are two different types of CNT growth seen in catalyst-aided CVD 

mainly: 

a) Tip-type growth modes: In this mode, the catalyst is detached from 

the substrate and goes at the tip of the growing nanostructure. 

b) Base-type growth modes: In this, catalyst-particle remains at the 

base of the substrate. 

The reason for two different types of growth modes has been proposed by 

Baker et al. [55]. According to Baker et al. [55],
 
two growth mechanism 

occurs due to the interaction of catalyst with the substrate. The interaction 

is characterized by the contact angle of the catalyst with the support 

surface at a given growth temperature. A large contact angle corresponds 

to a weak interaction, while a small angle is indicative of strong 

interaction. It has been reported that nickel (Ni) on silicon-dioxide (SiO2) 

has a large contact angle at 700 °C i.e., a weak interaction between the 
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substrate and catalyst such that CNT precipitation across the catalyst 

surface pulls the catalyst particle up and the tip-type growth of CNT is 

observed [56].
 
 Whereas when  cobalt(Co) or iron (Fe) were deposited on 

silicon(Si) [57-59] ,a
 
 small contact angle between the substrate and 

catalyst indicates strong interaction  such that CNT precipitation across 

the catalyst surface cannot overcome the strong interaction between the 

catalyst and substrate and  catalyst particle remains at the  base and base-

type growth was observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Representation for tip-type growth of CNT 
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     Fig. 13. Representation for base-type growth of CNT 

 

1.5.4: Plasma Enhanced Chemical Vapor Deposition (PECVD) 

Method:  

 PECVD uses gaseous sources as in CVD but in CVD, thermal energy is 

used to activate the gas [53]. In PECVD, electron impact processes are 

the main source for activation of gas. In PECVD, since electron 

undergoes collisions, at lower pressures the electron temperature is higher 

than the gas temperature hence the entire system is not heated to higher 

temperatures as in conventional CVD. 

 In PECVD, there is a discharge chamber in which hydrocarbon gas 

(C2H2/CH4), carrier gas (Ar, NH3), etching gas (H2) is introduced by mass 

flow controllers. A catalyst is placed over substrate. The different input 

power sources such as direct-current (dc PECVD), hot-filament dc (HF-

dc PECVD), magnetron type radio frequency (rf PECVD), inductively 

coupled plasma(ICP- PECVD), microwave (M-PECVD), electron 
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cyclotron resonance (ECR- PECVD), hollow cathode glow discharge 

(HCGD), and corona discharge plasma etc. are used to initiate 

dissociation of gases[53]. 

1.5.4.1: Direct-current plasma-enhanced chemical-vapor deposition 

(dc- PECVD): 

 In dc-PECVD, a conductive substrate is placed over a heater, which acts 

as a cathode, and the gas showerhead for introducing gas into the 

chamber, serves as anode [53, 60-66]. Merkulov et al. [50]
 

have 

successfully prepared vertically aligned carbon nanofibres(VACNF) 

using dc-PECVD. Different techniques like evaporation, sputtering, 

electrode plating are used for preparing catalyst. In this technique, the 

vacuum chamber is evacuated to desired pressures before introducing 

ammonia (NH3) gas. The catalyst nanoparticle is formed as a result of 

pretreatment by ammonia plasma, which acts as necessary seeds for 

growth of VACNFs. One major drawback of this technique is the 

requirement of conductive substrate [53]. 

1.5.4.2:Radio-frequency plasma-enhanced chemical-vapor deposition 

(rf-PECVD):  

In order to overcome the limitations of dc PECVD, the reactors with 

substrate placed over one of the electrode with an rf-source coupled to the 

plasma is used. Hirata et al. [67]
 
have grown nanostructures by using 

magnetron-type rf plasma by using a magnetic field up to 340 G. The 

nanostructures grown were similar to VACNF grown by dc PECVD. Two 

different types of rf -PECVD used are capacitively coupled rf - PECVD 

and inductively coupled rf -PECVD. Using IC-PECVD, carbon 

nanofibres and nanotubes by Delzeit et al. [68], free standing VACNFs  
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by Caughman et al. [69]
 
 , Honda et al. [70]

 
 

 
and Lee et al. [71]

 
 ,

 
have 

been synthesized. 

1.5.4.3: Microwave plasma-enhanced chemical-vapor deposition  

(MPECVD): 

High frequency fields up to 2.45GHz are used in this technique. The 

highly energetic electrons with larger number density, created in 

MPECVD increases the dissociation of gases in the chamber. The 

technique produces atomic hydrogen, which etches away the amorphous 

carbon and helps in the formation of nanostructures [53]. Using this 

technique, dense forest of VACNF have been synthesized by Bower et al. 

[58, 72]. The parameters used are frequency =2.45GHz, pressure=0.3 

Torr, substrate bias=1000V, temperature= 825
0
C, the ratio of gas flow 

rate of acetylene to ammonia is 10% to 30%. 

 Srivastava et al. [73]
 
 have

 
used a 700 W, 2.45 GHz power source to 

synthesize high density and uniformly distributed carbon nano-petals on 

nickel (Ni) coated Si substrates by MPECVD technique at relatively low 

temperature over an area of 20x20 mm
2
 using argon (Ar) and methane 

(CH4) mixture as precursor gases. The schematic of the MPECVD 

technique as used by Srivastava et al. [73]
 
 is given below: 
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Fig. 14. Schematic of the MPECVD technique as used by Srivastava et al. 

[73]
 
  

 

I. Processes in a plasma environment during carbon nanostructure   

growth 

During the growth of nanostructures by PECVD process, an important 

process is the formation of plasma sheath. The plasma sheath is defined 

as a layer in plasma with greater density of positive ions compared to its 

bulk counterpart, to balance the negative charge on the surface of material 

with which it is in contact with. 

After the plasma sheath is formed some of the processes that occur are 

dissociation of gases within the chamber due to applied power, 

dissociation of catalyst particle into nanoparticles due to applied plasma 

power , advent of excited species to the catalyst nanoparticle  surface , 
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sputtering of ions on the catalyst surface, removal of undissociated 

molecule from catalyst surface,  incorporation of carbon particles into the 

growing graphene layer  on the surface as a result of diffusion and 

dissolution of carbon particles into catalyst nanoparticle and finally the 

chemical etching to shape the tips of nanostructures[53]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.15. Illustration of the processes during CNT growth during PECVD  
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II. The  formation of plasma sheath:  

If there is a surface in contact (like substrate) with the plasma then the  

following processes occur: [74]
 
  

i) Electrons being more mobile than ions reach the surface faster 

and after some time, a negative electric potential with respect to 

plasma bulk is created which further repels the electrons advent 

towards the surface but attracts the positive ions to the surface. 

ii) As more and more electrons deposit on the surface, potential 

further decreases thereby resulting in a stronger ion flux to the 

surface and much reduced electron flux.  

iii) The net current flowing through the substrate becomes zero at 

the floating wall potential. 

iv) As a result of this, an electric field that is directed from plasma 

bulk to the surface arises, which now accelerates the positive 

ions towards the substrate and repels the electrons from the 

surface. 

v) Finally, a charge-separating region in the plasma, called as 

“plasma sheath” is created in a very narrow region of the 

substrate. 
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 Fig. 16. Representation of plasma sheath  

    

A simple analysis as given by Ostrikov and Xu [74], and Lieberman and 

Lichtenberg [75]
 
 , F.F. Chen [76]

 
gives the plasma sheath width λs as, 

 

 

 

A. From Conservation of Energy: 
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C.   Poisson’s Equation:  

    

2 ( )
( )

0 2

x
e n ne i

x

φ
ε

∂
= −

∂                                                        (4) 

Assume that the number density of electrons is very small as compared to 

the ions i.e., ne<<ni 
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This uB    is known as Bohm velocity. 

 

For longer time scales and when applied potential is large, the ion 

conservation energy and flux conservation reduces to  
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Solving for  which is the ion current in the sheath
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Now, Poisson’s equation is 
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Let  and (plasma sheath width),  we get J  as
0 0
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III. Substrates and Catalysts: 

Substrates play a very important role in the growth of carbon-based 

nanostructures by PECVD technique. It acts as a medium between the 

nanostructure and catalyst. The temperature of the substrate is a crucial 

parameter during PECVD growth of nanostructures. Mainly silicon (Si) 

and silicon dioxide (SiO2) are used as substrates. The catalyst helps in 

breaking bonds and in adsorbing carbon at its surface. The carbon 

diffuses into catalyst nanoparticle to form carbon nanostructures [77]. 

Nickel (Ni), iron (Fe), cobalt (Co) etc., are used as catalyst. A brief 

description of the combination of catalyst and substrate, technique and 

resulting nanostructure is tabulated in Table 2. 

S. No. Substrate Catalyst Technique Resulting 

Nanostructures 

1. Si Co MPECVD CNF[58]
 
  

2. Si Co ,Fe, Ni MPECVD VACNF[78]
 
  

3. Si Co, Ni MPECVD VACNF[79]
 
  

4. SiO2 on Si Fe PECVD VACNF[56]
 
  

5. Si Fe, Ni MPECVD CNF[80]
 
  

6. Si Fe-Ni-Cr, Ni MPECVD CNF[81]
 
  

7. Si Co MPECVD CNF[82]
 
  

Table 2. Shows various combinations of substrate-catalyst to produce 

nanostructures using PECVD 
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IV. Process parameters during PECVD growth of carbon 

nanostructures: 

a) Type of hydrocarbon gas: 

Acetylene (C2H2) and methane (CH4) are commonly used hydrocarbon 

gas during the growth of carbon nanotubes by PECVD process. The 

hydrocarbon gas is the source of carbon, necessary for the growth of 

CNTs.  CNT fabrication using acetylene as a feed gas has been done by 

Loffler et al. [83]
 
 , Dubosc  et al. [84]

 
 , Han et al. [85]

 
, Kim et al. [86]

 
 

whereas  CNT fabrication using  methane as  feed gas has been achieved 

by Honda et al. [87]
 
, Choi et al. [88]

 
.  

The advantages of acetylene as a feed gas over methane are: 

 1) The time required for growth of CNTs is reduced. 

 2) Vertical alignment and uniformity of CNTs grown from acetylene is   

  better. 

3) CNTs at comparatively low temperature are obtained when acetylene 

is used as a hydrocarbon source gas. 

The disadvantages of methane over acetylene as a feed gas are: 

1) The methane gas adsorbs on the catalyst particle at higher temperatures 

compared to acetylene. 

2) Since only high purity methane is acceptable for this synthesis and 

methane of high purity is relatively expensive. 

b) Etching gas: 

Hydrogen (H2) and ammonia (NH3) are the commonly used etching gases 

in the growth of carbon nanotubes. The etching process of ammonia and 

hydrogen can be either to fragment the catalyst film into nanoparticles 

and in removing the amorphous carbon from the CNTs to shape CNT 

tips. The role of hydrogen in the etching of CNT has been described by 
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Choi et al. [88]
 
, Chen et al. [89]

 
, Zhang  et al. [90]

 
,  Lin et al. [91]

 
, 

Wang et al. [92]
 
 among others. Lin et al. [91]

 
have reported that the 

etching of amorphous carbon by atomic hydrogen is promoted by high 

energy ions. Srivastava et al. [93]
 
 

 
have reported that the oxide films 

without the H2 plasma pretreatment or treated for lesser time resulted in 

CNT films with high percentage of carbonaceous particles and with 

embedded particles/ nanorods distributed discontinuously in the cavity of 

the nanotubes. 

 Ammonia (NH3) is also used in etching either the catalyst particle or the 

CNTs.  Chhowalla et al. [56]
 
 have reported that NH3 was required to 

fragment the thick catalyst layer. Teo et al. [94]
 
 

 
have reported that by 

suitably adjusting the acetylene (C2H2) to ammonia (NH3) gas ratios, the 

undesirable surface carbon on the non-patterned areas of the substrate 

was eliminated. Kim  et al. [95]
 
 

 
have established the balance between 

the thickness of catalysts and the NH3 etching time as one of the most 

important parameters in growing CNTs by PECVD.   

c) Plasma Power: 

Plasma power plays a crucial role during the growth of CNTs. The 

electric field within the plasma sheath increases as plasma power is 

increased. This enhanced sheath electric field can be used in the 

alignment of CNTs.  Because with increase in plasma power the gas 

ionizes more that creates more energetic plasma species. These highly 

energetic plasma species bombards the catalyst particle such that initially 

nano catalyst particles and later CNTs of smaller diameter are created.  

The role of plasma power has been well described by many studies. There 

can be many power sources like, inductively coupled power 

supply[68],radio frequency power supply [96], high frequency dc power 
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supply[97], microwave power supply [72,98]
 
, electron-cyclotron power 

supply[99]
 
 etc. 

The plasma power has been widely used to obtain sharp tips of CNTs. To 

cite a few of them, Srivastava  et al. [73]
 
 

 
have grown petal  like 

nanostructured thin films and pointed that at higher microwave power , 

carbon petals of relatively smaller sizes were obtained.  Loffler et al. [83]
 
 
  

have increased the plasma power during PECVD process to sharpen the 

tips of CNTs.  Abdi et al. [100]
 
 established that as plasma power was 

increased, size of Ni particle decreased which then resulted in CNTs of 

smaller diameters. Choi et al. [101]
 
 
 
have established that the growth rate 

and the density of CNTs increase with the reduction of the rf power 

density. 

d ) Substrate temperature: 

Substrate temperature is identified as an important parameter in 

controlling the growth of CNTs by PECVD process. There have been 

works where an external heating source is used for attaining desired 

substrate temperatures for nanostructure growth.  PECVD has an 

advantage of removing the use of external heating source because the 

ions bombarding the surface are sufficient for raising the substrate 

temperatures to desired values required for nano structure growth. The 

increase in substrate temperature increases the growth rate of CNTs and 

that has been reported by Loffler et al. [83]
 
, Han et al. [102]

 
, Baratunde 

et al. [103]
 
, Lee et al. [104]

 
, and others. Mehdipour et al. [105]

 
 

 
have 

reported that the growth rate as a function of substrate temperature 

increases as ion and electron temperatures are increased. 
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e) Carrier gas: 

 A varied number of carrier gases like argon (Ar), ammonia (NH3), 

nitrogen (N2), and hydrogen (H2) are used in the growth of CNTs. 

Different gases behave differently during the growth of CNTs and have 

varied effects on the growth profiles of CNTs. The growth rate of CNT 

increases in Ar gas environment has been observed by Toussi et al. [106]
 
 

, Kayastha et al. [107]
 
, whereas H2 decreases the growth of CNT has 

been reported by Kayastha et al. [107]
 
 , Yap et al. [108]

 
, Reynolds et al. 

[109]. Ammonia provides a better growth environment for CNTs than N2 

is suggested by Mi et al. [110]
 
and Mi and Jia [111]

.
 

The flow rate of the gas also affects the growth of CNT. It is reported 

[109,112] that as the flow rate of carrier gas increases, the growth rate of 

CNT also increases corresponding to the particular carrier gas.  

The flow rate of gas as given by Denysenko et al. [112]
 
  

  78 -9:
;<

= 0 = �.�×>'?@ABC=99:D
E  is the inflow for species j. Jj is the gas 

inlet flow rate[112]
 
 (in standard cubic centimeter per minute) and  V is 

the volume of the chamber(in cm
3
)

 
[112]

 
 . 

  F8 -9:
;<

= 0 = GB�HIJKI
E   is the outflow for species j [112]

 
 .  νpump is the 

pumping rate in cm
3
/s . nj is the number density of species j in cm

-3
. 

f)  Plasma parameters 

The electron density (ne) and temperature (Te), ion density (ni) and 

temperature (Ti) are regarded as the plasma parameters. The plasma 

parameters immensely affects the nanostructure growth. 

Srivastava et al. [73]
 
  have synthesized carbon films via MPECVD and 

they found that the increase in the microwave power causes more 

ionization of the gas, which increases the density of plasma species of 
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relatively higher energy and at this higher density, increased nucleation of 

graphitic clusters occurs that leads to the formation of carbon petals of 

relatively smaller size. Lee et al. [113]
 
have revealed that the plasma 

treatment can modify the surface morphology and enhance the field 

emission characteristics of the CNTs.  

  Denysenko et al. [114]
 
have shown that at low substrate temperatures 

(>1000 K), the atomic hydrogen and ion fluxes from the plasma can 

strongly affect the nanotubes growth. Levchenko et al. [115]
 
 

 
have 

suggested that the plasma-aided  process is a very efficient tool to control 

the nanotube aspect ratio, in comparison to the neutral flux deposition 

primarily because of the  controllable deposition of ionic building blocks 

(BBs) and increased influx directly onto the nanotube lateral surfaces. 

1.6:  Effect of plasma on the field emission properties from CNT 

 Since from the above discussions it is amply clear that plasma has huge 

influence on the growth of CNT therefore plasma and the associated 

parameters can be modeled to obtain desired shapes and structures of 

CNT. Now, there are a large number of areas where CNT finds 

applications like in flat panel displays, field effect transistors, solar cells, 

hydrogen storage, drug delivery etc. but the present thesis aims to study 

the field emission characteristics of CNT. Although, the field emission 

occurs in vacuum but since plasma affects the CNT growth it is safe to 

say that plasma does play a role in field emission from CNT. There are 

studies that highlight the effect of plasma treatment on the field emissions 

from CNT. Different plasma treatments have different effects on the field 

emissions from CNT like carbon tetra fluoride (CF4) plasma treatment 

hamper the field emission from CNT films [116], an external rf plasma 

irradiation of  argon (Ar) gas to well- aligned MWCNTs enhances the 
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field emission current[117], plasma treated CNT films were reported with 

superior field emission FE behavior[118], among CNTs treated with the 

H2, Ar and CF4 ,the field emission was highest for CNTs treated with H2 

plasma [113]. 

The work in the present thesis is evaluation of the dependence of growth 

profile (namely the radius and height ) of CNT on the plasma parameters 

for CNT grown with and without catalyst and then through the results 

obtained finding a rough estimate of the variation of field enhancement 

factor with plasma parameters.  

1.7: Objectives and organization of thesis 

 

Since from the above discussion it is evident that the growth of CNT in 

plasma is a complex process and the catalyst plays a vital role during the 

growth of CNT.  

The inclusion of catalyst into the discussion provides a better insight into 

the processes that occur during the growth of CNT in a plasma medium. 

The formation of plasma sheath, adsorption , desorption of plasma 

species on catalyst-substrate surfaces, thermal dissociation 

,dehydrogenation ,bulk and surface diffusion of the growth species on 

catalyst-substrate surfaces and various other processes needs to be studied 

for the growth of CNT in  a plasma medium. The objectives of the 

present thesis therefore are to study the effect of plasma parameters and 

catalyst on the growth and subsequent estimation of field emission 

properties of carbon nanotubes. The thesis is organized to provide a 

comprehensive and rigorous study on the growth of CNT in a plasma 

medium and effects of plasma parameters and catalyst on the CNT 

growth and consequently the field emission properties of CNT. 
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Chapter 1 reviews as to what is CNT, its types, properties of CNT and 

the various techniques through which it can be synthesized. The 

processes and various parameters in the PECVD technique are discussed 

in detail. The objectives and organization of the thesis is also included. 

 Chapter 2 discuses the growth of CNT by condensation in plasma. The 

chapter discusses various processes in plasma during the growth of CNT 

by condensation. A theoretical model is developed in this regard 

comprising equations for kinetics and energy balance of the plasma 

species, and the growth rate equation of CNT.  

Chapter 3 describes the growth of spherical CNT tip and cylindrical 

CNT surfaces, separately using the model developed in Chapter 2. The 

number density and energy balance equations for plasma species are 

solved to study the dependence of radius of CNT on plasma parameters 

(electron density and temperature, ion density and temperature). By 

obtaining the dependence of radius of spherical CNT tip and cylindrical 

CNT surfaces on plasma parameters, the consequent variation in the field 

enhancement factor of the CNT is also estimated. 

Chapter 4 describes the effect of negative ions on the growth of CNT in 

a plasma medium through condensation process. In this respect, the 

number density balance of plasma species and negative ions and their 

energy balance are solved to find the dependence of radius of CNT on the 

relative density of negative ions. The dependence of field emission factor 

of the CNT on the negative ion parameter is also approximated. 

Chapter 5 discusses the growth of CNT by condensation in different 

plasma mediums. The parameters corresponding to different plasma 

mediums are fed into plasma kinetics and growth equations to study the 
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evolution of radius of spherical CNT tip placed over cylindrical surfaces 

in different plasmas. The field enhancement factor for CNTs obtained in 

different plasma medium is also analyzed. 

Chapter 6 describes the effect of plasma compositions on the growth and 

field emission properties of carbon nanotubes. Two types of positive ions 

with heavy to light ion ratio of 11.5 are considered in the plasma. The 

number density balance and growth rate equation in the presence of both 

light and heavy positive ions are solved and the fractional light ion 

concentration is varied to study its effects on radius of spherical CNT tip 

and field emission behavior of CNTs is estimated.  

Chapter 7 includes the modeling of CNT growth on a catalyst –substrate 

surface in reactive plasma medium. A theoretical model for the growth of 

CNT assisted by catalyst in the plasma is developed. The model  

developed includes the possible processes that occur during the CNT 

growth. The plasma sheath kinetics, adsorption, desorption, 

dehydrogenation, thermal dissociation, diffusion, accretion and other 

processes are incorporated to develop the model. The model  possibly 

underlines the mechanism behind the CNT growth in an environment 

where hydrocarbon, etching ,and carrier gases produces numerous species 

in plasma via varied complex processes  that traverse through plasma 

sheath to deposit  on the catalyst-substrate surfaces to grow carbon 

nanotubes. A detailed study on the effect of plasma density and 

temperature, plasma power, and substrate bias on the growth profiles of 

the CNT is presented.    

Chapter 8 discusses the effect of substrate temperature on the growth of 

CNT with conical tip in a plasma medium. In the present chapter, the role 
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of substrate temperature on the growth of CNT is reviewed and the 

substrate temperature is varied to understand its repercussions on the 

growth of CNT through the model developed in Chapter 7. The potential 

for the conical CNT tip is calculated and used in the growth model. The 

variation of height of cylindrical CNT surface and radius of conical CNT 

tip with substrate temperature is plotted for different plasma density and 

temperature and the possible reasons behind the observed effects is 

particularized.  

Chapter 9 details the effect of different carrier gases and their flow rates 

on the growth attributes of CNT. The three different types of carrier gases 

are considered and their inflow and outflow rates into and from the 

chamber, respectively are included in the model along with the processes 

that transpires during the growth of CNT on a catalyst-substrate surface 

in a plasma environment. The flow rates of all the three carrier gases are 

varied individually to investigate their ramifications on the number 

density of hydrocarbon and hydrogen ions to eventually outline the 

consequences of flow rates on the growth profiles of CNT in different 

carrier gas environments.                                                

Chapter 10 concludes and presents the future scope of the research work 

carried out in the present thesis. 
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                                            CHAPTER 2 

 

 MODELING CARBON NANOTUBE GROWTH WITHOUT 

CATALYST 

 

2.1: Brief outline of the work in the chapter 

The present chapter focuses on developing a theoretical model for the 

growth of carbon nanotube (CNT) without catalyst. A theoretical model 

comprising charge neutrality, kinetics of electrons, positively charged 

ions, and neutral atoms and their energy balance, for the CNT growth 

without catalyst is developed.  

2.2: Introduction 

The growth mechanism of CNT in plasma environment has been an 

important field of research in recent years. CNT of different shapes and 

sizes have been synthesized in a plasma environment. Different 

parameters such as the growth temperature, density of participating 

species, plasma compositions, electric fields, etc., are reported to impact 

CNT growth.  

 Earlier studies on CNT have attributed different reasons to CNT growth. 

Pulse current electrochemical deposition is reported by Tu et al.[1] to be 

an effective technique for preparing nickel (Ni) nanoparticles with 

different nucleation site densities. Harris [2] reasoned that the precursor 

for multi-walled and single- walled tubes was a fullerene type soot 

material that contains the seed for nanotube growth. 

The radius of the embryonic dust grains decreases with the number 

density of dust particles was investigated by Sodha et al. [3] in their 

theoretical model. Moreover, Sodha et al. [4]
 
also reported

 
 that the 
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generation and accretion of electrons in a complex plasmas with 

cylindrical particles and found that for a given value of surface potential 

eVs
k T
B

 
 
 
 

, the value of the thermionic emission

0

n
th

n

 
 
 
 

 is higher in the case of 

spherical particles than cylindrical ones. 

The effect of electric field on the anode sheath for the growth of aligned 

CNTs in glow discharge plasma is investigated and it has been reported 

that the nanotubes grow in those regions where electric field is enhanced 

due to depletion of positive ions in anode sheath [5]. Shoji et al. [6] have 

shown that the size of spherical carbon particle in methane (CH4) plasma 

is determined by the balance of electric field and gravitational force 

acting on growing carbon particles in plasma boundary. 

 Nagai et al. [7]
 
have reported that the particle radius initially increases 

with time and then approaches a saturation value in methane/argon (CH4/ 

Ar) columnar plasma. The effect of plasma composition during plasma- 

enhanced chemical vapor deposition (PECVD) growth of CNTs has been 

studied by Bell et al. [8] and they observed that ammonia (NH3) gas in 

plasma suppresses acetylene (C2H2 )  decomposition and encourages CNT 

formation and C2H2  is the dominant precursor in the growth of CNT.  

Moreover, Kim et al. [9] have shown enhanced growth of CNT in 

nitrogen(N2) and ammonia (NH3)  environment and reasoned that  

nitrogen incorporation into the CNT wall and its cap, decreases the 

activation energies required for nucleation and growth of the tubular 

graphitic layer. 

 The field emission properties of carbon nanotubes are another important 

area of research. The current density of 10 mA/cm
2
 from single walled 

carbon nanotubes (SWNTs) have been obtained with operating voltages 
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that are much lesser than other field emitters [10]. The field emission 

properties of CNT are affected by various factors such as plasma 

parameters, substitutional atoms, dimensional effects, and anode-cathode 

distance, etc., [11-13].       

Srivastava et al.[11] have synthesized carbon films via microwave plasma  

enhanced chemical vapor deposition (MPECVD)  using a mixture of 

methane and argon(Ar)  gases on nickel (Ni) coated and silicon (Si)  

substrates and found that the increase in microwave power causes more 

ionization of the gas, which increases the density of plasma species of 

relatively higher energy. Moreover, increased nucleation of graphitic 

clusters is expected to occur, and this leads to formation of carbon petals 

of relatively smaller size and higher density at increased microwave 

power.     

 Zhang et al. [12] have studied the effect of substitutional atoms in the tip 

on the field emission properties of capped carbon nanotubes and found 

that carbon nanotube substituted with nitrogen could have improved field 

emission properties, as the substituted tube has lower work function and 

unsaturated dangling bonds at the tip. 

 Nilsson et al. [13]  have studied the field emission from patterned CNT 

films and revealed a strong dependence of the field emission  on the 

density and the morphology of the carbon nanotube. The low and high 

density films yield low current because of low emitter density and 

screening effects, respectively.  

Xu. et a1. [14]  have investigated  the geometrical field enhancement 

factorβ  of individual nanotubes by in-situ  transmission electron 

microscopy and a linear dependence of β  on the distance d between the 

carbon nanotube tip and its counter anode is predicted. In this case, the 
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field enhancement factor β  from multi-walled carbon nanotubes 

(MWCNTs) decreases with CNT radius as
1
2rβ

−
∝ . 

 More importantly, Botti et al. [15] have prepared self-assembled CNTs 

without a catalyst via the low-velocity spraying of carbon particles on a 

heated silicon substrate. In this case, they have revealed that with the 

proper choice of deposition temperature, well aligned CNT are self-

assembled from the nanosized carbon particles without a catalyst. 

2.3: Theoretical Model  

We consider the plasma containing electrons, positively charged ions of 

type A and B, and neutral atoms of type A and B. The type A refers to 

carbon whereas type B can be hydrogen, argon, ammonia, nitrogen, neon 

etc., depending on the type of plasma considered.  The positively charged 

ions are assumed to be singly ionized.  There are four ways for the 

growth of the CNTs in a complex plasma environment without the 

catalyst, e.g., cluster formation, nucleation, coagulation, and growth of 

embryonic nanotubes by condensation. All the four steps are important, 

but the present work is limited to growth of embryonic nanotubes by 

condensation in complex plasma. In the present section, we develop a 

theoretical model incorporating the charge neutrality equation, charging 

of CNT and the number balance of the plasma species i.e., electrons, ions 

and neutrals. Since the temperature of the plasma species is also an 

important factor for the growth of the CNT, the present model includes 

the energy balance of the plasma species.  

 The kinetics involved in the formation of embryonic CNT is not included 

in the present work and the work is limited to investigating the effect of 

plasma parameter (i.e., electron density and temperature, ion density and 

temperature), plasma mediums,  plasma composition, parameters 
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associated with different types of plasma species such as negative ions  

on the growth of CNT through accretion of ionic and neutral particle. 

Moreover, it is assumed that all the ions that are incident on the CNT 

surface transfer their charge and are neutralized. 

The processes that are assumed in the present model are: 

1.The neutral species within the plasma ionizes to form ions and   

electrons. 

2. The ions and electrons recombine to form neutral species. 

3. Both these processes occur such that the charge neutrality condition  

    within the plasma is always maintained. 

4.  The initial charge on carbon nanotube is considered to be negative  

      such  that positive ions would accrete on its surface. 

5. The positive ions from the plasma sticks and accretes on the surface of  

     CNT. The ions that accretes on the surface of CNT get neutralized and  

     are converted to neutrals. 

6. The initial radius of the embryonic CNT is calculated either by  

     equating the total ion and electron collection current on its surface or  

     through the  surface potential on the CNT surface. 

7. The collision of electrons with neutrals and ions and with the CNT   

     within the plasma is also considered but it is assumed that the ionized  

     state of the participating species after the collision remains unchanged.       

     Only the energy transfer among the species is assumed to occur during  

    the collision. 

8. The energy dissociated to the surrounding by the plasma species is also   

    considered. 
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A. Charge neutrality equation 

According to charge neutrality condition, within the plasma the positive 

charge is equal to the net negative charge such that the plasma as a whole 

is considered electrically neutral. Eq. (1) therefore equates the net 

negative and positive charge in the plasma. 

          Zn n n nect iBiA
+ + = ,                                                          (1) 

where 

 Z=  the amount of charge on CNT(dimensionless), 

nct = the number density of the CNT (in cm
-3

), 

niA= number density of ion A(in cm
-3

), 

niB= number density of ion B(in cm
-3

), 

ne= number density of electron(in cm
-3

). 

 

B. Charging of the CNTs 

 Initially the CNT is assumed to be negatively charged such that over a 

period, the accretion of ions to the CNT decreases the initial negative 

charge and CNT gets positively charged during growth. Therefore, both 

the ion and electron currents at the surface of the CNT contribute to the 

charge developing on the CNT surface. Now, the positive ions collected 

on the CNT surface are neutralized on the CNT surface by transferring 

their charge. Therefore, the positive ion collection currents would 

increase the positive charge on CNT surface whereas electron current 

would depreciate positive charge on CNT surface. 

  Let Z is the amount of charge over the entire CNT surface, then the time 

evolution of charge on the entire CNT surface can be expressed through 

Eq. (2) which describes the charge developed on the CNT due to 
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accretion of electrons and positively charged ions on the surface of the 

CNT.   

 

dZ
n n ne ectiBctiActd

γ
τ
= + −  ,                                                                       (2) 

 

nect, niAct and niBct are the electron and ion collection currents on the 

CNT.  The expression for electrons and collection currents are dependent 

on the surface on which electrons and ions are collected. They are 

described in detail for spherical and cylindrical surface in Chapter 3. The 

units of the collection currents is sec
-1 

. eγ  is the sticking coefficient of 

constituent electrons at the surface of CNT and is dimensionless. τ is the 

time (in sec). 

C. Growth rate equation of electron density 

It is assumed that the dissociative ionization of neutrals produces ions and 

electrons hence it increases the number density of electrons in the plasma 

, whereas recombination of electrons and ions to produce neutrals would 

decrease the electron number density in plasma. Thus, Eq. (3) describes 

the growth rate of electron density in the plasma. 

      

        ( ) ( )dne n n n n n n n ne e e ct ectB B B iBA A A iAd
β β α α γ

τ
= + − + − ,             (3) 

 

 where 

j
β  is the coefficient of ionization of the constituent neutral atoms due to 

external agency (in sec), and ( ) 300 3 /sec
0

k

T cmej j Te
α α

 
  
 

=  is the 



56 

 

coefficient of recombination of electrons and positively charged ions 

[16],   

 

    =-1.2 is a constant ,                                                       and j refers to  

 

either  type A species (i.e., carbon) or type B species (i.e., hydrogen, 

argon, ammonia , nitrogen, neon) as the case may be. 

 The first term in Eq.(3) is the rate of gain in electron density per unit 

time due to  ionization of neutral atoms and second term is the decrease in 

the electron density due to electron–ion recombination and the third term 

is the loss in electron density because of the electron collection current at 

the surface of CNT. 

D. Growth rate equation of positively charged ion density 

For the positive ions within the plasma , the process considered are that 

the dissociative ionization of neutrals produces ions and electrons 

,thereby  the ion's number density increases, the recombination of ions 

and electrons to produce neutrals decreases ion number density  in 

plasma. Moreover, the ions collected on the surface of the CNT would 

decrease their number density in plasma. 

,                                                              (4)
dn

iA n n n n ne ctA A A iA iActd
β α

τ
= − −                                                                

dn
iB n n n n ne ctB B B iB iBctd

β α
τ

= − −  .                                                               (5) 

 The first term in Eqs.(4) and (5) is the gain in ion density per unit time 

on account of ionization of neutral atoms, the second term is the decrease  

in ion density due to electron-ion recombination, and the third term 

denotes the loss in ion density due to  ion collection current at the surface 

of CNT. 

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×κ
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E. Growth rate equation of neutral atoms 

The Eqs. (6) and (7) describes the number density balance of neutral 

atoms in plasma  assuming that  recombination of ions and electron 

produces neutrals and the neutral number density  thus increases whereas 

dissociative ionization of neutrals  to produce ions and electrons 

decreases their number density in the plasma bulk. Also, the ions that are 

collected on the CNT surface gets neutralized and hence increases the 

neutral atoms density in plasma .The neutral collection current would 

decrease their number density in plasma is also assumed in Eqs.(6) and 

(7). 

( )1
dn

A n n n n n n ne ct ctA iA A A iA iAct A Actd
α β γ γ

τ
= − + − −  ,                       (6) 

dn
B n n n n ne ctB iB B B iBctd

α β
τ

= − +    ,                                                              (7) 

 

 is the sticking coefficient of neutrals on CNT surface and is the sticking coefficient of 

ions on CNT surface, both  and  are dimensionless.
A iA

A iA

γ γ

γ γ

The first term in Eqs. (6) and (7)  is the gain in neutral atom density per 

unit time due to electron–ion recombination,  the second term is the 

decrease in neutral density due to their ionization, the third term is the 

gain in neutral density due to neutralization of the ions collected at the 

surface of CNT . The last term in Eq. (6) is the accretion of neutral atoms 

of species A on the surface of the CNT.   

F. Growth rate equation of the mass of CNT  

The accretion of neutral and ionic species of type A (i.e., carbon) is 

assumed to be responsible for the growth of CNT. The Eq. (8) describes 

the growth rate of  mass of CNT (with constant density)  over a period of 

time. 
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( )dmct m n m n
A A Act iA iA iActd
γ γ

τ
= +     ,                                     (8)   

where 

 

The first and second term in Eq.(8) are the gain in the mass of the CNT 

due to collection of atomic and ionic species A (i.e., carbon), 

respectively. The mct is the mass of CNT and is equal to product of the 

volume of the CNT surface and its density for e.g., for spherical surface    

 

 

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the radius of
3

2 spherical CNT tip , and  is the density of spherical CNT tip, 

is the  mass of the CNT for a cylindr

m act ct

m r lct ctcy ctcy

π ρ

ρ π ρ

=

=

 

ical CNT surface , r is the radius of cylindrical 

CNT surface ,  is the length of cylindrical CNT surface and is the density of 

cylindrical CNT surface.

l ctcyρ

 

 mA is the mass of neutral carbon atom, miA is the  mass of ionic species 

of carbon (type A). The unit of mct , mA ,and miA is gm (gram) and   τ is 

the time in second
 
(sec).         and        are the sticking coefficients of 

neutral and ionic species of carbon (type A),respectively and are   

dimensionless.  

G. Energy balance equation of electrons 

The ionization of neutrals to produce electrons and ions increases the 

energy of electrons whereas the recombination of electrons and ions to 

produce neutrals decreases the energy of electrons. The accretion of 

electrons on the CNT surface and the collision of electrons with CNT 

surface depreciates the energy of electrons. Since the temperature of 

electrons is more than the temperature of neutral and ions , the collision 

A
γiA

γ
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of electrons with either neutrals or with ions would decrease the electron 

energy. 

3

2

d
n k T
e eBdτ

 
 
 

    

( ) ( ) {
( ) ( )

( )( )

    

 ,

3

2

3 3
1

2 2

3
  

2

lhn n k n n n n T n n e ecct ecte e eB B B B B iBA A A A iA

s k T k T T ne ec e n eect ctB B eB eBeA eA

k T T ne eiB eBi eBieAi eAi

β ε β ε α α γ ε

δ γ ε ν δ ν δ

ν δ ν δ

 
 
 

      ×            

 
× + 

 

= + − + − +

− − − + −

− −                       

                                                                                                    (9)   

where 

3

2
is the thermal energy of electrons , n k T

e eB   

    Tn  is the temperature of neutral atoms  (in K) , Tct  
is the temperature 

of CNT (in K), 
j

ε  is the mean energy of electrons due to ionization of 

neutral atoms and (in eV ) and for neutral atom of type A   εA      is 

expressed as , 

( ) ( ){ } ( ){ }
33

2 2 ( )

k
Bk T T T T Te e n e iBA eA eA eAi eAiT neA iA

ε ν δ ν δ
α

 
  

= + × × − + × × −
×

 

and for neutral atom of type B        is expressed as  

( )
( ){ } ( ){ }

33

2 2 ( )

k
Bk T T T T Te e n e iB B eB eB eBi eBiT neB iB

ε ν δ ν δ
α

 
  

= + × × − + × × −
×

 

      

                 is the mean energy of electrons (in eV)  at a large distance from 

the surface of  CNT [16] and for spherical CNT tip                                                     

 

 

B
ε

2
( ) ( )

Zelh sZ Zec ec a
ε ε

 
 
 
 

= −

( )lh Zecε
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and   for cylindrical surface   

 

( ) 2s Z k Tec eB
ε =  is the mean energy of electrons collected by CNT(in 

eV)[16], 

 

1
2

0
0 0

n Tj e
ej ej n T

j e

ν ν
  
  
     

= is the electron collision frequency( in sec
-1

) due 

to elastic collisions with neutral atoms 
 
[17] and  

3

2

0
0 0

n Tji e
eji eji n T

ji e

ν ν
  
  
     

−

=  is the electron collision frequency( in sec
-1

)   

due to elastic collisions with positively charged ions[17], 

220
0 05.5 ln

0 3 1
32

0 0

n T
e e

eji
T n
e ij

ν

  
  
  
  
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= , 

2
me

ej m
j

δ
 
 
  
 

≈  is the fraction of excess energy of an electron lost in a 

collision with the neutral atom [3] and is dimensionless, 

2
me

eji m
ji

δ
 
 
  
 

≈  is the fraction of excess energy of an electron lost in a 

collision with  a positively charged ion [3] and is dimensionless,  

2
me

ect mct
δ

 
 
 
 

≈   is the fraction of excess energy of an  electron lost in a 

collision with a CNT [3] and is dimensionless, 

m
j
is the mass of a neutral atom (in gm), 

( ) 2
eVlh sZ k Tec eB k TeB

ε
  
  

  
  

= −

1
5 2 2(8.3 10 )

0 0 0
r n T
jej j e

ν π= ×
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m
ji

is the mass of an ion(in gm), 

me
is the mass of electron (in gm), 

r
j
is the mean radii of the atomic and the ionic species, 

n
j
is the number density of neutral atoms (in cm

-3
), 

0
T
e

 is the temperature of electrons in the absence of CNT (in eV), 

0

0

ej

eji

ν

ν
 is the electron collision frequency due to collisions with atoms/ ions 

in the absence of CNT and is dimensionless, 

0
n
e

 is the initial number density of electrons (in cm
-3

), 

0
n

j
is the initial number density of neutral atoms (in cm

-3
). 

The first term in Eq.(9) is the power gained per unit volume by electrons 

due to ionization of neutral atoms, the second  term  is  the energy loss 

per unit volume per unit time due to recombination with positively 

charged ions in plasma,  and the third term is the  energy loss per unit 

volume per unit time due to the sticking accretion and elastic collisions of 

electron at the surface of the CNT. The fourth term is the energy loss per 

unit volume per unit time due to elastic electron – neutral collisions and 

the fifth term is the energy loss per unit volume per unit time due to 

elastic electron- ion collision.  

The  LHS of Eq.(9) can be written as  

3 3

2 2

dT dne ek n k Te eB Bd dτ τ
      

+      
        

Substituting the value of 
dne
dτ

from Eq. (3) in the above Eq., we get 
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3

2

dTek neB dτ
  
  

   
=

( ) ( )
( ) ( ) ( ){

3 3 3

2 2 2

3
1

2

3 3

2 2

k T n n k T n n n n k T n ne e e e e e ct ectB B B B B iB BA A A iA

lhn n k n n n n T n n e ec ect ect ecte e eB B B B B iBA A A A iA

s k T k T Tec ectB B eB eBeA eA

β β α α γ

β ε β ε α α γ ε δ γ

ε ν δ ν δ

     
− + +     
     

 
+  

 

      ×            

+ +

+ − + − + −

− − + −( )

( )( ) ,

3

2
n kn e B

T T ne eieBi eBieAi eAi
ν δ ν δ

 
 
 

−

+ −

               

   On rearranging the above equation, we get                                            

( ) ( ) 
3 3

2 2

dTek n n n k n n Te eB B B B B B BA A A A Ad
β ε β ε β β

τ
      

=      
     

+ − +  -

3

2
lhn n k Te ec ect ect B

γ ε
   
   

  
− ( )1 eectδ γ+ − 3 3

2 2
s k T kec ctB B

ε
    
    

    
− −

{ eB eBeA eA
ν δ ν δ 
  

+ ( )T Te n− + ( )( ) }T T ne eieBi eBieAi eAi
ν δ ν δ+ −  .      

                                                                                                             (10)                                              

H. Energy balance equation for positively charged ions 

The ionization of neutrals to produce electrons and ions increases the ion 

energy whereas the recombination of electrons and ions to produce 

neutrals decreases the energy of ions. The accretion of ions on the CNT 

surface depreciates the energy of ions. Since the temperature of ion is less 

than the temperature of electron, the collision of electrons with ions 

would increase the ion energy whereas since the ion temperature is more 

than the neutral temperature, the collision of ions with neutrals decreases 

the ion energy. Because both species of ions are assumed to be at the 

same temperature, the ion–ion collisions do not contribute to the energy 

balance. 
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  ( )3

2

d
n n k T

iiB BiAdτ
 
  

+    

( ) ( ) ( )

( ) ( )
( ) ( ) ( )   

3

2

3
  

2

3

2

i

n n k n T Te e iB B iB B eBi eBiA A iA eAi eAi

l lk n n n n T n n ncte eB B iB iBct iBcA iA iAct iAc

k n n T TniB iBB iBB iBiAA iAA iAB iAB iA iBA iBA

β ε β ε ν δ ν δ

α α ε ε

ν δ ν δ ν δ ν δ

 
+ × 
 

 
+ − 

 

   +     

= + + −

− + −

+ + −

     

                                                                                                      ,(11)                                                                                                                         

where  

( )  
3

is the thermal energy of ions ,
2

n n k T
iiB BiA

+
  

 

             is the mean energy of positively charged ions (at large distance 

from the surface of the CNT) collected by the CNT [16] (in eV), for 

spherical CNT tip 

 

     whereas for cylindrical CNT surface  

1 1 1 1
2 2 2 22 4

( ) 2 expr
k T eV eV eV eVl i s s s sBZ k T n l erfc

ijc i ijB m k T k T k T k T
ij i i i iB B B B

π
ε

π

    
                                                      

    

= + −

 

,Vs is the surface potential of cylindrical CNT. 

ij
ε  is the mean energy of positively charged ions(in eV) produced by the 

ionization of neutral atoms[16] and for ion A and B are expressed as 

 

 

( )l Z
ijc
ε

1

2
( ) ji

ji

Zl Z k T
ijcs iBZ

α
ε

α
 
 

−  

−
=
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( ) ( ){ } ( ){ }
33

2 2 ( )

k
Bk T T T T Tn ei iBiA iA iAA iAA eAi eAiT neA iA

ε ν δ ν δ
α

 −  
= + × × − × × −

×
 

( ) ( ){ } ( ){ }
33

2 2 ( )

k
Bk T T T T Tn ei iiB B iB iBB iBB eBi eBiT neB iB

ε ν δ ν δ
α

 −  
= + × × − × × −

×
 

1
2

' '
' '0

'0
' 0 0

n m T m Tni ijj j
ijj ijj n

m T m Tj ijj i n

ν ν

 
  
  
           

+
=

+
 is the collision frequency (in 

sec
-1

  of a  j  type of ion with 'j  ion of neutral atom[17], 

( )8

3

1
1 2'0 '2 0 022 ( )

'0 ' '
'

n m
j j T Ti nk r r

ij m mBijj j ij jm m
ij j

ν π
    
    
            

 
          
    

= + +
+

, 

2

' ( )
'

m
ij

ijj m m
ijj

δ
 
 
 
  

=
+

 is the fraction of the excess energy of a j type 

positively charged ion, lost in a collision with neutral 'j   kind of neutral 

atom and is dimensionless, 

0
T
i

 and 
0

T
n

 are  the initial temperatures of positively charged ion and 

neutral, respectively [17] (in K).  

The first term in Eq.(11)  is the energy gained per unit volume per unit 

time by the positively charged ions due to the  ionization of neutral 

atoms, the second term is  the energy gained per unit volume per unit 

time  due to the elastic collision of ions  with electrons, the third term is 

the energy loss per unit volume per unit time due to electron –ion 

recombination , the fourth term is the energy loss per unit volume per unit 

time due to the sticking accretion of ions at the surface of  the  CNT, and 
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the last term is the  energy lost per unit volume per unit time due to 

elastic collision with neutral species.  

 

The  LHS of Eq.(11) can be written as 

( ) ( )3 3

2 2

d n ndT iBiAik n n k T
iB iB BiA d dτ τ

         +              

+
+

 

Substituting the value of 
( )d n n

iBiA
dτ

+
from Eqs.(4) and  (5)  after 

multiplying   by                   in above Eq. , we get 

 

( )3

2

dT
ik n n

B iBiA dτ
  
       

+   

( ) ( ) ( )
( ) ( ) ( )

( ) ( )
    

    

3 3 3
 

2 2 2

3

2

3
   

2

3

2

i

k T n n k T n n n n k T n n ne e cti i iB B B B B iB B iBctA A A iA iAct

n n k n T Te e iB B iB B eBi eBiA A iA eAi eAi

l lk n n n n T n n ncte eB B iB iBct iBcA iA iAct iAc

k
B iAA iAA iA

β β α α

β ε β ε ν δ ν δ

α α ε ε

ν δ ν

+ + + + + +

 
+ × 
 

 
+ − 

 

 
 
 

= −

+ + −

− + −

+( ) ( ) ( )n n T TniiBB iBB iBB iAB iA iBA iBA
δ ν δ ν δ +  

+ −

 

On rearranging, we get                                             

( )3

2

dT
ik n n

B iBiA dτ
  
  =      

+    

( ) ( ) ( )

( )

( )

3 3

2 2

3 3 3

2 2 2

n n k n n T k neiB B iB B B B B eBi eBiA A iA A A eAi eAi

l lT T n n k T n k T ke cti i iB iBct iBc B BiAct iAc

n
iAA iAA iAB iAB iA iBA iBA

β ε β ε β β ν δ ν δ

ε ε

ν δ ν δ ν δ

    
+    

    

         × − + − − ×                   

+

+ − + +

− −

+ +( ) ( ).n T TniiBB iBB iB
ν δ 

  
−                                                                                                                              

                                                                                                                     (12) 

 3

2
k T

iB
 
 
 
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I. Energy balance equation for neutral atoms  

The ionization of neutrals to produce electrons and ions decreases the 

neutral atoms energy whereas the recombination of electrons and ions to 

produce neutrals increases the energy of neutral. The accretion of neutral 

on the CNT surface depreciates the energy of neutral. Since the 

temperature of neutral is less than the temperature of electron and ion, the 

collision of neutral with ions and electrons would increase the neutral 

energy. The neutralization of ions incident on the CNT surface would 

increase the energy of neutrals. The neutral dissipates some part of the 

energy to the surrounding. 

 

  ( )3

2

d
n n k TnB BAdτ

 
  

+   

( )( )

( )( ) ( )

( ) ( ) } ( )

   =

     

    

3

2

3

2

3
1

2

k n n n n T T n n I n n Ie eie e eB B iB B iB pBA iA A iA pA

k n T T ne e nB eB eBeA eA iAA iAA iAB iAB iA

n T T k n n nn ctiiBB iBB iB B iBciBA iBA iA iAct

α α α α

ν δ ν δ ν δ ν δ

ν δ ν δ γ

    + +   
   

       

  ×     

+ + +

+ − + + +

+ − + − +

( )( ) ( )

( ) ,

3
  1

2

3
  

2

Tctt

k n n T T T n T Tn n nct ct ctB Bct BctAct Act AA

k n n T EnB B BA A diss

γ δ γ δ

β β

 
  

              

 
 
 

− + − − + −

− + −
                                                                                                           

(13) 

where  

I
pj

is the ionization energy of the constituent atomic species (in eV), 

,    
, , ,

E E E E
diss A diss B diss j diss

 
 
 

= + is the energy dissipated per unit 

volume per unit time by neutral atoms into the surrounding atmosphere 
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and is  assumed to be equal to the difference between the temperature of 

the neutral atomic species and the ambient temperature. 

, , 0
0

T Taj
E E

j diss j diss T Taj

  
    
  
    

−
=

−
, The constant 

, 0
E

j diss
is obtained by 

imposing the ambient condition of the complex plasma system in Eq.(13) 

for both constituent neutral species[17] (in eV). 

2m
j

jct
m mctj

δ

 
 
 
      

=
+

 is the fraction of excess energy of an atom lost in a 

collision with the CNT and is dimensionless, and Ta  is the ambient 

temperature (in K).  

The first term in Eq. (13) is the power gained per unit volume by the 

neutral species due to recombination of electrons and positively charged 

ions, the second term is the rate of power gained per unit volume by 

neutral atoms in elastic collision with electrons and positively charged 

ions. The third term is the energy gained per unit volume per second due 

to formation of neutrals at the surface of the CNT due to ion and electron 

accretion. The fourth term refers to the thermal energy lost per unit 

volume per unit time by neutral atoms accretion on and collision with 

CNT tip. The fifth term is the energy lost per unit volume per unit time 

due to ionization of neutral atoms. The last term is the energy dissipation 

rate per unit volume by neutral atoms to the surrounding atmosphere. 

The LHS of Eq.(13) can be written  as 

( ) ( )3 3

2 2

d n ndT BAnn n k k TnB B BA d dτ τ

 
   +   
   

 

+
+
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( )

 

Substituting the value of   from Eqs.(6) and (7)  and multiplying by

3

2

d n n
BA

d

k TnB

τ

+

   

in Eq.(13) ,we get 

( )3

2

dTnn n k
B BA dτ

 
 
 

+  =      

( ) ( ) ( )( )
( )( )

( )( )  

   

3 3 3
1

2 2 2

3 3

2 2

3

2

k T n n n n k T n n k T n n nn e e n n ctB B iB B B B B iBctA iA A A iA iAct

k T n n k n n n n T Tn ect ie eB B B iBA Act A iA

n n I n n I k n T Te e e neB iB pB B eB eBA iA pA eA eA

iAA iAA i

α α β β γ

γ α α

α α ν δ ν δ

ν δ ν

 
+ + 

 

    + +         

− + + + − − +

+ + +

+ + − +

+( ) ( ) ( ) }
( ) ( )( )

( ) ( ) ,

3

2

3
1 1

2

3
   

2

n n T T kniiBB iBB iB BAB iAB iA iBA iBA

n n n T k n n T T Tn nct ct ct ctiBct BiA iAct Act Act AA

n T T k n n T En nctBct Bct B B BA A diss

δ ν δ ν δ

γ γ δ γ

δ β β

   + ×       

    
         

 
   

+ − +

− + − + − −

+ − − + −

   On rearranging above equation, we obtain                                             

( )

( ) ( )

( )( ) ( )

( ) ( )

   

  

   +

  

3

2

3

2

3

2

3

2

dTnn n k
B BA d

k n n n n T T T n n I n n Ie n eie e eB B iB B iB pBA iA A iA pA

k n T T ne e nB eB eBeA eA iAA iAA iAB iAB iA

n T T kniiBB iBB iB BiBA iBA

τ

α α α α

ν δ ν δ ν δ ν δ

ν δ ν δ

 
= 

 

    +    
   

   
    

  ×     

+

+ + − +

+ − + + +

+ − + ( ) ( )

( ) ( ) ( ) .

1

3
 1  

2

n n n T Tnct ctiBctiA iAct

k n n T T n T T En nct ct ctB Bct BctAct Act A diss

γ

δ γ δ

  −  

   ×     

− +

− − − + − −

  

                                          (14)                   
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J. Energy balance for CNT  

The processes such as electron, ion, and neutral accretion on the CNT 

surface affect the energy of CNT and some part of CNT energy is lost to 

the surrounding through conduction and radiation processes.  

 

( ) ( )

( ) ( )( ) ( )( ){ }

3
 1  

2

3
1

2

3
1

2

d s sm C T n k Tp e ec e ecct ct ect ect ctBd

k n T T T n T Tn n nct ctB Bct BctAct A Act A

s sn I n I k
iBct iBc pB BiAct iAc pA

γ ε γ δ ε
τ

γ δ γ δ

ε ε

     
    

     

     + +       

        −            

= + − −

− + − − −

+ + + ( )

( ) ( )
1 1
2 28 8

4 4 .             (15)

n n TctiBctiA iAct

k T k Tn nB BArea T T n n k T Ta nct ctB BA m m
BA

γ

εσ
π π

      

  
                    

− +

− − + + −

 

                                                                                                                                                                                                                                                          

where 

               is the mean energy collected by ions at the surface of CNT[16](in 

eV)
 
, 

   

C
p is the specific heat of the material of the CNT at constant pressure ( in 

ergs/gm K),
 

ε is the emissivity of the material of the CNT and is dimensionless, 

σ is the Stefan –Boltzmann constant ( in erg sec
-1

 cm
-2

 K
-4

), 

Area refers to the total surface area of CNT and for spherical CNT tip of 

CNT Area=            and for cylindrical surface  area =                  , where a 

is the radius of spherical CNT tip and r is the radius and l is the length of 

cylindrical CNT surface.   

The first three terms in Eq.(15) are the rate of energy transferred to the 

CNT due to sticking accretion and elastic collision by constituent species 

of complex plasma. The fourth term is the energy carried away by the 

 ( )s Z
ijc
ε

24 aπ 2 ( )r r lπ +
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neutral species (generated by the recombination of the accreted ions and 

electrons) from the CNT per unit volume per unit time. The last term is 

the rate of energy dissipation of the CNT through radiation and 

conduction to the host gas[18].  

2.4: APPLICABILITY OF THE PRESENT MODEL 

The theoretical model so developed can be employed to study the growth 

of carbon nanotube in a plasma environment. The effect of plasma 

environment i.e., the density and temperature of the plasma species (i.e., 

electrons and ions), the different plasma mediums, various plasma 

compositions i.e., light and heavy ions , effect of negative ions,  on the 

growth of carbon nanotube can be studied through the present model. The 

results obtained from the present model can be extended to realize the 

practical applications of the CNT.  
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CHAPTER 3 

 

ROLE OF PLASMA PARAMETERS ON GROWTH OF 

SPHERICAL CNT TIP AND CYLINDRICAL CNT SURFACES 

(WITHOUT CATALYST) AND THEIR FIELD EMISSION 

PROPERTIES.  

 

3.1: Brief outline of the work in the chapter 

The present chapter focuses on the effect of plasma parameters (i.e., 

electron density and temperature, ion density and temperature) on the 

growth of spherical carbon nanotube (CNT) tip and cylindrical CNT 

surfaces, separately and estimation of field enhancement factor of CNT 

from the results obtained.   

3.2: Introduction 

Carbon nanotubes (CNTs) are being extensively studied because of their 

excellent properties e.g., mechanical properties, high chemical stability, 

thermal conductivity, large aspect ratio (i.e., ratio of height of CNT to 

radius of CNT), etc. The growth of CNT in plasma is an active field of 

research and plasma parameters impacts CNT growth. 

In the plasma assisted growth of CNTs, parameters specific to the glow 

discharge must be considered. The voltage, current, power, and resultant 

field distributions within the discharge, plays a vital role in shaping the 

outcome of the growth process. The plasma is used for both the 

deposition of thin conformal films and for etching, depending on the 

choice of conditions. [1]  

 Low temperature plasmas are an extensive and multifaceted tool for 

material processing such as thin film deposition, etching, surface 
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activation and functionalization, and plasma polymerization[2,3]. This 

low temperature operation is possible owing to the activation of the gas 

by the energetic electrons, while the gas itself remains at temperatures at 

or slightly above room temperature [4]. Indeed, in low temperature 

plasma, the electrons cause ionization, excitation, and dissociation. The 

dissociation reactions lead to the formation of highly reactive radicals. 

The ionization process creates ions and electrons that are accelerated by 

the applied electric field. These ions and electrons can subsequently 

participate in various reactions, including dissociation reactions, leading 

to the formation of more radicals. Finally, also the excited atoms and 

molecules, which are generally more reactive than the ground-state 

species, contribute to the enhanced reactivity of the processing gas, 

thereby omitting the need for high temperatures to achieve chemical 

reactions [5]. 

 Srivastava et al. [6]
 
have synthesized carbon films via microwave plasma  

enhanced chemical vapor deposition (MPECVD) using a mixture of 

methane(CH4) and argon (Ar)  gases on nickel (Ni) coated silicon(Si) 

substrates and found that increase in microwave power causes more 

ionization of the gas, which increases the density of plasma species of 

relatively higher energy. Moreover, increased nucleation of graphitic 

clusters is expected to occur, and this leads to formation of carbon petals 

of relatively smaller size and higher density at increased microwave 

power.   

Pal et al. [7]
 
 have grown arrays of aligned CNT  on silicon substrate in 

the anode sheath of glow discharge and found that nanotubes grow in 

those regions where electric field is enhanced due to depletion of positive 

ions in anode sheath. 



75 

 

  Levchenko et al. [8] have found that the distribution of the ion current 

along the nanotip lateral surface is strongly nonuniform and can be 

controlled by the plasma density. Their results suggest that the plasma 

parameters are important factors that enables to efficiently manipulate the 

microscopic ion fluxes onto the substrate and nanotip surfaces, eventually 

leading to the possibility of the efficient carbon nanotip growth control. 

 Levchenko et al. [9] have suggested that the plasma-aided process, in 

contrast to the neutral flux deposition, is an efficient tool to control the 

nanotip aspect ratio.  The nanotip aspect ratio can be controlled by 

adjusting the plasma parameters such as the degree of ionization, plasma 

density, and electron temperature, etc. 

 Levchenko et al.  [10] have pointed out that by using the plasma 

extracted ion fluxes, the CNTs can be uniformly coated and treated along 

the entire length. Manipulating the plasma parameters makes it possible 

to direct the ion flux to preselected areas on the nanotube surfaces. This 

effect can also be used for deterministic synthesis of dense CNT arrays in 

low-temperature plasmas.  

The field emission properties of carbon nanotubes are also another 

important area of research, because they give very high values of the 

current density as compared to the already existing field emission 

devices. The field emission properties of CNT and the effect of various 

factors such as plasma parameters [11], substitutional atoms[12], 

dimensional effects[13], anode-cathode distance[14]
 

etc., on field 

emission from CNT have also been extensively studied.  Lee et al. [11]
 
 

have investigated the effect of plasma treatment on the  surface 

morphology and field emission characteristics of CNT and revealed  that 
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the plasma treatment can modify the surface morphology and enhance the 

field emission characteristics of the CNTs.  

Jang et al. [15] have fabricated the CNT through  direct current plasma-

enhanced chemical vapor deposition (dc-PECVD) using different 

ammonia (NH3) pre-treatment plasma currents and have analyzed the 

field emission behavior of well-aligned carbon nanotubes. The field 

emission properties of the multi-walled carbon nanotubes (MWCNTs) 

exhibit a strong dependence on the morphology parameters such as the 

length, radius, and density of nanotubes. 

Kyung et al. [16] have studied the growth and field emission properties of 

MWCNTs by using atmospheric pressure PECVD and investigated the 

structural and electrical characteristics for its possible applications as 

field emitters in field emission display devices (FED). The results show 

the turn-on field to be 2.92V/µm, and the emission field at 1mA/cm
2
 to be 

5.325 V/µm, which is appropriate for FED emitters. 

Wang et al. [17] have grown vertically aligned CNT films with diameters 

smaller than 5 nm and have investigated the electron field emission 

properties of the films by variable distance field emission and 

temperature-dependent field electron emission microscopy (T-FEEM). 

The films showed an emission site density of ~104/cm
2
 and a threshold 

field of 2.8 V/ µm. The results showed the strong dependence of size of 

CNT on its field emission properties. 

 In the present chapter, we investigate the effect of plasma parameters on 

the growth of spherical CNT tip and cylindrical CNT surfaces, separately 

using the model developed in Chapter 2. An estimate of the field 

enhancement factor from spherical CNT tip and cylindrical carbon 

nanotube surfaces is also done from the results obtained.   
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3.3: Model for growth of spherical CNT tip and cylindrical CNT    

        surfaces in plasma 

Following the consideration in the previous chapter of a plasma 

containing electrons, positively charged ions of type A(carbon) and 

B(neon), neutral atoms of type A(carbon)  and B(neon), the growth of  

CNT (spherical CNT tip and cylindrical CNT surface, separately) by 

condensation of embryonic nanotubes in plasma  is investigated. The 

equations for growth of spherical tip of CNT and cylindrical CNT 

surfaces are presented separately. 

The initial radius of spherical CNT tip (a0)  can be estimated by equating 

the accretion of electrons and positively charged ions on the CNT,  i.e., 

electron collection current on the CNT(nects) is equal to total ion 

collection at CNT (niActs+niBcts) 

          
n n nects iBctsiActs

= +
                                                                       (1) 

where

  1
8 22 exp
k TeBn a n Ze eects me

π α
π

 
     
 

=   is the electron collection current at 

the surface of  spherical CNT tip [18] (in sec
-1

) and  
2e

e ak TeB

α
 
 
 
 

= , 

1
282 1

k T
iBn a n Z

ijcts ij im
ij

π α
π

 
   

  
 

= −  is the ion collection current of a  

spherical  CNT [18]
 
(in sec

-1
) 

 
where j refers to either A (carbon) ion or B  

(neon) ion and 
2e

i ak T
iB

α
 
 
 
 

=  , Z  is the amount of charge on the 

CNT(dimensionless). 
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Substituting the values of nects and nijcts (for both A (carbon) and (neon)) 

in Eq.(1) we get,         

       

,

1 11
2 2 22 28 8 822 2 2exp 1 1

k T k T k TZe Ze Zee i iB B Ba n a n a ne iBiAm ak T m ak T m ak Te e i iB B iB BiA

π π π
π π π

         
         

                  
= − + −

 

 

                                                                                                           (2) 

or 

,        

1 11
2 2 22 28 8 82

exp 1 1
k T k T k TZe Ze Zee i iB B Bn n ne iBiAm ak T m ak T m ak Te e i iB B iB BiA
π π π

         
        = 

                  
− + −

                     

                                                                     (3) 

or  

For Z = -1, i.e., we assume that initially at τ=0 the CNT is negatively 

charged, and initial radius of CNT is a0, 

 

,

1 11
2 2 22 22

exp 1 1

0 0 0

T TT e e ee i in n ne iBiAm k T m k T m k Te e i iB B iB BiA
a a a

         
                          

− = + + +

 

                                                                                                                              (4) 

1 11
2 2 2 22

exp 1

0 0

T TT e ee i in n ne iBiAm a k T a k T m me e iB B iBiA

 
         

                            

− = + + ,         

                                                                                                             (5)      

  

Now, the initial radius [19]
 
of cylindrical CNT surface (r0) can be 

estimated through the surface potential on cylindrical CNT 
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2

log
0

e dVs l r

λ
= −    ,                                                                                 

                                                                                                    (6) 

 where 

Vs = surface potential on CNT (in Stat V), 

l  = length of the cylindrical CNT (in µm), 

2 2 2
e id

λ λ λ− − −= + ,                        

d
λ is the Debye length of the plasma, 

0
24

0

T
e

e
n e
e

λ
π

 
 
 
 
 

=   is the electron Debye length for the electrons present 

in  the plasma, 0
24

0

T
i

i
n e
i

λ
π

 
 
 
 
 

=  is the ion Debye length for ions present 

in the plasma,  

0
n
i

is the ion number density (in cm
-3

), 

0
n
e =  the number density of electron (in cm

-3
), 

0
T
e =  the electron temperature (in eV), 

0
a = the initial radius of spherical CNT tip (in nm), 

r0= the initial radius of cylindrical CNT surface (in nm), 

k
B

= Boltzmann’s constant(in ergs/K), 

0
T
i =  the ion temperature (in K), 

n
iA

= the number density of ion A (in cm
-3

), 

m
iA

= the mass of ion A(in gms), 
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n
iB

= the  number density of ion B (in cm
-3

), 

m
iB

= the mass of ion B (in gms), and 

e=   the electronic charge(in StatC). 

The processes assumed for the growth of CNT in plasma are same as 

discussed in Chapter 2 .  

A. Charge on CNT 

Following the charge neutrality condition i.e., treating the plasma as 

electrically neutral. Eqs. (7) and (8) equates the net negative and positive 

charge in the plasma for spherical tip and cylindrical surfaces, 

respectively. 

        
Z n n n ns ect iBiA

+ + = ,                                                                          (7)  

        
Z n n n ncy ect iBiA

+ + =
                                                                         (8) 

    Zs=  amount of charge on spherical CNT tip ( dimensionless) , 

   Zcy= amount of charge on cylindrical CNT surface (dimensionless), 

   
nct =  the number density of  the CNT(in cm

-3
).  

B. Charging of CNT 

Let Zs is the amount of charge over the spherical CNT tip, Zcy is the 

amount of charge on cylindrical CNT surface, then the time evolution of 

charge on the entire CNT surface can be expressed through Eqs. (9) and 

(10) for spherical CNT tip  and cylindrical CNT surface , respectively. 

The Eqs. (9) and (10) describes the charge developed on the CNT due to 

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

CNT.   

     
dZs n n nes ectsiBctsiActsd

γ
τ

= + −  ,                                          (9) 

      
dZcy

n n necy ectcyiBctcyiActcyd
γ

τ
= + −  ,                                     (10) 
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where 

1
8 22a)   exp
k TeBn a n Ze eects me

π α
π

 
     
 

=   is the electron collection current 

at the surface of  spherical CNT tip [18]
 
(in sec

-1
) 

 
and 

2e
e ak TeB

α
 
 
 
 

= . 

1
282b)   1

k T
iBn a n Z

ijcts ij im
ij

π α
π

 
   

   
 

= −  is the ion collection current on a    

      spherical  CNT tip  [18]
 
(in sec

-1
) 

 
and  

2e
i ak T

iB

α
 
 
 
 

=  

1
2 2

c)   expr
k T eVe sBn n leectcy m k Te eB

π   
  

      
=   is the electron collection  

       current at  the surface of  cylindrical CNT [19]
 
(in sec

-1
) 

 
. 

1 1 1
2 2 22 2

d)   expr
k T eV eV eVi s s sBn n l erfc

ijctcy ij m k T k T k T
ij i i iB B B

π

π

  
                                       

= +   

 is  the ion collection current of a  cylindrical  CNT [19]
 
(in sec

-1
) 

 
, j 

refers to either A(carbon) or B(neon) positively charged ion,

   and es ecyγ γ  are the sticking coefficient of constituent electron at the 

surface of  the spherical CNT tip and cylindrical CNT surface, 

respectively and are dimensionless. 

 The first  and second term in Eqs.(9) and (10) denotes charge developed  

the CNT due to ion collection currents of type A(carbon)  and B(neon)  

on spherical CNT tip and cylindrical CNT surface, respectively and third 



82 

 

term denotes the denotes charge developed  on spherical CNT tip and 

cylindrical CNT surface, because of electron collection current. 

 

C. Balance equation for electron, ion and neutral number densities  

      for spherical CNT tip 

 a) Number density balance for electrons 

As discussed earlier in Chapter 2, the number density balance equation  

of electrons is developed considering that  within the plasma the neutrals 

ionizes to produce ions ,electrons and the electron and ion recombines to 

form neutrals. The electron collection current to CNT also affects the 

electron number density. 

( ) ( )dne n n n n n n n ne e es ct ectsB B B iBA A A iAd
β β α α γ

τ
= + − + − ,             (11) 

 

where 

 and 
BA

β β  are the coefficients of ionization of the constituent neutral 

atoms of A(carbon) and B(neon) due to external agency (in sec), and 

( ) ( )300 3003 3/sec  and / sec
0 0

k k

T cm T cme eBA A BT Te e
α α α α

   
      
   

= =  are 

the coefficients of recombination of electrons and positively charged ions 

[18]  of A(carbon) and B(neon),respectively where k =-1.2 is a constant                                                                          

   

,                                                          and   

                                                                  

 

is the electron collection  current at the surface of  spherical CNT tip [18] 

(in sec
-1

) and nct is  the CNT number density (in cm
-3

). 

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×

1
28 22 exp

k Te ZeBn a neects m ak Te eB

π
π

  
  

      
=
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The first term in Eq.(11) is the rate of gain in electron density per unit 

time due to  ionization of neutral atoms and second term is the decrease in 

the electron density due to electron–ion recombination and the third term 

is the loss in electron density because of the electron collection current on 

the spherical CNT tip. 

b) Number density balance for ions 

The number density balance equation of ions is established assuming that 

within the plasma, the ionization of neutrals produces ions, electrons, and 

the electron and ion recombines to form neutrals. Some of the ions 

accrete on CNT tip. 

,
dn

iA n n n n ne ctA A A iA iActsd
β α

τ
= − −                                          (12) 

dn
iB n n n n ne ctB B B iB iBctsd

β α
τ

= − −  ,                                        (13) 

 where 

,

1 1
2 22 28 82 21 1

k T k TZe Zei iB Bn a n n a n
iBcts iBiActs iAm ak T m ak T

i iB iB BiA

π π
π π

      
      

           
= − = −

  

  are the ion collection currents at the surface of  spherical CNT tip 

[18](in sec
-1

), nA and nB are the neutral atom number density (in cm
-3

). 

The first term in Eqs. (12) and (13) is the gain in ion density per unit time 

on account of ionization of neutral atoms, the second term is the decrease  

in ion density due to electron-ion recombination, and the third term 

denotes the loss in ion density due to  ion collection current on spherical 

CNT tip. 
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c) Number density balance for neutrals 

The processes such as recombination of electrons and ions, ionization of 

neutrals , accretion of neutrals and ions on the CNT surface are accounted 

in the balance equation of neutral atom density. 

 

( )1
dn

A n n n n n n ne ct ctA iA A A iA iActs A Actsd
α β γ γ

τ
= − + − −  ,             (14) 

 

dn
B n n n n ne ctB iB B B iBctsd

α β
τ

= − +    ,                                                     (15) 

where 

  

1 1
2 28 82 2    ,  

k T k Tn nB Bn a n n a n
Bcts BActs Am m

BA

π π
π π

   
   

  
  

= =   

are the neutral collection currents at the surface of  spherical CNT tip [18] 

(in sec
-1

). 

 is the sticking coefficient of carbon neutrals on spherical CNT tip and  is 

the sticking coefficient of carbon ions on spherical CNT tip, both  and  are 

dimensionless.

A iA

A iA

γ γ

γ γ
 

The first term in Eqs. (14) and (15)  is the gain in neutral atom density per 

unit time due to electron–ion recombination,  the second term is the 

decrease in neutral density due to their ionization, the third term is the 

gain in neutral density due to neutralization of the ions collected on 

spherical CNT tip. The last term in Eq. (14) is the accretion of neutral 

atoms of species A(carbon) on spherical CNT tip.   

D. Balance equation for electron, ion and neutral number densities 

for   cylindrical CNT surface 
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 a) Number density balance for electrons 

 Assuming the processes as discussed earlier for electron number balance 

, Eq.(16) describes number density balance equation for electrons for the 

growth of cylindrical CNT surface. 

( ) ( ) ,
dne n n n n n n n ne e ecy ct ectcyB B B iBA A A iAd

β β α α γ
τ
= + − + −     (16) 

where  

                                                                is the electron collection current  

 

on  the cylindrical CNT surface [19] (in sec
-1

). 

 The first term in Eq.(16) is the rate of gain in electron density per unit 

time due to  ionization of neutral atoms and second term is the decrease in 

the electron density due to electron–ion recombination and the third term 

is the loss in electron density because of the electron collection current on 

the cylindrical CNT surface. 

b) Number density balance for ions 

Assuming the processes as discussed earlier for ion number balance, Eqs. 

(17)  and (18) describes number density balance equation for ions for the 

growth of cylindrical CNT surface. 

 

,
dn

iA n n n n ne ctA A A iA iActcyd
β α

τ
= − −                                            (17) 

,
dn

iB n n n n ne ctB B B iB iBctcyd
β α

τ
= − −                                     (18) 

where 

1 1 1
2 2 22 2

   expr
k T eV eV eVi s s sBn n l erfc

iActcy iA m k T k T k T
i i iB B BiA

π

π

  
                  

                   

= +

 

1
2 2

 expr
k T eVe sBn n leectcy m k Te eB

π   
  

      
=
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1 1 1
2 2 22 2

   expr
k T eV eV eVi s s sBn n l erfc

iBctcy iB m k T k T k T
i i iiB B B B

π

π

  
                  

                   

= +

 

 are the ion collection currents at the cylindrical CNT surface [19](in sec
-

1
) for A(carbon) and B (neon),respectively. 

The first term in Eqs. (17) and (18) is the gain in ion density per unit time 

on account of ionization of neutral atoms, the second term is the decrease  

in ion density due to electron-ion recombination, and the third term 

denotes the loss in ion density due to  ion collection current on cylindrical 

CNT surface. 

c) Number density balance for neutrals 

Assuming the processes as discussed earlier for number balance of 

neutrals, Eqs.(19) and (20) describes number density balance equation of 

neutrals  for the growth of cylindrical CNT surface. 

 

( ) ,1
dn

A n n n n n n ne ct ctA iA A A iA iActcy A Actcyd
α β γ γ

τ
= − + − −          (19) 

,
dn

B n n n n ne ctB iB B B iBctcyd
α β

τ
= − +                                                       (20) 

where 

 

 

are the neutral collection currents at the cylindrical CNT surface [19](in 

sec
-1

),nA and nB are the neutral atom number density (in cm
-3

). 

The first term in Eqs. (19) and (20)  is the gain in neutral atom density per 

unit time due to electron–ion recombination,  the second term is the 

decrease in neutral density due to their ionization, the third term is the 

 1 1
2 22 2

    ,    
k T k Tn nB Bn rl n n rl n

Bctcy BActcy Am m
BA

π π
   
   

  
  

= =
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gain in neutral density due to neutralization of the ions collected at the 

surface of CNT. The last term in Eq. (19) is the accretion of neutral atoms 

of species A (carbon) on the cylindrical CNT surface.  

 E. Growth rates for the mass of spherical CNT tip and cylindrical    

       CNT surface 

 The accretion of ions and neutrals of carbon are considered as the main 

growth process for both spherical CNT tip and cylindrical CNT surface. 

 

( )dmcts m n m n
A A Acts iA iA iActsd
γ γ

τ
= +  ,                                     (21)   

,
dmctcy

m n m n
A A Actcy iA iA iActcyd
γ γ

τ
 
 
 

= +                           (22)        

where 
     

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the
3

 radius of spherical CNT tip , and  is the density of spherical CNT tip,

m acts cts

cts

π ρ

ρ

=

 

  

 

 

2 is the mass of the CNT for a cylindrical CNT surface , 

r is the radius of cylindrical CNT surface ,  is the length of cylindrical 

CNT surface and is the density of cylindrical C

m r lctcy ctcy

l

ctcy

π ρ

ρ

=

NT surface.

  

The first and second term in Eqs.(21) and (22) are the gain in the mass of 

the spherical CNT tip and cylindrical CNT surface, respectively due to 

collection of atomic and ionic species A (i.e., carbon), respectively. 

 

 

 

F. Energy balance equation of electrons, ions and electrons and      
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   spherical CNT tip for spherical  CNT tip case 

Following the same approach as in chapter 2, the energy balance equation 

of electrons, ions and electrons for spherical CNT tip case can be written 

as  

a) Energy balance for electrons  

The energy balance of electrons is accounted based on the dissociative 

ionization process of neutrals, the electron collection current on the CNT 

and their collisions with CNT and the collision of electrons with neutrals 

and ions. 

( ) ( )

( )

( )

3 3
 

2 2

3 3
1

2 2

3 3

2 2

dTek n n n k n n T n ne e ct ectsB B B B B B BA A A A Ad

lh sk T k Tes ecs e es ecsects ctB B

k T T n ke n eB eB eB BeA eA eAi eA

β ε β ε β β
τ

γ ε δ γ ε

ν δ ν δ ν δ

      
      

     

       
       

       

    
        

= + − + −

− + − −

− + − − ( ){
( )} .

  

                                                                                                       (23)

eBi eBii

T T ne ei

ν δ+

−

 

where 

3

2
is the thermal energy of electrons , n k T

e eB  

ne is the number density of electrons(in cm
-3

),Te is the electron 

temperature (in eV), Tct is the CNT temperature (in K), and Tn is the 

neutral temperature (in K). 

2
( ) ( )

Zelh sZ Zecs ecs a
ε ε

 
 
 
 

= −
 is the mean energy of electrons(in eV) at a 

large distance from the surface of spherical CNT tip [18], 

( ) 2s Z k Tecs eB
ε =  is the mean energy of electrons  (in eV) collected by 

spherical CNT tip [18], 
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1 1
2 2

 and  
0 0

0 0 0 0

n nT Te eA B
eBeA eA eBn T n T

A e B e

ν ν ν ν
     
     
     
     

= =
are  the 

electron collision frequency (in sec
-1

) due to elastic collisions with neutral 

atoms A(carbon) and B(neon), respectively  
 
[20]  , and 

1 1
5 2 5 22 2(8.3 10 )  and (8.3 10 )  

0 0 0 0 0 0
r n T r n T

BeA A A e eB B e
ν π ν π= × = × , 

3 3

2 2
and

0 0
0 0 0 0

n nT TiA e iB e
eBieAi eAi eBin T n T

iA e iB e

ν ν ν ν
     
     
     
     

− −

= =  are the 

electron collision frequency (in sec
-1

)  due to elastic collisions with 

positively charged ion of type A(carbon) and type B(neon)[18], 

respectively. 

220 220
0 0 0 05.5 ln and 5.5 ln

0 03 1 3 1
3 32 2

0 0 0 0

n T n T
e e e e

eAi eBi
T n T n
e iA e iB

ν ν

       
       
       
       
              
       

= = , 

2  and 2
m me e

eBeA m m
BA

δ δ
   
   

  
  

≈ ≈  are the fraction of excess energy of an 

electron lost in a collision with the neutral atom A(carbon) and B(neon), 

respectively[18] and are dimensionless, 

2  and 2
m me e

eBieAi m m
iBiA

δ δ
   
   
   

  

≈ ≈  are the fraction of excess energy of 

an electron lost in a collision with  a positively charged ion A(carbon) 

and B(neon), respectively [18] and are dimensionless,  
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2
me

ects mcts
δ

 
 
 
 

≈   is the fraction of excess energy of an  electron lost in a 

collision with a CNT [18] and is dimensionless where,
 

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the
3

 radius of spherical CNT tip , and  is the density of spherical CNT tip.

m acts cts

cts

π ρ

ρ

=
 

The first term in Eq.(23) is the power gained per unit volume by electrons 

due to ionization of neutral atoms, the second term is the  energy loss per 

unit volume per unit time due to the sticking accretion and elastic 

collisions of electron at the spherical CNT tip, the third term is the energy 

loss per unit volume per unit time due to elastic electron - atom collisions. 

The fourth term is the energy loss per unit volume per unit time due to 

elastic electron- ion collision. 

b) Energy balance for ions  

The energy balance equation for ions is formed based on the dissociative 

ionization of neutrals, collisions with neutrals and electrons and their  

collection on the CNT surface. 

( )3

2

dT
ik n n

B iBiA dτ
  
  =      

+    

( ) ( ) ( )

( )

( )

3 3

2 2

3 3 3

2 2 2

n n k n n T k neiB B iB B B B B eBi eBiA A iA A A eAi eAi

l lT T n n k T n k T ke cti i iB iBcts iBcs B BiActs iAcs

iAA iAA iAB iAB

β ε β ε β β ν δ ν δ

ε ε

ν δ ν δ

    
+    

    

              
× − + − − ×            

              

+ − + +

− −

+ ( ) ( )}.                        (24)n n T TniiBB iBB iBiA iBA iBA
ν δ ν δ +  

+ −

 

    where 

( )  
3

is the thermal energy of ions ,
2

n n k T
iiB BiA

+
  



91 

 

 niA and niB are the number density of positively charged ions of type 

A(carbon) and type B(neon), respectively(in cm
-3

),Ti is the ion 

temperature (in K),  Tn   is the temperature of neutral (in K).  

 

2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB iBcs BiAcs Z Z
BiAi

α α
ε ε

α α

   
   
     

− −
= =

− −
   

are the  

mean energy (in eV)  of positively charged ions, A(carbon) and 

B(neon),respectively  (at large distance from the surface of the CNT) 

collected by the spherical CNT tip [18] .       

ij
ε  is the mean energy(in eV)  of positively charged ions produced by the 

ionization of neutral atoms [18] and for ion A(carbon) and B(neon) are 

expressed as 

 

( ) ( ){ } ( ){ }
33

2 2 ( )

k
Bk T T T T Tn ei iBiA iA iAA iAA eAi eAiT neA iA

ε ν δ ν δ
α

 
  

= + × × − − × × −
×

 

( ) ( ){ } ( ){ }
33

2 2 ( )

k
Bk T T T T Tn ei iiB B iB iBB iBB eBi eBiT neB iB

ε ν δ ν δ
α

 −  
= + × × − × × −

×
 

( ) ( )

( )

1 1
2 2

,
0 0

0 00 0 0 0

1
2

,
0 0

0 00 0

m T m T m T m Tn nn ni iBA iA iAA B
iAA iAA iAB iABn nm T m T m T m TA B BA i iA n i iA n

n m T m T m Tnni iiB BA A B
iBBiBA iBA iBBn nm T m TA BiBA i n

ν ν ν ν

ν ν ν ν

      + +      = =
         + +      

    +    = =
     +     ( )

1
2

0 0

m TniB

m T m T
B iBi n

 + 
  +
 

  

are  the collision frequencies(in sec
-1

) of a  j  type of ion with 'j  ion of 

neutral atom[18],and  
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( ) ( )

( ) ( )

( )

8
,

3

8
,

3

8

3

11
22 0 0 022 ( )

0

11
22 0 0 022 ( )

0

1
22 (

0

n m
T TA A i nk r r
m mBiAA iA A iA Am m

iA A

n m
T TBB i nk r r
m mB BiAB iA iA Bm m

BiA

k r
BiBA

ν π

ν π

ν π

    
    
   

   

    
    
   

   

 
   
      

 

 
   
      

 

 
 
 

= + +
+

= + +
+

=
( )

( ) ( )

,

8
,

3

1
22 0 0 0)

11
22 0 0 022 ( )

0

n m
T TA A i nr
m miB A iB Am m

iB A

n m
T TBB i nk r r
m mB iB BiBB iB Bm m

iB B

ν π

    
    
   

   

    
    
   

   

 
 
 
 
 

 
   
      

 

+ +
+

= + +
+

 

, , ,
2 22 2

( ) ( ) ( ) ( )

m mm m
iA iB iA iB

iBBiAA iAB iBAm m m m m m m m
B iB B iBA iA iA A

δ δ δ δ
      
      
            

= = = =
+ + + +

 

 are the fraction of the excess energy of a j type positively charged ion, 

lost in a collision with neutral 'j   kind of neutral atom and are 

dimensionless. where j and 'j  can be same (i.e., both carbon) or be 

different (i.e., one carbon and other neon) 

The first term in  Eq.(24)  is the energy gained by ions per unit volume 

per unit time due to the  ionization of neutral atoms, the second term is  

the energy gained per unit volume per unit time due to the elastic 

collision of ions  with electrons, the third term is the energy loss per unit 

volume per unit time due to the sticking accretion of ions at the surface of  

the  CNT. The last term is the energy lost per unit volume per unit time 

due to elastic collision with neutral species.  
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c) Energy balance for neutrals 

The energy balance of neutrals is based on the recombination of electrons 

and ions, collision of neutrals with electrons and ions, neutralization of 

ions collected on the surface of CNT, and neutral collection current on 

spherical CNT tip. 

 

  

 

 

 

 

 

 

 

 

 

 

where 

 

 and I I
pBpA

are  the ionization energy (in eV) of the constituent atomic 

species of type A (carbon) and type B(neon),respectively, 

,    
, , ,

E E E E
diss A diss B diss j diss

 
 
 

= + is the energy dissipated per unit 

volume per unit time by neutral atoms into the surrounding atmosphere 

and is  assumed to be equal to the difference between the temperature of 

the neutral atomic species and the ambient temperature. 

( )

( )( )

( )( ) ( )

( )

   

       

      +

        

3

2

3

2

3 3

2 2

dTnn n k
B BA d

k n n n n T T T n n I n n Ie n eie e eB B iB B iB pBA iA A iA pA

k n T T k n ne e nB eB eB BeA eA iAA iAA iA iAB iAB iA

T Tni

τ

α α α α

ν δ ν δ ν δ ν δ

 
= 

 

     +    
    

     
+     

     

+

+ + − +

+ − +

− ( )( ) }
( ) ( )

( ) ( ) ( )        

3

2

3
   1

2

3
    1  .  (25)

2

k n n T TniB iB iBB iBB iBiBA iBA

k n n n T Tnct ctB iBctsiA iActs

k n n T T n T T En nct ct ctB Bcts BctsActs Acts A diss

ν δ ν δ

γ

δ γ δ

  +    

     −       

    ×       

+ −

+ − +

− − − + − −
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, , 0
0

T Taj
E E

j diss j diss T Taj

  
    
  
    

−
=

−
 (in eV) , constant 

, 0
E

j diss
is obtained 

by imposing the ambient condition of the complex plasma system in 

Eq.(25) for both constituent neutral species[18] ,Ta  is the ambient 

temperature. 

( ) ( )
2 2

 and 
m m

A B
BctsActs m mm m ctscts BA

δ δ
   
   
   
     

= =
++

 are the fraction of 

excess energy of a neutral A( carbon) and B(neon), respectively  lost in a 

collision with spherical CNT tip [18] and are dimensionless. 

and  

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the
3

 radius of spherical CNT tip , and  is the density of spherical CNT tip,

m acts cts

cts

π ρ

ρ

=
 

The first term in Eq.(25) is the power gained per unit volume by the 

neutral species due to recombination of electrons and positively charged 

ions, the second term is the rate of power gained per unit volume by 

neutral atoms in elastic collision with electrons and positively charged 

ions. The  third term is the energy gained per unit volume per second due 

to formation of neutrals at the surface of the CNT due to ion and electron 

accretion. The fourth term refers to the thermal energy lost per unit 

volume per unit time by neutral atoms accretion on and collision with 

CNT tip. The last term is the energy dissipation rate per unit volume by 

neutral atoms to the surrounding atmosphere. 
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d) Energy balance for spherical CNT tip  

The energy balance of CNT tip is formed based on electron, neutral and 

ion collection currents on CNT surface and the radiation and conduction 

to the host gas. 

( ) ( )

( )( )( ) ( )( ){ }

3
 1  

2

3
1

2

d s sm C T n k Tp es ecs es ecscts ct ects ects ctBd

k n T T T n T Tn n nct ctB Bcts BctsActs A Acts A

l ln I n I
iBcts iBcs pBiActs iAcs pA

γ ε γ δ ε
τ

γ δ γ δ

ε ε

     
    

     

     + +       

    
       

= + − −

− + − − −

+ + + ( )

( ) ( )

3
1

2

1 1
2 28 82 4 44 .             (26)

k n n TctB iBctsiA iActs

k T k Tn nB Ba T T n n k T Ta nct ctB BA m m
BA

γ

π εσ
π π

     −        

  
                    

− +

− − + + −

 

2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB iBcs BiAcs Z Z
BiAi

α α
ε ε

α α

   
   
     

− −
= =

− −
  

are the  

mean energy of positively charged ions (in eV), A(carbon) and 

B(neon),respectively  (at large distance from the surface of the CNT) 

collected by the spherical CNT tip [18].       

C
p is the specific heat of the material of the CNT at constant pressure (in 

ergs/gm K),
 

ε is the emissivity of the material of the CNT and is dimensionless, 

σ is the Stefan –Boltzmann constant= 5.672x10
-5

  erg sec
-1

 cm
-2

 K
-4

. 
 

The first three terms in Eq. (26) are the rate of energy transferred to the 

CNT tip  due to sticking accretion and elastic collision by constituent 

species of complex plasma. The fourth term is the energy carried away by 

the neutral species (generated by the recombination of the accreted ions 

and electrons) from the spherical CNT tip per unit volume per unit time. 
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The last term is the rate of energy dissipation of the spherical CNT tip 

through radiation and conduction to the host gas [21].         

G. Energy balance equation of electrons, ions and electrons and      

     cylindrical CNT surface for growth of cylindrical CNT surface 

Following the same method as in chapter 2, the energy balance equation 

of electrons, ions and electrons for cylindrical CNT surface case can be 

written as  

a) Energy balance for electrons  

The energy balance of electrons is accounted based on the dissociative 

ionization process of neutrals, the electron collection current on the CNT 

and its collision with CNT and the collision of electrons with neutrals and 

ions. 

( ) ( )

( )

( )( ) ( )

 
3 3

2 2

3 3 3
1

2 2 2

dTek n n n k n n T n ne e ct ectcyB B B B B B BA A A A Ad

l sk T k T kecy eccy e ecy eccyectcy ctB B B

T T Te n eeB eB eBi eBieA eA eAi eAi

β ε β ε β β
τ

γ ε δ γ ε

ν δ ν δ ν δ ν δ

      
= −      

     

         
         

         

+ − +

− + − − −

+ − + + −( ){ } .                       (27)T nei

 

where 

( ) 2
eVl sZ k Teccy eB k TeB

ε
  
  

  
  

= −  is the mean energy of electrons (in eV) at 

a large distance from the surface of cylindrical CNT surface[19]. 

( ) 2s Z k Teccy eB
ε =  is the mean energy of electrons(in eV) collected by 

cylindrical CNT surface[19]. 

2
me

ectcy mctcy
δ

 
 
 
 

≈    is the fraction of excess energy of an  electron lost in 

a collision with cylindrical CNT surface
 
[19]and is dimensionless. 
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2 is the mass of the CNT for a cylindrical CNT surface , r is the 

radius of cylindrical CNT surface ,  is the length of cylindrical CNT surface and

 is the density of cylindrical C

m r lctcy ctcy

l

ctcy

π ρ

ρ

=

NT surface.
 

The other symbols used in Eq.(27) are explained earlier in the section F 

for energy balance of electrons for spherical CNT tip case.     

The first term in Eq.(27) is the power gained per unit volume by electrons 

due to ionization of neutral atoms, the second term is the  energy loss per 

unit volume per unit time due to the sticking accretion and elastic 

collisions of electron on the cylindrical CNT surface, the third term is the 

energy loss per unit volume per unit time due to elastic electron - atom 

collisions and elastic electron- ion collision. 

b) Energy balance for ions  

( )3

2

dT
ik n n

B iBiA dτ
  
  =      

+    

( ) ( ) ( )

( )

3 3

2 2

3 3 3

2 2 2

n n k n n T k neiB B iB B B B B eBi eBiA A iA A A eAi eAi

l lT T n n k T n k T ke cti i iB iBctcy iBccy B BiActcy iAccy

iAA iAA iAB iA

β ε β ε β β ν δ ν δ

ε ε

ν δ ν δ

    
+    

    

             
× − + − − ×           

             

+ − + +

− −

+( ) ( ) ( ).                        (28)n n T TniiBB iBB iBB iA iBA iBA
ν δ ν δ +  

+ −

 

   where 

1 1 1 1
2 2 2 22 4

( ) 2 exp

1
22 4

( )

k T eV eV eV eVl i s s s sBZ k T n rl erfciBiAccy iA m k T k T k T k Ti i i iB B B BiA

k Tl iBZ k T n rliiBccy B iB m
iB

π
ε

π

π
ε

π

    
                     = + −                                   

 
 =
 
 

1 1 1
2 2 2

2 exp
eV eV eV eVs s s serfc
k T k T k T k Ti i i iB B B B

    
            

     + −                               

 are  the mean energy of ions(in eV) at a large distance from the surface 

of cylindrical CNT surface[19] of A (carbon) and B(neon), respectively. 
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 The other symbols used in Eq.(28) are explained earlier in the section F 

for energy balance of ions for spherical CNT tip case.     

 The first term in  Eq.(28)  is the energy gained by ions per unit volume 

per unit time due to the  ionization of neutral atoms , the second term is  

the energy gained per unit volume per unit time  due to the elastic 

collision of ions  with electrons, the third term is the energy loss per unit 

volume per unit time due to the sticking accretion of ions at the 

cylindrical CNT surface. The last term is the energy lost per unit volume 

per unit time due to elastic collision of ions with neutral species.  

c) Energy balance for neutrals 

  

 

 

 

 

 

 

 

 

 

where 

( ) ( )
2 2

, 
m m

A B
BctcyActcy

m m m mctcy ctcyBA

δ δ
   
   
   
   
   

= =
+ +

 are the fraction of 

excess energy of a neutral A(carbon) and B(neon),respectively  lost in a 

collision with cylindrical  CNT surface [19]. 

The other symbols used in Eq.(29) are explained earlier in the section F 

for energy balance of neutrals in spherical CNT tip case .      

( )

( )( )

( )( ) ( )

( )

3
   

2

3
 

2

3 3
+

2 2

3

2

dTnn n k
B BA d

k n n n n T T T n n I n n Ie n eiB pBpAA e iA B e iB A iA B e iB

k n T T k n ne e nB eB eB BeA eA iAA iAA iA iAB iAB iA

T T k nni B iBA iBA

τ

α α α α

ν δ ν δ ν δ ν δ

ν δ

 
 
 

     
          

     
      
     

 +  
 

+ =

+ + − + +

+ − + +

− ( )( ) } ( )

( )} ( ) ( )

( ) }

3
1

2

3
1

2

.                                                         

n T T k n nn cti B iA iActcyiB iBB iBB iB

n T T k n n T T nn nct ct ctiBctcy B BctcyActcy Actcy A

T T En ctBctcy diss

ν δ γ

δ γ

δ

       

  
    




+ − + −

+ − − − × − +

− −                                  (29)



99 

 

The first term in Eq.(29) is the power gained per unit volume by the 

neutral species due to recombination of electrons and positively charged 

ions, the second term is the rate of power gained per unit volume by 

neutral atoms in elastic collision with electrons and positively charged 

ions. The third term is the energy gained per unit volume per second due 

to formation of neutrals at the surface of the CNT due to ion and electron 

accretion. The fourth term refers to the thermal energy lost per unit 

volume per unit time by neutral atoms due to their accretion on and 

collision with cylindrical CNT surface. The last term is the energy 

dissipation rate per unit volume by neutral atoms to the surrounding 

atmosphere. 

d) Energy balance for cylindrical CNT surface 
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+ −

 are  the mean energy of ions(in eV) at a large distance from the surface 

of cylindrical CNT surface[19] of A (carbon) and b(neon), respectively. 

C
p is the specific heat of the material of the CNT at constant pressure (in 

ergs/gm K),
 

ε is the emissivity of the material of the CNT and is dimensionless, 

σ is the Stefan –Boltzmann constant= 5.672x10
-5

  erg sec
-1

 cm
-2

 K
-4

. 

 

The first three terms in Eq. (30) are the rate of energy transferred to the 

CNT surface due to sticking accretion and elastic collision by constituent 

species of complex plasma. The fourth term is the energy carried away by 

the neutral species (generated by the recombination of the accreted ions 

and electrons) from the cylindrical CNT surface per unit volume per unit 

time. The last term is the rate of energy dissipation of the cylindrical CNT 

surface through radiation and conduction to the host gas [21].         

 3.4:  Results and Discussions 

 The calculations have been carried out to study the dependence of radius 

of spherical CNT tip and cylindrical CNT surface, individually on the 

plasma parameters, i.e., electron density ( ne ), electron temperature (Te), 

ion density(
in ), ion temperature (Ti ) and CNT number density( nct ).  

The plasma is composed of two types of ions, A (carbon) and B (neon) 

,electrons and neutrals of A(carbon) and B(neon) . The neutral carbon and 

neon atom ionizes to produce carbon and neon ions and electrons. The 
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electron and ions of neon and carbon combines to produce neon and 

carbon neutrals, respectively. The process that contributes to growth is 

the accretion of neutral atoms and positively charged ions of carbon on 

the CNT. 

The initial radius of spherical CNT tip (a0) and cylindrical CNT surface  

(r0) is calculated from Eqs. (5) and (6), respectively. We have 

simultaneously solved equations for charging of CNT, kinetics and 

energy balance of electrons, ions, neutrals and of spherical CNT tip and 

cylindrical CNT surface, separately to evaluate the evolution of radius of 

CNT with time for different plasma parameters.   

 

A. Results for spherical CNT tip 

  

The boundary conditions, at 0τ =  for case of spherical CNT tip are 

 

 

 

 

 

 

 

 

 

 

 

 



102 

 

( ) ( )

( ) ( )

6 -3CNT number density 10 cm ,ion density of carbon(type A) 0.6 ,
0 0

ion density of neon(typeB) 0.4 ,neutral atom density of carbon and
0 0

11 3 12neon 5 10 ,electron number density 10 cm
0 0 0

n n nct iA e

n n
iB e

n n cm n
A B e

= =

=

−= = × =

( ) ( )
( ) ( )

( ) ( )
( )

-3,

electron temperature 0.6eV,ion temperature 2400 ,neutral
0 0

 temperature CNT temperature 2000 ,mass of carbon ion
0

mass of neutral carbon atom 12amu,mass of neon ion 

mass of neon at

T T K
e i

T T Kctn

m m
iA A

m
iB

= =

= =

≈ =

≈ ( )
( )

( )

( )

om 20amu,coefficient of recombination of

7 3 carbon and neon with electron 10 / sec,emissivity 
0 0

of carbon 0.6,sticking coefficients of carbon ion or carbon atom

=1,specific heat of carbon

m
B

cm
A B

iA A

α α

ε

γ γ

=

−≈ =

=

= ( )

( )

67 10 ergs/gm K,ionization

 energy of carbon 11.26eV,ionization energy of neon

10eV,mean energy of electron due to ionization of carbon atom

6.2eV,mean energy of electron due to i

Cp

I I
pBpA

A
ε

   
  
  

= ×

= =

=

( )

( )
( )

onization of neon atom

10.7eV,mean energy of carbon ion due to ionization of carbon atom

7.3eV,mean energy of neon ion due to ionization of neon atom

12.2eV,energy dissipated by carbon
, 0

B

iA

iB A diss

ε

ε

ε ε

=

=

=

( )

( )

42.9eV,energy

 dissipated by neon 19.6eV,constant 1.2,  radius of
, 0

3 CNT (a )= 0.7nm  and density of CNT ρ  = 4.2g/cm .
0

B diss

ct

ε κ

 
 
 

 
 
 

=

= = −

 

 

 

 

 

 

 



103 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.1. Shows the variation of the normalized radius a/a0 of spherical CNT  tip 

for different CNT number density. 

    

 In Fig. 1  the variation of normalized radius a⁄a0 of  spherical CNT tip 

with  time for different CNT number density (i.e.,nct =  10
6 
cm

-3
, 10

7
 cm

-3
, 

10
8
 cm

-3
) and for other parameters as mentioned above, is illustrated.  

From Fig. 1 it can be seen that the normalized radius of CNT first 

increases with time and then attains a saturation value. It also shows the 

decrease of normalized radius a⁄a0 with CNT number density nct (in cm
-

3
). This happens because for larger values of CNT number density( )nct , 

the number of positively charged ions and neutral atoms available for 

accretion decreases.  Since it is the accretion of neutral atoms and 

positively charged ions on the CNT, which leads to its growth, the 

decrease in their number density leads to decrease in radius of CNT. 
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Fig. 2: Shows the variation of the normalized radius a/a0 of spherical CNT tip 

for different electron number densities and electron temperatures. 

 

In Fig. 2 the variation of normalized radius a⁄a0  of spherical CNT  tip 

with time for different electron number densities and electron 

temperatures (e.g., 
0
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 and 
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0

n
e

=10
11

 cm
-3

 and Te0=0.5eV) is shown. Fig. 2 illustrates that 

the normalized CNT radius a⁄a0 first increases with time and then attains 

a saturation value. It can also be seen that the normalized radius a/a0 

decreases with electron density and temperatures. The decrease of a⁄a0 

with electron density and temperatures is because with increase in 

electron densities and temperatures more and more neutral atoms ionizes 

to produce positively charged ions and electrons. Since the accretion of 
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neutral atoms on the CNT leads to its growth, the decrease in their 

number density because of increase in the electron density and 

temperature leads to decrease in radius of the CNT. 

   

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 3. Shows the variation of the normalized radius a/a0 of spherical  

CNT  tip for different ion number densities and ion temperatures 

                  

 In Fig. 3 the variation of the normalized a⁄a0 of spherical CNT tip with 

time for different ion number densities and ion temperatures (e.g., 
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and Ti0=2400K, 
0in =10
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-3
and Ti0=2600K, 
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-3 

and 

Ti0=2800K) is displayed . From Fig. 3 it can be seen that the CNT radius 

first increases with time and then attains a saturation value. The CNT 

radius decreases with ion density 
0

n
i

 (in cm
-3

) and temperature Ti (in K) 

can be seen. This happens because by increasing the ion density and 

temperatures, more and more neutral atoms ionize to produce positively 
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charged ions and electrons. Since it is the accretion of neutral atoms on 

the CNT, which leads to its growth, therefore by increasing the positively 

charged ion density and temperature the radius of the CNT decreases. 

                  

 

 

 

 

 

 

 

 

 

 

  FIG.4. Shows the dependence of ionic number density of type A in plasma  

   for different electron number densities and electron temperatures . 

     

In  Fig. 4  the variation of normalized ionic density of type A in plasma 

with time for different electron number densities and temperatures (e.g., 
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e
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cm
-3

 and Te0=0.5eV) is shown. It can be seen from Fig. 4 that with 

increasing electron density and temperature, the positively charged ion of 

A type decays faster.  
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 FIG. 5. Shows the variation of the normalized radius with time on the  

 sticking coefficient of the atomic species for a, b, c, d corresponding to                     

  
A

γ = 0.1, 0.3, 0.5 and 1.0, respectively. 

 

In Fig. 5  the variation of the normalized  radius a⁄a0 of spherical CNT tip 

for different value of the sticking coefficients of atomic species(i.e., 
A

γ = 

0.1,0.3, 0.5 & 1.0) is displayed.  It can be seen from Fig. 5 that steady 

state is achieved faster for larger sticking coefficients of atomic species. 

  

B. Results for cylindrical CNT surface 

The boundary conditions, at 0τ =  for case of cylindrical CNT 

surface are 
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FIG. 6. Shows the variation of the normalized radius r/r0 of cylindrical CNT 

with time for different CNT number density, curves 1,2 and 3  correspond  to 

CNT density( nct) = 10
3
 cm

 -3 
, 1x10

4 
cm

 -3  
and 5x10

4
 cm

- 3
,  respectively.  

 

In Fig.6 the variation of the normalized radius r/r0 for cylindrical CNT 

surface with time for different CNT number density (i.e., nct = 10
3
cm

-3 
,
 

10
4
cm

-3 
and 5x10

4 
cm

-3 
) and for other parameters are same as mentioned 

above, is plotted.  From Fig. 6, it can be seen that the normalized radius 

of the CNT first increases with time and then attains a saturation value. It 

also shows the decrease of normalized radius r⁄r0 with CNT number 

density nct (in cm
-3

). This happens because for larger values of CNT 

number density( )nct , the number of positively charged ions, and neutral 

atoms available for accretion decreases.  Because it is the accretion of 

neutral atoms and positively charged ions on the CNT, which leads to its 

growth, the decrease in their number density leads to decrease in radius of 

the CNT. 
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FIG.7. Shows the variation of the normalized radius r/r0 of cylindrical CNT 

with time for different electron number densities and electron temperatures, 

curves 1,2 and  3 correspond to ne0=10
6
cm

-3 
and Te0=0.4eV, ne0=10

7
cm

-

3
andTe0=0.5eV and ne0 5x10

7
 cm

- 3 
and Te0=0.6eV,respectively.The other 

parameters are given in the text. 

 

In Fig.7 the variation of normalized radius r/r0 for cylindrical CNT 

surface with time for different electron number densities and electron 

temperatures (e.g., 
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and Te0=0.6eV) and for the CNT number 

density nct =10
3 cm

- 3
, neutral atom density as 
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A B
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12 cm
- 3

 is 

displayed. From Fig.7, it can be seen that the normalized CNT radius r/r0 

first increases with time and then attains a saturation value. It can also be 

seen that the normalized radius r/r0 decreases with electron density and 

temperature. The decrease of r/r0 with electron density and temperature 

occurs because with increasing electron densities and temperatures, more 

and more neutral atoms ionizes to produce positively charged ions and 
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electrons. Because the accretion of neutral atoms on the CNT leads to the 

growth, the decrease in their number density from an increase in the 

electron density and temperature leads to a decrease in radius of the CNT. 

   

 

 

 

 

 

 

 

 

 

 

   

 

 

    

  

 

 

FIG. 8. Shows the variation of the normalized cylindrical radius r/r0  of 

cylindrical CNT surface for different ion number densities and temperatures, 

curves 1,2 and 3 correspond to ni0= 10
6
 cm

-3
 and Ti0 =  2100K,ni0= 5x10

6
 cm

-

3
and Ti0  = 2400K and ni0= 10

7
cm

-3 
and Ti 0  = 2600K, respectively. The other 

parameters are given in the  text. 

 

In Fig.8, the variation of the normalized radius r⁄r0   for cylindrical CNT 

surface with time for different ion number densities and ion temperatures 

(e.g., 
0in =10

6
 cm

-3
 and Ti0  = 2100K, 

0in =5x10
6
 cm

-3
and Ti0  = 2400K and 

0in =10
7
 cm

-3 
and Ti 0 =2600K) and for the same parameters as Fig. 7,is 

shown.  From Fig. 8 it can be seen that the CNT radius first increases 

with time and then attains a saturation value. The CNT radius decreases 
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with ion density 
0

n
i

 (in cm
-3

) and temperature Ti (in K) can also be seen. 

This happens because by increasing the ion density and temperature, 

more and more neutral atoms ionize to produce positively charged ions 

and electrons. Because it is the accretion of neutral atoms on the CNT, 

which leads to its growth, the radius of the CNT decreases with 

increasing positively charged ion density and temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 9. Shows the dependence of ionic number density of type A in  plasma 

for different electron number density and electron temperature, curves 1, 2 and 

3 correspond to ne0 =10
6
cm

-3 
and Te0=0.4eV,ne0 =10

7
cm

-3 
and Te0=0.5eV, ne0 

=5x10
7
 cm

- 3 
and Te0=0.6eV, respectively. The other parameters are given in the 

text. 

 

In Fig.9 the variation of the normalized ionic density of type A in plasma 
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0
n
e

=10
6
cm

-3 
and Te0=0.4eV, 

0
n
e

=10
7
cm

-3 
and Te0=0.5eV and 

0
n
e

=5x10
7
 

cm
- 3 

and Te0=0.6eV) and for the same parameters as in Figs. 6-8 is 

plotted. It can be seen from Fig. 9 that with increasing electron density 

and temperature, the positively charged A type ion decays faster.  

 

From Figs. 4 and 9, we can infer that on increasing electron density and 

temperature (plasma parameters), ions of type A (carbon) decays faster, 

leading to a decrease in the CNT radius, which is consistent with the 

experimental observations of Srivastava et al.[6] and Lee et a1.[11]. 

 

 
 

 

 

 

 

 

 

 

  

 

 

FIG. 10. Shows the variation of the normalized radius r/r0 of cylindrical       

CNT with time on the sticking coefficient of the atomic species, curves 1, 

2,3and 4 correspond to 
A

γ = 0.25, 0.45 ,0.75 and 1.0, respectively. The other 

parameters are given in the text. 

 

In Fig. 10 we have plotted the variation of the normalized radius r/r0 for 

the cylindrical CNT surfaces for different value of the sticking 
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coefficients of atomic species (
A

γ = 0.25, 0.45, 0.75 and 1.0), respectively 

and for the same parameters as mentioned above. It can be seen from Fig. 

10 that steady state is achieved faster for larger sticking coefficients of 

atomic species.  

 

The work in the present chapter is evaluation of the dependence of 

growth profile (namely the radius) of CNT on the plasma parameters and 

then through the results obtained finding a rough estimate of the variation 

of field enhancement factor. As one knows that the field emission from 

CNT is always carried out in vacuum , plasma directly cannot have any 

influence on the field emission characteristics of CNT but  since the CNT 

is grown in plasma and plasma parameters have huge influences on the 

growth of CNT , the plasma is bound to impact although indirectly, the 

field emission from CNT . 

 

 

 

 

 

 

 

 

 

 

FIG.11. Shows the variation of the normalized radius a/a0 of spherical CNT  

tip with time for different CNT number density, curves 1,2 and 3  correspond to 

nct=1x 10
3
 cm

 -3
, 1x10

4 
cm

 -3
, and  5x10

4
 cm

-3
 ,respectively. The other 

parameters are given in the text. 
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In Fig. 11, we have plotted the normalized radius a/a0 of spherical CNT 

tip for the same parameters as for cylindrical CNT surface. From Fig. 6 

and 11, we can say that the normalized radius r/r0 of the cylindrical CNT 

surfaces is larger than the spherical CNT tip (cf. Fig.11) for the same 

CNT number density. The theoretical observation can be used to validate 

the fact that the field enhancement factor β  for spherical CNT tip will be 

larger in comparison to cylindrical CNT surfaces as 
1
2rβ

 
 
 
 

−
∝ . So a 

larger radius of cylindrical CNT surface would correspond to lesser field 

emission from them  and smaller radius of spherical CNT tip would 

correspond to enhanced field emission from CNT tip. The above 

conclusion that emission from CNT tip is dominant has also been 

reported by Shang et al. [22]. 

 Using the results obtained, the variation of the field emission factor with 

plasma parameters can be estimated. Since the field emission factor β  =

l

r
( where l is the length of the CNT and r is the radius of the CNT). From 

the above discussions, it is clear that CNT radius decreases with plasma 

parameters (i.e., plasma density and temperature) and the CNT number 

density. Assuming the fixed length of CNT (l),
1

r
β ∝ , so an increase  in 

the plasma parameters should lead to a larger β . The variation of β  with 

the CNT radius has also been experimentally verified by Xu et al. [23] 

[cf. Fig. 4(b) of Xu et al. [23]]. 

Our theoretical results are in accordance with the experimental 

observations of Srivastava et al. [6] and Lee et a1.[11]
 
. The present work 

is motivated by important experimental investigations carried out 

Srivastava et al.[6] and Lee et a1.[11]. According to Srivastava et al.[6]
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upon an increase in the microwave power, more ionization of the gas 

occurs, which increases the density of plasma species of relatively higher 

energy. Moreover, increased nucleation of graphitic clusters is expected 

to occur, and this leads to the  formation of carbon petals of relatively 

smaller size and higher density at increased microwave power.  

Moreover, Fig.7 (a) of Srivastava et al. [6]
 
 reveals that the field emission 

current density increases with microwave power.  Lee et a1. [11]
  
through 

their experimental study predicts that the plasma treatment can modify 

the surface morphology and enhance the field enhancement factor of the 

CNT. 

Moreover, the electric field emission of electrons from cylindrical 

surfaces has been studied in [24-26] In Ref. 26, computations have been 

made corresponding to Debye Shielding, e.g., potential energy of an  

 

electron of charge –e is given by                                                                 

 

,where LM is the  Debye length of plasma and a is the plasma cylinder 

radius. It is seen that with a change in  N� LM �O  by a factor of 3, the field 

emission current gets decreased by a factor of 5. 
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                                    CHAPTER 4  

   

 IMPACT OF NEGATIVELY CHARGED IONS ON THE 

GROWTH OF SPHERICAL CARBON NANOTUBE TIP IN 

PLASMA AND ESTIMATING FIELD EMISSION FROM THEM  

 

4.1: Brief outline of the work in the chapter 

The present chapter focuses on the impact of negatively charged ion in 

plasma on the growth of spherical carbon nanotube (CNT) tip and 

prediction of field enhancement factor of CNT from the results obtained.   

4.2: Introduction 

The effect of diverse component species of plasma and categorically of 

negatively charged ions in plasma in the growth of particles in plasmas 

[1-8] has attracted interest by the researchers in recent years.   

Watanabe et al. [1] obtained particles of size 60-80 nm and 10
8
-10

9 

cm
-3

 in density in a helium-silane radio-frequency (RF) plasma and the 

particle growth rate can be explained by taking into account the 

contribution of radical ion and or radical fluxes. Role of negative ions in 

the formation of particles in low-pressure plasmas has been investigated 

by Choi and Kushner[2] and they reported that the negatively charged 

particles intermediates that are trapped in electropositive plasmas, 

extends the average residence time of clusters to allow the growth of 

critically large clusters. Relatively long residence time and chemical 

reactivity makes silicon (Si) containing anion to effectively trigger fast 

nano particle nucleation has been reported by Ostrikov [3]. Negative ions 

are likely precursors to the particle formation in modulated rf –



120 

 

discharges[4]. Ostrikov et al. [5] have found that the negative fluorine 

ions affect the trapping and charging of particulates through alteration of 

sheath/ pre sheath structure. Selwyn et al. [6] have examined the in-situ 

laser diagnostic studies of plasma- generated particulate contamination 

and found that the region of particle formation and growth is coincident 

in time and space with a layer of negative ions and the particles that are 

electro- statically trapped in sheath boundary results in further clustering 

and growth. 

The effects of growth temperature and density of participating species 

etc., have been extensively studied [9-13]. Other investigators [14-16] 

have also reported that the CNTs can be prepared self-assembled without 

catalyst. 

4.3: MODEL  

In the present chapter to investigate the role of negative ions on growth of 

CNT , we consider that a CNT grows in plasma containing electrons, 

positively charged ions of type A(carbon) and B(neon), negatively 

charged ions of sulphur hexafluoride (SF6 
-
), neutral atoms of type 

A(carbon) and B(neon). The positively charged ions are assumed to be 

singly ionized and growth occurs through their accretion onto the 

embryonic CNT.  In addition, we have also assumed that the shape of 

spherical CNT tip remains unaltered during the growth.   

The initial radius of spherical CNT tip a0 can be estimated by equating 

the accretion currents of electrons, negatively and positively charged ions 

on the CNT tip, i.e., 

             ,                                               (1)n n n nects cts iBctsiActs
+ = +−  

where
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1
28 22 exp

k Te ZeBn a neects m ak Te eB

π
π

  
  

      
=   is the electron collection current 

at spherical CNT tip [17] (in sec
-1

), 

 

1
2 282 1

k T ZeiBn a n
ijcts ijm ak T

j iB

π
π

   
   
       

= −  is the positive ion collection 

current on a  spherical  CNT tip [17]
  
where j refers to either A  (carbon) 

ion or B (neon) ion (in sec
-1

), Z is the amount of charge on the CNT, 

1
28 22 exp

-1p (in sec )

is the negative ion collection current on a 

 spherical  CNT ti .   

k T ZeBn a ncts m ak T
B

π
π

  
  

      

−
= −− − −

 

 Substituting the values of nects , nijcts (for both A (carbon)and B(neon)) 

and n-cts (for sulphur hexafluoride) in Eq.(1) we get, 

 

 

 

 

 

 

or 

 

 

 

 

                                                                                                                            

                                                                                                           (3) 

,                           

11
2 28 822 2exp

1
2 22821 1

1
28 22 exp

k T k TZee iB Ba n a ne iAm ak T me eB iA

k TZe ZeiBa n
iBak T m ak T

i iB iB B

k T ZeBa n
m ak T

B

π π
π π

π
π

π
π

      
     + 

               

    
    
        

=

− + −

−
−

− −

                         (2)

,

11
2 222

exp 1

1
22

1

1
22

exp
TT Ze Zee in ne iAm ak T m ak Te e iB BiA

T Zei n
iBm ak T

iiB B

T Ze
n

m ak T
B

π π

π

π

              +                   

   
   
     

= −

+ −

− −
− −
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or 

 

 

 

                                                                                                                                          

 

 

                                                                                                           (4) 

For Z = -1, i.e., we assume that initially at τ=0 the CNT is negatively 

charged, and initial radius of CNT is a0, 

.

1 11 1
2 2 2 2 22 2

exp exp 1

0 0 0

T TT Te e ee i in n n ne iBiAm a k T m a k T a k T m me e e iB B B iBiA

 
                                                
 

−− + − = + +−
−

                                                           

                                                                                                                              (5)      

 where 

ne [= (1 )nr P
ε− ] is the number density of electron (in cm

-3
), 

Te = electron temperature (in eV), 

0
a = initial radius of spherical CNT tip ( in nm), 

k
B

= Boltzmann’s constant (in ergs/K), 

T
i
= positive ion temperature (in K), 

                  is the  negative ion temperature (in eV), 

n
iA

(= n
P

) is the  number density of positive ion of type A(carbon) (in  

     cm
-3

), 

m
iA

=   mass of positive ion of type A (carbon) (in gm), 

n
iB

(= n
P

) is the number density of positive ion of type B(neon)(in cm
-3

),
   
 

   
 

,

11
2 222

exp 1

1
22

1

1
22

exp
TT Ze Zee in ne iAm ak T m ak Te e iB BiA

T Zei n
iBm ak T

iiB B

T Ze
n

m ak T
B

 
                +                     
  


        

       


= − +

−

− −
− −

( )T Te=−
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m
iB

= mass of positive ion of type B (neon) (in gm), 

e= electronic charge (in Stat C), 

n− ( = n
r P
ε ) is the negatively charged ion number density (in cm

-3
), and 

m− = mass of negatively charged ion (in gm), 

                     (where 
6

n
SF − and n

C
+  are the equilibrium number densities 

of sulphur hexafluoride and carbon ions, respectively) is the  relative 

density of negatively charged ions and is dimensionless. 

Following the model developed and processes assumed for the kinetics of 

plasma species in Chapter 2 and including the kinetics of negatively 

charged ion we write the main equations for growth of CNT in the 

presence of negatively charged ions in plasma. 

A. Charge neutrality equation 

 

Eq. (6) equates the net negative and positive charge on CNT to treat 

plasma as electrically neutral. 

      Zn n n n nect iBiA
+ + = + − ,                                                                      (6)  

  Z= amount of charge on spherical CNT tip (dimensionless), 

  
nct = number density of the CNT (in cm

-3
).  

B. Charging of the  spherical CNT tip 

        
dZ

n n ne ectsiBctsiActsd
γ

τ
= + −  ,                                                            (7) 

 The first  and second term in Eq.(7) denotes charge developed  on the 

CNT due to ion collection currents of A(carbon) and B(neon) on 

spherical CNT tip and third term denotes the charge developed  on 

spherical CNT tip because of electron collection current. 

 

 

6

n
SF

r
n
C

ε
−

=
+
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C. Balance equation of electron density 

( ) ( )(1 )
dndne P n n n n n n n nr e e e ct ectsB B B iBA A A iAd d

ε β β α α γ
τ τ
= − = + − + −                             

                                                                                                                              ,(8) 

 and 
BA

β β  are the coefficients of ionization of the constituent neutral 

atoms of A(carbon) and B(neon) due to external agency (in sec), and 

( ) ( )300 3003 3/sec  and / sec
0 0

k k

T cm T cme eBA A BT Te e
α α α α

   
      
   

= =  are 

the coefficients of recombination of electrons and positively charged ions 

[17] o f A(carbon) and B(neon),respectively where k = -1.2 is a constant  ,                                                                         

   

                                                      and                                                                      

 

is the electron collection current at the surface of  spherical CNT tip [17] 

(in sec
-1

) and nct is  the CNT number density (in cm
-3

) , eγ  is the sticking 

coefficient of electron to spherical CNT tip and is dimensionless. 

The first term in Eq.(8) is the rate of gain in electron density per unit time 

due to  ionization of neutral atoms and second term is the decrease in the 

electron density due to electron–ion recombination and the third term is 

the loss in electron density because of the electron collection current on 

the spherical CNT tip. 

D. Balance equation of negatively charged ion density 

   ( ) ( )
dndn P n n n n n n n nr e e e ct ectsB B B iBA A A iAd d

ε β β α α γ
τ τ
− = = + − + − ,                   

                                                                                                                               (9) 

The first term in Eq. (9) is the rate of gain in negative ion density per unit 

time due to  ionization of neutral atoms and second term is the decrease in 

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×

1
28 22 exp

k Te ZeBn a neects m ak Te eB

π
π

  
  

      
=
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the negative ion density due to electron–ion recombination. The third 

term is the loss in negative ion density because of the electron collection 

current on the spherical CNT tip. 

 E.Balance equation of positively charged ion density 

     
dn

iA n n n n ne ctA A A iA iActsd
β α

τ
= − − ,                                           (10) 

     
dn

iB n n n n ne ctB B B iB iBctsd
β α

τ
= − −  ,                                          (11) 

where 

,

1 1
2 22 28 82 21 1

k T k TZe Zei iB Bn a n n a n
iBcts iBiActs iAm ak T m ak T

i iB iB BiA

π π
π π

      
      

           
= − = −

  

are the ion collection currents of type A(carbon) and B(neon),respectively 

at the surface of  spherical CNT tip [17](in sec
-1

), nA and nB are the 

neutral atom number density (in cm
-3

). 

The first term in Eqs. (10) and (11) is the gain in ion density per unit time 

on account of ionization of neutral atoms, the second term is the decrease  

in ion density due to electron-ion recombination, and the third term 

denotes the loss in ion density due to  ion collection current on spherical 

CNT tip. 

F. Balance equation of neutral atoms 

     ( )1
dn

A n n n n n n ne ct ctA iA A A iA iActs A Actsd
α β γ γ

τ
= − + − −  ,  (12) 

    
dn

B n n n n ne ctB iB B B iBctsd
α β

τ
= − +    ,                                     (13) 

   where 
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 ,  

1 1
2 28 82 2     

k T k Tn nB Bn a n n a n
Bcts BActs Am m

BA

π π
π π

   
   

  
  

= =   

 are the neutral collection currents of type A(carbon) and 

(neon),respectively at the surface of  spherical CNT tip [17] (in sec
-1

). 

 

 is the sticking coefficient of carbon neutrals on spherical CNT tip and  is the 

sticking coefficient of carbon ions on CNT surface, both  and  are 

dimensionless.

A iA

A iA

γ γ

γ γ

 

The first term in Eqs. (12) and (13)  is the gain in neutral atom density per 

unit time due to electron–ion recombination,  the second term is the 

decrease in neutral density due to their ionization, the third term is the 

gain in neutral density due to neutralization of the ions collected on 

spherical CNT tip. The last term in Eq. (12) is the accretion of neutral 

atoms of species A (carbon) on spherical CNT tip.   

G. Balance equation of the mass of spherical CNT tip      

   The accretion of carbon ions and neutrals on the spherical CNT tip is  

    the main growth process.                                                                                                                                        

    ( )dmct m n m n
A A Acts iA iA iActsd
γ γ

τ
= +  ,                                                    (14)   

where 
     

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the radius of
3

 spherical CNT tip , and  is the density of spherical CNT tip,

m act ct

ct

π ρ

ρ

=
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The first and second term in Eq.(14) are the gain in the mass of the 

spherical CNT tip due to collection of atomic and ionic species A (i.e., 

carbon), respectively.
 

H. Energy balance equation of electrons 

( ) ( )

( )

( )

3 3
 

2 2

3 3
1

2 2

3 3

2 2

dTek n n n k n n T n ne e ct ectsB B B B B B BA A A A Ad

lh sk T k Te ecs e e ecsect ctB B

k T T n ke n eB eB eB BeA eA eAi eAi

β ε β ε β β
τ

γ ε δ γ ε

ν δ ν δ ν δ ν

      
      

     

       
       

       

    
        

= + − + −

− + − −

− + − − +( )( ){ } . T T ne eieBi eBi
δ −

                                                                                                                    

                              (15) 

where 

3

2
is the thermal energy of electrons , n k T

e eB  

ne is the number density of electrons(in cm
-3

),Te is the electron 

temperature (in  eV), Tct is the CNT temperature (in K), and Tn is the 

neutral temperature (in K). 

2
( ) ( )

Zelh sZ Zecs ecs a
ε ε

 
 
 
 

= −
 is the mean energy of electrons (in eV) at a 

large distance from the surface of spherical CNT tip [17], 

( ) 2s Z k Tecs eB
ε =  is the mean energy of electrons (in eV) collected by 

spherical CNT tip [17], 

 

1 1
2 2

 and  
0 0

0 0 0 0

n nT Te eA B
eBeA eA eBn T n T

A e B e

ν ν ν ν
     
     
     
     

= = are  the 

electron collision frequency (in sec
-1

) due to elastic collisions with neutral 

atoms A(carbon) and B(neon), respectively  
 
[17]  , and 

1 1
5 2 5 22 2(8.3 10 )  and (8.3 10 )  ,

0 0 0 0 0 0
r n T r n T

BeA A A e eB B e
ν π ν π= × = ×
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3 3

2 2
and

0 0
0 0 0 0

n nT TiA e iB e
eBieAi eAi eBin T n T

iA e iB e

ν ν ν ν
     
     
     
     

− −

= =  are the 

electron collision frequency (in sec
-1

)  due to elastic collisions with 

positively charged ion of type A(carbon) and type B(neon)[17], 

respectively.

 
220 220

0 0 0 05.5 ln and 5.5 ln
0 03 1 3 1

3 32 2
0 0 0 0

n T n T
e e e e

eAi eBi
T n T n
e iA e iB

ν ν

       
       
       
       
              
       

= = , 

2  and 2
m me e

eBeA m m
BA

δ δ
   
   

  
  

≈ ≈  are the fraction of excess energy of an 

electron lost in a collision with the neutral atom A(carbon) and B(neon), 

respectively[17] and are dimensionless, 

2  and 2
m me e

eBieAi m m
iBiA

δ δ
   
   
   

  

≈ ≈  are the fraction of excess energy of 

an electron lost in a collision with  a positively charged ion A(carbon) 

and B(neon), respectively [17] and are dimensionless,  

2
me

ect mct
δ

 
 
 
 

≈   is the fraction of excess energy of an  electron lost in a 

collision with a CNT [17] and is dimensionless where,
 

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the radius of
3

 spherical CNT tip , and  is the density of spherical CNT tip,

m act ct

ct

π ρ

ρ

=

 

 The first term in Eq.(15) is the power gained per unit volume by 

electrons due to ionization of neutral atoms, the second term is the  

energy loss per unit volume per unit time due to the sticking accretion 
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and elastic collisions of electron at the spherical CNT tip, the third term is 

the energy loss per unit volume per unit time due to elastic electron - 

atom collisions. The fourth term is the energy loss per unit volume per 

unit time due to elastic electron- ion collision. 

I. Energy balance equation for negatively charged ions 

( ) ( ) ( ){
( ) (

)( )

    

    ,

3

2

3
1

2

3 3 3

2 2 2

d
n k T

eBd

lhn n k n n n n T n n e ecs ect ects ecte e eB B B B B iBA A A A iA

s k T k T T n kecs e nctB B eB eB BeA eA eAi eAi

T T ne ieBi eBi

τ

β ε β ε α α γ ε δ γ

ε ν δ ν δ ν δ

ν δ

 
 
 

 
× 

 

        × +              

=−

+ − + − + −

− − + − −−

− −
                                                                                                             (16)                                                               

The  LHS of Eq.(16) can be written as  

3 3

2 2

dT dnek n k TeB Bd dτ τ
      

+      
      

−−
 

Substituting the value of 
dn

dτ
− from Eq. (9) in the above Eq., we get 

 

3

2

dTek n
B dτ

  
  

   
− =

( ) ( )
( ) ( ) ( ){

3 3 3

2 2 2

3
1

2

3 3

2 2

k T n n k T n n n n k T n ne e e e ct ectsB B B B B iB Be eA A A iA

lhn n k n n n n T n n e ecs ect ects ecte e eB B B B B iBA A A A iA

s k T kecs ctB B eB eBeA eA

β β α α γ

β ε β ε α α γ ε δ γ

ε ν δ ν δ

     
− + +     
     

 
+  

 

      ×            

+ +

+ − + − + −

− − + ( )

( )( ) ,

3

2
T T n ke n B

T T ne ieBi eBieAi eAi
ν δ ν δ

 
 
 

− −−

+ − −
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 On rearranging the above equation, we get                                            

( ) ( ) 
3 3

2 2

dTek n n n k n n TeB B B B B B BA A A A Ad
β ε β ε β β

τ
      

=      
     

+ − +−  -

3

2
lhn n k Te ecs ect ects B

γ ε
   
   

  
− ( )1 eectδ γ+ −

3 3

2 2
s k T kecs ctB B

ε
    
    

    
− − ( eB eBeA eA

ν δ ν δ 
  

+ ( )T T ne n− +−

( )( ) )T T ne ieBi eBieAi eAi
ν δ ν δ+ − −  .      

                                                                                                             (17) 

The first term in Eq.(17) is the power gained per unit volume by negative 

ion due to ionization of neutral atoms, the second term is the  energy loss 

per unit volume per unit time due to the sticking accretion and elastic 

collisions of electron at the spherical CNT tip, the third term is the energy 

loss per unit volume per unit time due to elastic electron - atom collisions 

and elastic electron- ion collision. 

 J. Energy balance equation for positively charged ions 

( )3

2

dT
ik n n

B iBiA dτ
  
  =      

+    

( ) ( ) ( )

( )

( )

3 3

2 2

3 3 3

2 2 2

n n k n n T k neiB B iB B B B B eBi eBiA A iA A A eAi eAi

l lT T n n k T n k T ke cti i iB iBcts iBcs B BiActs iAcs

iAA iAA iAB iAB

β ε β ε β β ν δ ν δ

ε ε

ν δ ν δ

    
+    

    

              
× − + − − ×            

              

+ − + +

− −

+ ( ) ( )}.                        (18)n n T TniiBB iBB iBiA iBA iBA
ν δ ν δ +  

+ −

 

 

2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB iBcs BiAcs Z Z
BiAi

α α
ε ε

α α

   
   
     

− −
= =

− −
 are the 

mean energy (in eV) of positively charged ions, A(carbon) and 
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B(neon),respectively  (at large distance from the surface of the CNT) 

collected by the spherical CNT tip [17].  

ij
ε  is the mean energy (in eV)  of positively charged ions produced by the 

ionization of neutral atoms [17] and for ion A(carbon) and B(neon) are 

expressed as 
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are  the collision frequencies(in sec
-1

) of a  j  type of ion with 'j  ion of 

neutral atom[17], and  
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 are the fraction of the excess energy of a j type positively charged ion, 

lost in a collision with neutral 'j   kind of neutral atom and are 

dimensionless. where j and 'j  can be same (i.e., both carbon) or  different 

(i.e., one carbon and other neon). 

The first term in Eq. (18)  is the energy gained by ions per unit volume 

per unit time due to the  ionization of neutral atoms , the second term is  

the energy gained per unit volume per unit time  due to the elastic 

collision of ions  with electrons. The third term is the energy loss per unit 

volume per unit time due to the sticking accretion of ions at the surface of 

the CNT. The last term is the energy lost per unit volume per unit time 

due to elastic collision with neutral species. 
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K. Energy balance equation for neutral atoms  

   

 

 

 

 

 

 

 

 

where 

 and I I
pBpA

are  the ionization energy (in eV) of the constituent atomic 

species of type A (carbon) and type B(neon),respectively, 
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= +  is the energy dissipated per unit 

volume per unit time by neutral atoms into the surrounding atmosphere 

and is  assumed to be equal to the difference between the temperature of 

the neutral atomic species and the ambient temperature. 
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by imposing the ambient condition of the complex plasma system in 

Eq.(19) for both constituent neutral species[17] ,Ta  is the ambient 

temperature. 
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 are the fraction of excess 

energy of a neutral A( carbon) and B(neon), respectively  lost in a 

collision with spherical CNT tip [17] and are dimensionless. 

and  

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the radius 
3

of spherical CNT tip , and  is the density of spherical CNT tip,

m act ct

ct

π ρ

ρ

=

 

 The first term in Eq.(19) is the power gained per unit volume by the 

neutral species due to recombination of electrons and positively charged 

ions, the second term is the rate of power gained per unit volume by 

neutral atoms in elastic collision with electrons and positively charged 

ions. The  third term is the energy gained per unit volume per second due 

to formation of neutrals at the surface of the CNT due to ion and electron 

accretion. The fourth term refers to the thermal energy lost per unit 

volume per unit time by neutral atoms accretion on and collision with 

CNT tip .The last term is the energy dissipation rate per unit volume by 

neutral atoms to the surrounding atmosphere.                                                                                                        

L. Energy balance for spherical CNT tip  
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 are the mean energy of positively charged ions(in eV), A(carbon) and 

B(neon),respectively  (at large distance from the surface of the CNT) 

collected by the spherical CNT tip [17].       

C
p is the specific heat of the material of the CNT at constant pressure (in 

ergs/gm K),
 

ε is the emissivity of the material of the CNT and is dimensionless, 

σ is the Stefan –Boltzmann constant= 5.672x10
-5

  erg sec
-1

 cm
-2

 K
-4

. 
 

The first three terms in Eq. (20) are the rate of energy transferred to the 

CNT tip due to sticking accretion and elastic collision by constituent 

species of complex plasma. The fourth term is the energy carried away by 

the neutral species (generated by the recombination of the accreted ions 

and electrons) from the spherical CNT tip per unit volume per unit time. 

The last term is the rate of energy dissipation of the spherical CNT tip 

through radiation and conduction to the host gas [18].         

4.4: Results and Discussions 

 In the present chapter, the calculations are performed to study the 

dependence of radius of spherical CNT tip (a0) on the relative density of 

negative ions (n-) i.e., rε . We have assumed that the shape of spherical 

CNT tip remains same during the growth.  In addition, one important 

experimental observation is that the catalyst particles do not retain their 

original spherical or quasi-spherical shape during the growth, but are 

found to have truncated conical shape [19]. 
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 The values of various parameters used in the present investigation at 

0τ =  are, 
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Fig.1. Shows the variation of the normalized radius a/a0 of spherical CNT  tip  

for different CNT number density where a, b, c and d corresponds to nct=10
3
 

cm
 -3

,10
4
 cm

 - 3
,10

5
 cm

- 3
,and 10

6 
cm

- 3
,respectively.  

 

Fig.1 illustrates the variation of normalized radius (a⁄a0) of spherical 

CNT tip with time for different CNT number density (i.e., nct =10
3
 cm

 -3
 

,10
4 

cm
-3

, 10
5
 cm

-3
, and 10

6
 cm

-3
) and for other parameters as mentioned 

above.  From Fig. 1, it can be seen that the normalized radius of spherical 

CNT tip first increases with time and then attains a saturation value. It 

also shows the decrease of normalized radius a⁄a0 with CNT number 

density nct (in cm
-3

). This happens because for larger values of CNT 

number densitynct , the number of positively charged ions and neutral 

atoms available for accretion decreases. The assumption that accretion of 

neutral atoms and positively charged ions on the spherical CNT tip leads 

to its growth, the decrease in their number density would then decrease 

the radius of spherical CNT tip.  
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Fig. 2. Shows the variation of the normalized radius a/a0 of spherical CNT tip 

for different relative density of negatively charged ions rε = 0.2, 0.4, 0.6 and 

0.8. 

 

Fig. 2 shows the variation of normalized radius a⁄a0  of spherical CNT tip 

with time for different relative density of negatively charged ions( rε ). 

Fig. 2 illustrates that the normalized spherical CNT tip radius a⁄a0 first 

increases with time and then attains a saturation value. It can also be seen 

that the normalized radius a/a0 decreases with relative density of 

negatively charged ion. The decrease of a⁄a0 with relative density of 

negatively charged ion is implied that with increase in negative ion 

number density for a fixed positive ion density, more and more neutral 

atoms ionizes to produce positively charged ions, negatively charged ions 

and electrons. Since the accretion of neutral atoms on the spherical CNT 

tip leads to its growth, the decrease in their number density because of 
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increase in relative density of negatively charged ion leads to decrease in 

radius of the spherical CNT tip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Shows the dependence of ionic number density of type A(carbon)  in  

plasma for different relative density of negatively charged ions rε =   0.2, 0.4, 

0.6 and 0.8 

 

Fig. 3 shows the variation of normalized ionic density of type A(carbon) 

in plasma with time for different relative density of negatively charged 

ion. It can be seen from Fig. 3 that with increasing relative density of 

negatively charged ion, the positively charged ion of A(carbon) decays 

faster.  
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4.4.1: Estimation of field enhancement factor 

Based on the results obtained, the variation of the field emission factor 

with relative density of negative ions (i.e., plasma parameters) is 

estimated. The field emission factor is β  =
l

r
( where l is the length of 

CNT and r is the radius of the CNT). From the results obtained in the 

present investigation, the radius of spherical CNT tip decreases with 

increase in the relative density of negatively charged ion and CNT 

number density. For a fixed length of CNT(l),
1

r
β ∝ , so increase  in 

negatively charged ion  number density should lead to larger β . The 

variation of β  with CNT radius has also been experimentally verified by 

Xu et al. [20]. With increase in relative density of negative ions (plasma 

parameters), the radius of spherical CNT tip decreases which is consistent 

with the experimental observations of Lee et al. [21]
 
and Srivastava et al. 

[22]. 
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                                                 CHAPTER 5          

                

 MODELING CNT GROWTH IN DIFFERENT PLASMAS AND 

ASSESSING FIELD EMSISSION FROM THEM 

 

5.1: A concise blueprint of the chapter 

In the present chapter, the growth of spherical carbon nanotube (CNT) tip 

placed over cylindrical CNT surfaces in different plasma mediums is 

modelled and consequent behaviour of field emission factor from them is 

predicted. 

5.2: Introduction 

The effect of plasma treatment and their consequent effects on the field 

emission properties of carbon nanotubes (CNT) has been an active field 

of research for many years.  

The effect of localized lateral growth of multiwalled carbon nanotubes 

(MWCNTs) with ammonia (NH3) plasma post-treatment is studied by 

Yau and Tsai [1], and they have shown that upon exposure to NH3 

plasma, electrical properties of CNTs is found to increase. Abdi et al. [2]
 

found that as the plasma power on nickel (Ni) layer was increased, the 

grain size of Ni nanoparticle decreased and consequently, nanotubes of 

smaller diameter were obtained. Wen et al. [3] found that the NH3 plasma 

treatment resulted in the etching effects and that more the treatment time, 

more the disorder in structures of carbon nanofibers.          Felten et al.
 
[4]

 

have modified MWCNTs by inductively coupled radio frequency(rf)-

plasma at 13.56 MHz and reported that for too high oxygen(O2) plasma 

power, chemical etching occurs at the surface of CNT, thus destroying its 

structure. 
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 Lee et al. [5]
  

reported that the size and morphology of cobalt (Co) -

catalytic seeds varied with hydrogen (H2) plasma treatment time. Zhi et 

al. [6]
 
have studied the field emission capability of the CNTs by hydrogen 

plasma treatment. Their study suggests that the hydrogen plasma 

treatment is a useful method for improving the field emission property of 

CNTs.  Srivastava et al.
 
[7] have reported that the oxide films without the 

H2 plasma pre treatment or treated for lesser time resulted in CNT films 

with high percentage of carbonaceous particles and with embedded 

particles/nanorods distributed discontinuously in the cavity of the 

nanotubes. 

Zhu et al. [8]
 
have observed that the deposition of amorphous layer 

comprising carbon and fluorine during extended carbon tetra fluoride 

(CF4 ) plasma treatment,  may hamper the field emission from CNT films. 

 Ahn et al. [9] 
  
have demonstrated external rf plasma irradiation of  argon 

(Ar) gas to well-aligned MWCNTs to modify any structural defects and 

vaporize contamination of the MWCNTs grown at temperature of 400 
0
C.  

In this case, it was seen that there was a structural enhancement in the 

MWCNTs that resulted in a reduction of the turn on fields from 1.65 V/ 

µm to 0.93 V/ µm and an increase in the field emission current. 

Jaehyeong et al. [10] studied the influence of various plasma treatments 

on the properties of CNTs for composite applications and found that the 

long plasma treatment time changed the CNT morphology dramatically. 

Feng et al. [11] have studied  the effects of plasma treatment on 

microstructure and electron field emission (FE) properties of screen-

printed carbon nanotube films and found that on H2, nitrogen (N2) and 

NH3 plasma treatment, the  plasma treated CNT films had superior FE 
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 Plasma consisting of electrons, positively charged ions and neutral atoms 

Cathode V=0 
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+ Va 
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behaviour with emission site density (ESD) increasing from 10
3
 to 

10
6
/cm

2
. 

 Lee et al. [12] 
  
have studied the plasma treatment effects on the surface 

morphology and field emission characteristics of CNTs and found that 

CNTs treated with the H2, Ar and CF4 have a higher density of defect and 

small average diameter as compared with that of untreated CNTs, 

reflecting the etching effects of plasma treatment. They also reported that 

the field emission is highest for CNTs treated with H2 plasma. 

5.3: MODEL  

 Following  the model developed in Chapter 2 , we now consider a CNT 

with spherical tip placed over the cylindrical surface  grown (without  

catalyst) in the presence of plasma containing electrons, positively 

charged ions of type A and B, neutral atoms of type A and B as shown in 

Fig.1 

  

 

 

 

 

 

 

 

 

Fig. 1. Shows the spherical CNT tip placed over cylindrical CNT surface  in a 

plasma containing electrons, positively charged ions and neutral atoms.  
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The initial radius of CNT  
0
r  (same for spherical tip and cylindrical 

surface) can be estimated by equating the accretion of electrons and 

positively charged ions on the CNT, i.e., 

 

                                       (1)n n n n n nects ectys iBcts iBctyiActs iActy
+ = + + +

 

where 

1
8 22a)   exp
k TeBn r n Ze eects me

π α
π

 
     
 

=   is the electron collection current 

at the surface of  spherical CNT tip [13]
 
(in sec

-1
) 

 
and 

2e
e rk TeB

α
 
 
 
 

= . 

1
28

2b)   1
k T

iBn r n Z
ijcts ij im

ij

π α
π

 
   

   
 

= −  is the ion collection current of a    

      spherical  CNT tip  [13]
 
(in sec

-1
) 

 
and  

2e
i rk T

iB

α
 
 
 
 

=  

1
2 2

c)   expr
k T eVe sBn n leectcys m k Te eB

π   
  

      
=   is the electron collection  

      current at  the surface of  cylindrical CNT [14]
 
(in sec

-1
) 

 
. 

1 1 1
2 2 22 2

d)   expr
k T eV eV eVi s s sBn n l erfc

ijctcys ij m k T k T k T
ij i i iB B B

π

π

  
                                       

= +

      is  the ion collection current of a  cylindrical  CNT [14]
 
(in sec

-1
) 

 
, 
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where j refers to either A(carbon) or B (H2
+
 in hydrogen plasma, Ar

+
 in 

argon plasma, CH4
+
 in methane plasma and CF4

+ 
in carbon tetra fluoride 

plasma)  

 

Substituting the above values for nects , n
ijcts

,  nectcys ,  n
ijctcys

 in Eq.(1) 

we get  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

11
2 228 822 2exp 1

1
2282 1

1
2 2

exp

1
22 2

r

r

k T k TZe Zee iB Br n r ne iAm rk T m rk Te e iB BiA

k T ZeiBr n
iBm rk T

iiB B

k T eVe sBn le m k Te eB

k T eViBn l
iA m

iA

π π
π π

π
π

π

π

π

       
      + 

                  

    
     +

        

= − +

−

,         

1 1
2 2

exp

1 1 1
2 2 22 2

expr

eV eVs s serfc
k T k T k T

i i iB B B

k T eV eV eVi s s sBn l erfc
iB m k T k T k T

i i iiB B B B

π

π

  
              

               

  
                 +  

                   

+

+                                (2)

11
2 2222 22 exp 2 1

1
22

22 1

1
2

exp

1
2 2

r

r

TT Ze Zee ir n r ne iAm rk T m rk Te e iB BiA

T Zeir n
iBm rk T

iiB B

T eVe sn le m k Te eB

T eVi sn l
iA m k T

iBiA

π π
π π

π
π

π

π

π

       
     +                     

      
       +

         

= − +

−

,                        

1 1
2 2

exp

1 1 1
2 2 22

expr

eV eVs serfc
k T k T

i iB B

T eV eV eVi s s sn l erfc
iB m k T k T k T

i i iiB B B B

π

π

  
          

            

  
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+
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For Z = -1, i.e., initially the CNT is negatively charged and radius of 

CNT is r0, 

 

 

 

 

 

 

 

 

 

 

where 

l  = length of CNT( in µm), 

Vs   = the surface potential on the cylindrical CNT (in Stat V), 

ne= number density of electron (in cm
-3

), 

Te = electron temperature (in eV), 

k
B

= Boltzmann’s constant ( in ergs/K), 

T
i
= ion temperature (in K), 

n
iA

= number density of ion A where A refers to carbon in all plasmas    

         considered (in cm
-3

), 

m
iA

= mass of ion A(in gm), 

n
iB

= number density of ion B where B refers to H2
+
 in hydrogen 

         plasma,  Ar
+
 in argon plasma, CH4

+
 in methane plasma and CF4

+ 
  

1 1
2 22 22 22 exp exp 2 1
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         in carbon tetra fluoride plasma (in cm
-3

), 

m
iB

= mass of ion B (in gm), 

e=    electronic charge( in Stat C). 

Following the model developed in Chapter 2 and using the terms for 

spherical tip and cylindrical surface from chapter 3, we write the 

equations for growth of CNT with spherical tip placed over cylindrical 

surface as: 

A. Charge neutrality equation 

 

The Eq.(5) equates the net negative and positive charge on CNT to render 

plasma as electrically neutral.  

          

    Zn n n nect iBiA
+ + = ,                                                                            (5)  

  Z= amount of charge on spherical tip placed over cylindrical surface (  

          dimensionless), 

   
nct =  the number density of  the CNT(in cm

-3
), 

 n
iA

= number density of ion A (in cm
-3

) , 

n
iB

= number density of ion B(in cm
-3

). 

B. Charging of the CNT 

 This equation describes the charge developed on the CNT with spherical     

  tip placed  over cylindrical surface due to accretion of electrons and 

positively  charged ions on the surface of CNT.   

    ( )dZ
n n n n n ne ects ectcysiBcts iBctcysiActs iActcysd

γ
τ
= + + + − +  ,     (6) 

where eγ is the sticking coefficient of electrons on CNT surface. 

The first  and second term in Eq.(6) denotes charge developed  on the 

CNT due to ion collection currents of A(carbon) , third and fourth term 
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denotes charge developed  on the CNT due to ion collection currents of 

B(either hydrogen, argon, methane, or carbon tetra fluoride),  on spherical  

tip over cylindrical surface. The last term denotes charge developed on 

spherical tip placed over cylindrical surface because of electron collection 

current. 

C. Growth rate equation of electron density 

The growth rate equation of electron density accounts for ionization of 

neutral into ions and electrons and recombination of electrons and ions to 

form neutrals. 

( ) ( ) ( )dne n n n n n n n n ne e e ct ects ectcysB B B iBA A A iAd
β β α α γ

τ
= + − + − +                                                                                                                              

                                                                                                                                   ,(7) 

 and 
BA

β β  are the coefficients of ionization of the constituent neutral 

atoms of A(carbon) and B(either hydrogen, argon, methane, or  carbon 

tetra fluoride) due to external agency (in sec), and  

( ) ( )300 3003 3/sec  and / sec
0 0

k k

T cm T cme eBA A BT Te e
α α α α

   
      
   

= =  are 

the coefficients of recombination of electrons and positively charged ions 

[13] of A(carbon) and B(hydrogen, argon, methane, or  carbon tetra  

 

fluoride) where                                                       and                     

   

                     are the electron collection  current at the surface of  

spherical CNT tip[13]  and cylindrical CNT surface [14], respectively  (in 

sec
-1

) and nct is  the CNT number density (in cm
-3

) , eγ  is the sticking 

coefficient of electron to spherical tip placed over cylindrical CNT 

surface and is dimensionless. 

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×

,n nects ectcys
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 The first term in Eq.(7) is the rate of gain in electron density per unit 

time due to ionization of neutral atoms and second term is the decrease in 

the electron density due to electron–ion recombination and the third term 

is the loss in electron density because of the electron collection current on 

the spherical  tip placed over cylindrical CNT surface. 

D. Growth rate equation of positively charged ion density 

The number density balance equation of ions is developed assuming 

processes such as ionization of neutrals to produce ions and electrons and 

the electron and ion recombination to form neutrals. 

   
dn

iA n n n n n ne ctA A A iA iActs iActcysd
β α

τ
 + 
 

= − − ,                                (8) 

  
dn

iB n n n n n ne ctB B B iB iBcts iBctcysd
β α

τ
 + 
 

= − −  ,                                 (9) 

,

1 1
2 22 28 8

2 21 1
k T k TZe Zei iB Bn r n n r n

iBcts iBiActs iAm rk T m rk T
i iB iB BiA

π π
π π

      
      

           
= − = −  

are the ion collection currents at spherical CNT tip [13](in sec
-1

) for 

A(carbon) and B (either hydrogen, argon, methane, or  carbon tetra 

fluoride),respectively. 

,

1 1 1
2 2 22 2

   expr
k T eV eV eVi s s sBn n l erfc

iActcys iA m k T k T k T
i i iB B BiA

π

π
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                  

                   

= +

1 1 1
2 2 22 2

   expr
k T eV eV eVi s s sBn n l erfc

iBctcys iB m k T k T k T
i i iiB B B B

π

π

  
                  

                   

= +  

 are the ion collection currents at the cylindrical CNT surface [14](in sec
-

1
) for A(carbon) and B (either hydrogen, argon, methane, or  carbon tetra 

fluoride),respectively. 
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The first term in Eqs. (8) and (9) is the gain in ion density per unit time 

on account of ionization of neutral atoms, the second term is the decrease  

in ion density due to electron-ion recombination, and the third term 

denotes the loss in ion density due to  ion collection current to the 

spherical  tip placed  over cylindrical CNT surface. 

E. Growth rate equation of neutral atoms 

( ) ,1
dn

A n n n n n n n n ne ct ctA iA A A iA iActs iActcys A Acts Actcysd
α β γ γ

τ
   + +   
   

= − + − −

                                                                                                                                   

                                                                                                                               (10) 

                                         (11) 

where 

 ,  

1 1
2 28 82 2     

k T k Tn nB Bn r n n r n
Bcts BActs Am m

BA

π π
π π

   
   

  
  

= =   

are the neutral collection currents at the surface of  spherical CNT tip [13] 

(in sec
-1

), and 

1 1
2 22 2

    ,    
k T k Tn nB Bn rl n n rl n

Bctcys BActcys Am m
BA

π π
   
   

  
  

= =  

 

 are the neutral collection currents at the cylindrical CNT surface [14](in 

sec
-1

),nA and nB are the neutral atom number density (in cm
-3

). 

 

 is the sticking coefficient of carbon neutrals on spherical tip placed over 

cylindrical CNT surface and  is the sticking coefficient of carbon ions on 

CNT surface, both  and  are dimensionl

A

iA

A iA

γ

γ

γ γ ess.

 

,
dn

B n n n n n ne ctB iB B B iBcts iBctcysd
α β

τ
 + 
 

= − +



153 

 

The first term in Eqs. (10) and (11)  is the gain in neutral atom density per 

unit time due to electron–ion recombination,  the second term is the 

decrease in neutral density due to their ionization, the third term is the 

gain in neutral density due to neutralization of the ions collected on 

spherical tip placed over cylindrical CNT surface. The last term in Eq. 

(10) is the accretion of neutral atoms of species A (carbon) on spherical 

tip placed over cylindrical CNT surface. 

F. Growth rate equation of the mass of CNT  

The accretion of ions and neutrals on CNT surface is the main process 

contributing to growth of CNT. 

  
dmct m n n m n n

A A Acts Actcys iA iA iActs iActcysd
γ γ

τ
    

        
= + + + ,    (12)   

4 3 2
3

m r r lct ct ctπ ρ π ρ+=  is the mass of the entire CNT, ctρ is the 

density of CNT, r is the radius and l is the length of entire CNT.  

 

The first and second term in Eq.(12) is the gain in the mass of the 

spherical tip placed over  cylindrical CNT surface, respectively due to 

collection of atomic and ionic species A (i.e., carbon), respectively. 

 

G.  Energy balance equation of electrons 
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    

    

 
  

= + − + −

+ − − −

+ − − −

+ − − ( )( )  ,T T ne eiB eBi eBieAi eAi
ν δ ν δ 
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× + −

                    (13) 

 

The  LHS of Eq.(13) can be rewritten as  

3 3

2 2

dT dne ek n k Te eB Bd dτ τ
      

+      
        

Substituting the value of 
dne
dτ

from Eq. (7) in the above Eq., we get 

3

2

dTek neB dτ
  
  

   
=                                                         

 

 

 

 

 

 

 

 

                                                                                                              (14) 

On rearranging the above equation, we get                                                                                                                                                                         
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where 

3

2
is the thermal energy of electrons , n k T

e eB  

ne is the number density of electrons(in cm
-3

),Te is the electron 

temperature (in eV), Tct is the CNT temperature (in K), and Tn is the 

neutral temperature (in K). 

2
( ) ( )

Zel sZ Zecs ecs r
ε ε

 
 
 
 

= −  is the mean energy of electrons (in eV) at a 

large distance from the surface of spherical CNT tip [13], 

( ) 2s Z k Tecs eB
ε =  is the mean energy of electrons (in eV) collected by 

spherical CNT tip [13], 

( ) 2
eVl sZ k Teccy eB k TeB

ε
  
  

  
  

= −  is the mean energy of electrons (in eV) at 

a large distance from the surface of cylindrical CNT surface[14], 

( ) 2s Z k Teccy eB
ε =  is the mean energy of electrons(in eV) collected by 

cylindrical CNT surface[14], 

 

1 1
2 2

 and  
0 0

0 0 0 0

n nT Te eA B
eBeA eA eBn T n T

A e B e

ν ν ν ν
     
     
     
     

= = are  the 

electron collision frequency (in sec
-1

) due to elastic collisions with neutral 
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( )
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3 3
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      = + − + −              

       − + − − −       
       

− + −
  
     

[ ]( ) ( )( ){ } }

3 3

2 2

.            (15)

s
k T kcs B ct B

T T T T neA eA eB eB e n eAi eAi eBi eBi e i eν δ ν δ ν δ ν δ

− −

+ − + + −

     
          
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atoms A(carbon) and B(either hydrogen, argon, methane, or  carbon tetra 

fluoride), respectively  
 
[13]  , and 

1 1
5 2 5 22 2(8.3 10 )  and (8.3 10 )  

0 0 0 0 0 0
r n T r n T

BeA A A e eB B e
ν π ν π= × = ×

, 

3 3

2 2
and 

0 0
0 0 0 0

n nT TiA e iB e
eBieAi eAi eBin T n T

iA e iB e

ν ν ν ν
     
     
     
     

− −

= =  are the 

electron collision frequency (in sec
-1

)  due to elastic collisions with 

positively charged ion of type A(carbon) and type B(either hydrogen, 

argon, methane, or  carbon tetra fluoride)[13], 

 
220 220
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0 03 1 3 1

3 32 2
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e e e e

eAi eBi
T n T n
e iA e iB
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       
       
       
       
              
       

= = , 

2  and 2
m me e

eBeA m m
BA

δ δ
   
   

  
  

≈ ≈  are the fraction of excess energy of an 

electron lost in a collision with the neutral atom A(carbon) and B(either 

hydrogen, argon, methane, or  carbon tetra fluoride),respectively[13] and 

are dimensionless, 

2  and 2
m me e

eBieAi m m
iBiA

δ δ
   
   
   

  

≈ ≈  is the fraction of excess energy of an 

electron lost in a collision with  a positively charged ion A(carbon) and 

B(either hydrogen, argon, methane, or  carbon tetra fluoride), respectively 

[13] and is dimensionless,  

2
me

ect mct
δ

 
 
 
 

≈   is the fraction of excess energy of an  electron lost in a 

collision with a CNT [13] and is dimensionless where,   
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4 3 2
3

m r r lct ct ctπ ρ π ρ+=  is the mass of the entire CNT and ctρ is the 

density of CNT. 
 
              

The first term in Eq. (15) is the power gained per unit volume by 

electrons due to ionization of neutral atoms, the second term is the  

energy loss per unit volume per unit time due to the sticking accretion 

and elastic collisions of electron at the spherical CNT tip. The third term 

is the energy loss per unit volume per unit time due to elastic electron - 

atom collisions and elastic electron- ion collision.            

H. Energy balance equation for positively charged ions 

( )3

2

d
n n k T

iiB BiAdτ
 
  

+    

( ) ( )

( ) ( )        

     

3
   

2

3

2

3

2

i

n n k n T Te e iB B iB B eBi eBiA A iA eAi eAi

l lk n n n n T n n ncte eB B iB iBcts iBcsA iA iActs iAcs

l ln n k
iBctcys iBccys BiActcys iAccys iAA iAA iAB

β ε β ε ν δ ν δ

α α ε ε

ε ε ν δ ν

   +      

   +   

   + + −      

= + + − −

+ −

+( )
( ) ( )      ,

n
iAB iA

n T TniiBB iBB iBiBA iBA

δ

ν δ ν δ




+ 
+ −

                                                                                                             (16)     

                                                                                                           

The  LHS of Eq.(16) can be rewritten as 

( ) ( )3 3

2 2

d n ndT iBiAik n n k T
iB iB BiA d dτ τ

         +              

+
+  

 

Substituting the value of 
dn

i
dτ

from Eqs.(8) and (9) in Eq.(16), we get 
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On rearranging the above equation, we get                                             

( )3
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dT
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B iBiA dτ
  
       
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                                                                                                                           (18) 

where       

( )  
3

is the thermal energy of ions ,
2

n n k T
iiB BiA

+
  

 niA and niB are the number density of positively charged ions of type 

A(carbon) and type B(either hydrogen, argon, methane, or  carbon tetra 
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fluoride), respectively(in cm
-3

),Ti is the ion temperature (in K),  Tn is the 

temperature of neutral (in K).  

 

2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB iBcs BiAcs Z Z
BiAi

α α
ε ε

α α

   
   
     

− −
= =

− −
 are the 

mean energy (in eV)  of positively charged ions, A(carbon) and B(either 

hydrogen, argon, methane, or  carbon tetra fluoride), respectively  (at 

large distance from the surface of the CNT) collected by the spherical 

CNT tip [13] , 

 

 

 

 

 

 

are  the mean energy of ions(in eV) at a large distance from the surface of 

cylindrical CNT surface[14] of A (carbon) and B(either hydrogen, argon, 

methane, or  carbon tetra fluoride), respectively. 

ij
ε  is the mean energy (in eV)  of positively charged ions produced by the 

ionization of neutral atoms [13] and for ion A(carbon) and B(either 

hydrogen, argon, methane, or  carbon tetra fluoride) are expressed as 
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are  the collision frequencies(in sec
-1

) of a  j  type of ion with 'j  ion of 

neutral atom[13], and  
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 are the fraction of the excess energy of a j type positively charged ion, 

lost in a collision with neutral 'j  kind of neutral atom and are 

dimensionless. where j and 'j  can be same (i.e., both carbon or both 

either hydrogen, argon, methane, or  carbon tetra fluoride) or  different 
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(i.e., one carbon and other either hydrogen, argon, methane, or  carbon 

tetra fluoride). 

The first term in  Eq.(18)  is the energy gained by ions per unit volume 

per unit time due to the  ionization of neutral atoms , the second term is  

the energy gained per unit volume per unit time  due to the elastic 

collision of ions  with electrons. The third term is the energy loss per unit 

volume per unit time due to the sticking accretion of ions at the surface of 

the CNT. The last term is the energy lost per unit volume per unit time 

due to elastic collision with neutral species.  

I. Energy balance equation for neutral atoms    

    

 

 

 

 

 

 

 

 

                                                                                                              

 

 

 

 

The LHS of Eq.(19) can be rewritten  as 

( ) ( )3 3

2 2

d n ndT BAnn n k k TnB B BA d dτ τ

 
   +   
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 

+
+
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( )( ) ( ) ( )
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( )

3
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3 3

2 2

3
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d
n n k TnB BAd

k n n n n T T n n I n n I ke eie e eB B iB B iB pB BA iA A iA pA

n T T n T Te e n nieB eBeA eA iAA iAA iAB iAB iA

n T TniiBB iBB iBiBA iBA

k n nctB iA

τ

α α α α

ν δ ν δ ν δ ν δ

ν δ ν δ

γ

 
=  

     + +        

 
  

+ 

 
 
 

+

+ + +

+ − + + −

+ − +

− ( )

( )( ) ( )

( )( ) ( )

1

3
1

2

3
1

2
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k n n T T T n T Tn n nct ct ctB Bcts BctActs Act AA

k n n T T T n T Tn n nct ct ctB Bctcys BctActcys Act AA

γ

γ δ γ δ

γ δ γ δ

     +        

   − +        

   − +       

+ − +

+ − − −

+ − − −

( )                                                                                
3

, (19)
2

k n n T EnB B BA A diss
β β



 
 
 

− + −
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( )

  ,

Substituting the value of   from Eqs. (10) and (11)  and multiplying 

3
by in Eq.(19) we get

2

d n n
BA

d

k TnB

τ

+

                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

         

                                                                                                  (20) 

On rearranging the above equation, we get                                             

       

( )

( ) ( )

( )

3

2

3 3 3

2 2 2

3
1

2

3

2

dTnn n k
B BA d
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α
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     
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γ δ γ δ

γ δ γ δ
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    
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 
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3 3
+ 1 1

2 2

3

2

    − + − + −        

        − + − − − × −               

 + − +    

n T T k n n n T Tn nct cti B iBctsiA iActsiBB iBB iB

k n n n T T k n T Tn nct ct ctB iBctcys BiA iActcys Acts Act A

n T T k n nn ct ctBcts Bct B A

ν δ γ

γ δ γ

δ ( ) ( ) ( )1  

.                                                                                                                                   

    − × − + −       
−

T T n T Tn nct ctBctcys Bctctcys Act A

E
diss

δ γ δ

    (21)    

 

where 

 

 and I I
pBpA

are  the ionization energy (in eV) of the constituent atomic 

species of type A (carbon) and type B(either hydrogen, argon, methane, 

or  carbon tetra fluoride),respectively, 

,    
, , ,

E E E E
diss A diss B diss j diss

 
 
 

= + is the energy dissipated per unit 

volume per unit time by neutral atoms into the surrounding atmosphere 

and is  assumed to be equal to the difference between the temperature of 

the neutral atomic species and the ambient temperature. 

, , 0
0

T Taj
E E

j diss j diss T Taj

  
    
  
    

−
=

−
 (in eV) , constant 

, 0
E

j diss
is obtained 

by imposing the ambient condition of the complex plasma system in 

Eq.(21) for both constituent neutral species[13] ,Ta  is the ambient 

temperature. 
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( ) ( )
2 2

 and 
m m

A B
BctAct m mm m ctct BA

δ δ
   
   
   
     

= =
++

 are the fraction of excess 

energy of a neutral A( carbon) and B(either hydrogen, argon, methane, or  

carbon tetra fluoride), respectively  lost in a collision with  CNT [13] and 

are dimensionless. 

 

The first term in Eq.(21) is the power gained per unit volume by the 

neutral species due to recombination of electrons and positively charged 

ions, the second term is the rate of power gained per unit volume by 

neutral atoms in elastic collision with electrons and positively charged 

ions. The third term is the energy gained per unit volume per second due 

to formation of neutrals at the surface of the CNT due to electron and ion 

accretion. The fourth term refers to the thermal energy lost per unit 

volume per unit time by neutral atoms due to their accretion on and 

collision with CNT surface. The last term is the energy dissipation rate 

per unit volume by neutral atoms to the surrounding atmosphere.   

                                                                                                                                                                      

J. Energy balance for spherical CNT tip placed over cylindrical surfaces 
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2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB iBcs BiAcs Z Z
BiAi
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ε ε

α α

   
   
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− −
= =

− −
 

are the 

mean energy (in eV) of positively charged ions, A(carbon) and B(either 

hydrogen, argon, methane, or  carbon tetra fluoride),respectively  (at large 

distance from the surface of the CNT) collected by the spherical CNT tip 

[13] . 

1 1 1 1
2 2 2 22 4
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                                                 

+ −

 

are  the mean energy of ions(in eV) at a large distance from the surface of 

cylindrical CNT surface[14] of A (carbon) and B (either hydrogen, argon, 

methane, or  carbon tetra fluoride), respectively.   
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C
p is the specific heat of the material of the CNT at constant pressure (in 

ergs/gm K),
 

ε is the emissivity of the material of the CNT and is dimensionless, 

σ is the Stefan –Boltzmann constant= 5.672x10
-5

  erg sec
-1

 cm
-2

 K
-4

. 
 

The first three terms in Eq. (22) are the rate of energy transferred to the 

CNT tip due to sticking accretion and elastic collision by constituent 

species of complex plasma. The fourth term is the energy carried away by 

the neutral species (generated by the recombination of the accreted ions 

and electrons) from the spherical CNT tip per unit volume per unit time. 

The last term is the rate of energy dissipation of the spherical CNT tip 

through radiation and conduction to the host gas [15].         

 K. Field enhancement factor     

Using the expression for field enhancement factor  β  as obtained by             

Wang  et al. [16] 

          

    3.5                                                                                             (23)
hβ
ρ

= +

                                                                                                                                                                                                            

   where,  

      h = the height of CNT and ρ  = the radius of CNT.                                                                                                              

5.4: Results and Discussion 

Our main interest in the present chapter is to observe the effect of 

different plasmas, especially of heavy ion plasma such as carbon 

tetraflouride (CF4) and methane (CH4), light ion plasma such as hydrogen 

(H2) and of neutral plasmas such as argon (Ar), on the growth of the 

CNT. Since in the present model it is assumed that the accretion of 

neutral atoms and positively charged ions on the CNT causes its growth; 
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the different plasmas being investigated for growth presently will cause 

changes in the morphology of the CNT.      

We have solved Eq. (4) to  calculate the initial radius of CNT  by feeding 

the parameters corresponding to various plasmas and then equations for 

charging of the CNT, kinetics and energy balance of electrons, ions, 

neutrals and of the spherical CNT tip placed over cylindrical CNT surface 

are simultaneously solved for different plasmas considered, by using 

MATHEMATICA  software  with appropriate boundary conditions. 

(1) For H2 plasma, boundary conditions 0τ = , 
   

  CNT number density ( nct ) =10
6 cm

-3 
,
 
ion number density of type A

  
(

0
n
iA

=0.8
0

n
e

),ion number  density of type B (
0

n
iB

0.2
0

n
e

= ), 

neutral atom  number density of type A and B ( ) 141 10
0 0

n n
A B

= = × cm
-3    

,electron number density ( ) 610
0

n
e

= cm
-3

, electron temperature 

Te0=0.5eV, ion temperature (Ti0 )= 2000 K ,neutral temperature 

)(
0

T
n

=  CNT temperature ( )Tct =1950K, mass of ion A ( )m
iA

≈  mass of 

neutral atom A ( )m
A

 = 12 amu (carbon) ,mass of ion B ( )m
iB

 ≈ mass of 

neutral atom B ( )m
B

 =2 amu (hydrogen (H2)),  coefficient of 

recombination of electrons and positive ion of type A and B( )0 0A B
α α≈

=10
-7

cm
3
/sec,  emissivity of material of CNT (ε )=0.6 , the sticking 

coefficient of ion A and neutral atom A ( )iA A
γ γ= =1, specific heat of 

CNT ( ) 67 10Cp = ×  ergs/gm K, the ionization energy of  neutral atom A

I
pA

  = 
 

5.26 eV, the ionization energy of  neutral atom B I
pB

  = 
 

7 eV , 
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A
ε =4.69 eV, 

B
ε =6.7 eV, the mean energy of positively charged ions 

produced by the ionization of neutral atom A( 
iA
ε )=4.78 eV, the mean 

energy of positively charged ions produced by the ionization of neutral 

atom B (
iB
ε )= 7.03 eV,  the dissipation energy of neutral atom A (

, 0A diss
ε ) =1820.9eV, the dissipation energy of neutral atom B(

, 0B diss
ε ) 

=799.6 eV, constant(κ )= -1.2, initial radius (r0) = 1.80 nm,  and  density 

of the CNT ( ctρ )= 4.2g/cm
3
.
 

(2) For CH4 plasma, using values from Herrebout et al. [17] , boundary   

conditions 0τ = , nct =10
6 

cm
-3 

,
0

n
iA

=0.6
0

n
e
,

0
n
iB

0.4
0

n
e

= nA0= 

nB0=1x10
15

 cm
-3

, ne0= 1.12x10
10

 cm
-3

,Te0=  1.15 eV, 2100
0

T
i
= K ,     

2000
0

T Tctn
= = K, m m

iA A
≈ =12 amu (carbon),m m

iB B
≈ =16 amu 

(methane (CH4)), 0 0A B
α α≈ =1.12x10

-7
cm

3
/sec, ε =0.6 , iA A

γ γ= =1, 

φ =5 eV (Carbon), 67 10Cp = ×  ergs/gm K, I
pA

= 8.16 eV, I
pB

=9.43 

eV , 
A

ε =9.59 eV, 
B
ε =6.79 eV, 

iA
ε =5.15 eV, 

iB
ε = 9.50 eV ,

, 0A diss
ε

=1964.1 eV, 
, 0B diss

ε =608.5eV,κ =-1.2, r0= 1.66 nm,  and ctρ = 

4.2g/cm
3
. 

 

(3) For Ar plasma, using values of plasma parameters from Chai et al. 

[18] , boundary conditions 0τ = , 

nct =10
6 

cm
-3

, 
0

n
iA

=0.6
0

n
e

,
0

n
iB

0.4
0

n
e

= ,nA0= nB0=1.03x10
15

 cm
-3

,  

ne0=1.2x10
9 
cm

-3
,Te0= 1.3 eV, T i0=2200 K, 2000

0
T Tctn

= = K, m m
iA A

≈

=12amu(carbon),m m
iB B

≈ =40amu(argon(Ar)),
0 0A B

α α≈

1.02x10
-7

cm
3
/sec, ε =0.6 , iA A

γ γ= =1, 67 10Cp = ×  ergs/gm K, I
pA

=
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9.56 eV, I
pB

=  10.97 eV , 
A

ε =13.58 eV, 
B
ε =8.62 eV, 

iA
ε =7.51 eV, 

iB
ε = 9.24 eV , 

, 0A diss
ε =2055.61  eV, 

, 0B diss
ε =416.5 eV, κ = -1.2, r0= 

1.62 nm,  and ctρ = 4.2g/cm
3
. 

 

 (4) For CF4 plasma, using values of plasma parameters from Kim et al. 

[19] boundary conditions 0τ = , 

nct =10
6 cm

-3   
,

0
n
iA

=0.6
0

n
e

,
0

n
iB

0.4
0

n
e

= , 115 10
0 0

n n
A B

= = × cm
-3

   

 ,ne0=3.5x10
10 

cm
-3

, Te0=1.5 eV, 2400
0

T
i
= K, 2000

0
T Tctn

= = K.           

m m
iA A

≈ =12 amu (carbon), m m
iB B

≈ =84 amu (carbon tetra fluoride  

(CF4)) , 0 0A B
α α≈ =3.5x 10

-7
cm

3
/sec, ε =0.6 , iA A

γ γ= =1,  67 10Cp = ×

ergs/gm K, I
pA

= 10.26 eV, I
pB

=12.3 eV , 
A

ε = 675.71 eV, 
B
ε =119.5 

eV, 
iA
ε =542.15  eV, 

iB
ε = 359.35eV , 

, 0A diss
ε = 2251.7 eV,  

, 0B diss
ε

=214.11  eV, κ = -1.2, r0= 4.80nm,  and ctρ = 4.2g/cm
3
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Fig.2. Shows the variation of the normalized radius (r/r0) with time of   

spherical CNT tip placed over cylindrical CNT surface for different plasmas, 

where a, b, c and d corresponds to CF4, Ar, CH4 and H2  plasmas, respectively. 

 

 Fig. 2 illustrates the variation of normalized radius of the spherical CNT 

tip placed over the cylindrical CNT surface (r/r0) with time for different 

plasma parameters taken for respective plasmas considered.  It can be 

seen from Fig. 2 that the radius of spherical CNT tip placed over 

cylindrical CNT surface decreases as (r/r0 for CF4)> (r/r0 for  Ar)>(r/r0 for 

CH4)> (r/r0 for H2). The radius for all plasma first increases and then 

attains a saturation value. The main parameters that determine the growth 

pattern going into plateau region are the values of sticking coefficients of 

neutral atoms and ions of type A, and the charge developed on the CNT. 

As the value of sticking coefficients of neutral atoms and ions increases, 

the steady state is achieved faster.  Also, as more and more neutral atoms 

and positively charged ions stick on the CNT surface, the negative charge 

on the CNT decreases, which further stops the accretion of ions and 
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neutral atoms on the surface of CNT and CNT radius saturates. Nagai et 

al. [20], Hayashi et al. [21] and Courteille et al. [22] have reported a 

similar kind of growth pattern of CNT and nanoparticles in plasma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3. Shows the variation of the normalized radius (r/r0) with time for   

spherical CNT tip placed over cylindrical CNT surface for H2 plasma for 

different values of   the  atomic sticking  coefficients, where a, b, c and d 

corresponds to 
A

γ = 0.1,0.3, 0.6 and 0.9, respectively. 
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Fig.4. Shows the variation of the normalized radius (r/r0) with time for    

spherical CNT tip placed over cylindrical CNT surface for CH4 plasma for 

different values of   the  atomic sticking coefficients, where a, b, c and d 

corresponds to  
A

γ = 0.1,0.3, 0.6 and 0.9,respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.Shows the variation of the normalized radius (r/r0) with time for  

spherical CNT tip placed over cylindrical CNT surface for Ar   plasma for 

different values of the atomic sticking coefficients, where a, b, c and d 

corresponds to  
A

γ = 0.1,0.3, 0.6 and 0.9, respectively.  
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Fig. 6. Shows the  variation of the normalized radius (r/r0) with time for 

spherical CNT tip placed over cylindrical CNT surface for CF4 plasma for 

different values of   the  atomic sticking  coefficients, where a, b, c and d 

corresponds to 
A

γ = 0.1,0.3, 0.6  and 0.9,  respectively. 

 

Fig. 3 to 6 illustrates the variation of normalized radius with the time of 

the spherical CNT tip placed over cylindrical CNT surface in H2 , CH4  , 

Ar and CF4  plasmas for different values of the atomic sticking 

coefficients 
A

γ = 0.1,0.3, 0.6 and 0.9. It can be seen that the steady state is 

achieved faster as the value of atomic sticking coefficients is increased 

but the effect is more pronounced in CF4 (cf. Fig. 6) which is valid 

because the nanotube of maximum radius grows in CF4  plasma. 
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Fig. 7. Shows the field enhancement factor β for different plasmas i.e.,  for 

CF4, Ar, CH4 and H2. 

 

Using Eq. (23), we have plotted in Fig. 7 the variation in the field 

enhancement factor for CNTs grown in all four different types of 

plasmas. We calculate the radius of the CNT in all different types of 

plasmas as 113.5 nm in H2, 220nm in  CH4, 280nm in Ar and 360nm in 

CF4 , height of the CNT  was fixed at 15 µm, the field enhancement factor 

are obtained as 135.658 in H2, 71.6 in CH4 , 57.07 in Ar, 45.166 in  CF4 . 

From the Fig. 7 it can be concluded that the field emission is maximum 

for H2 plasma, followed by CH4, then Ar and minimum for CF4. The 

variation of field enhancement factor with radius is also validated by Xu 

et al. [23]. 

The possible physical explanation for the above observed behaviour may 

be that the plasma causes etching of the CNTs and thereby reduces the 

radius of the CNT. Since for the H2 plasma, the radius of the CNT is least, 
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means that H2 plasma causes maximum etching, and thereby opening up 

more field emission sites of the CNT tip as well as cylindrical surfaces 

and causing maximum field emissions from the CNT grown in H2 

plasma. The above result obtained has also been experimentally verified 

by Zhu et al. [8] and Lee et al. [12]. 

Zhu et al. [8]  
 
have also stated that CF4 plasma treatment may hamper the 

field emission from CNT films. Also Lee et al. [12] have  reported that 

the field emission current density is maximum for the H2 plasma followed 

by Ar plasma , the CF4 plasma treated CNTs films and is least for the 

untreated CNT (cf. Fig. 5 of Lee et al. [12]). Hence, our theoretical 

results comply with the experimental observations. 
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CHAPTER 6 

             

 INVESTIGATIONS ON THE EFFECT OF DIFFERENT PLASMA    

COMPOSITIONS ON GROWTH OF SPHERICAL CARBON 

NANOTUBE (CNT) TIP AND ESTIMATING FIELD EMISSION 

FROM THEM 

 

6.1: A brief outline of the work in the chapter 

The present chapter details the growth of CNT under different plasma 

compositions and predicting their field emission properties from the 

results obtained.   

 

6.2:  Introduction 

The role of plasma compositions is set up to be an important parameter in 

growth of CNT and other nanostructure over the years. 

Srivastava et al. [1]
 
have studied the effect of plasma composition on the 

growth and microstructure of CNTs. The morphology and microstructure 

of nanotubes were found to be strongly dependent on plasma 

compositions and different shapes of CNTs were observed for different 

plasma compositions. 

Han et al. [2] have studied the effect of growth parameters such as 

composition of reactant gases on growth of carbon nanotubes (CNTs) and 

proposed that the growth of CNTs is dependent on the total flow rate, but 

the diameter of CNTs is mainly determined by the ratio of ammonia 

(NH3) to acetylene (C2H2) and plasma intensity rather than the total flow 

rate. 
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Bell et al. [3] have studied the effect of plasma composition during 

plasma-enhanced chemical vapor deposition (PECVD) of CNTs and 

observed that different plasma compositions of C2H2/NH3 produces 

different shapes of CNT. 

Teo et al. [4] have reported that varied C2H2/NH3 ratio , morphology of 

the unpatterned silicon (Si) area clearly changes from being etched at a 

low C2H2/NH3 ratio to being covered by a thick, delaminating amorphous 

carbon  film for high C2H2/NH3 ratios. 

 Kiang et al. [5] have shown that the nanotube diameter distributions are  

modified by the addition of the heavy metals such as bismuth(Bi) ,lead 

(Pb).   They further suggest that a more efficient synthesis of tubules with 

a wider range of diameters will facilitate investigations of nanotube 

properties and applications that depend on the diameter, such as electric 

conductivity and hydrogen storage media. 

 Chen et al. [6] have grown CNT in methane (CH4)/ carbon-dioxide 

(CO2) gas mixture and found that the compositions of plasma 

significantly affect the reaction mechanism in CNTs growth and the 

highest yield of CNT was obtained at 70% ratio of CH4/CO2 . 

Xiong et al. [7] studied growth of double walled CNT (DWCNT) under 

different combinations of methane(CH4) to hydrogen(H2) (i.e., at 300/0, 

300/6, and 300/12) and found that concentration of hydrogen  affects 

DWCNT growth and optimum growth was recorded for CH4/H2 ratio of 

300/6. 

6.3: MODEL  

 In view of the cited literature in the present chapter, we consider CNT 

growth in plasma containing electrons, positively charged ions of type A 

(carbon) and B (cesium), neutral atoms of type A (carbon) and B 
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(cesium). The two ions have considerable differences in their masses such 

that we consider ion A to be a light and ion B to be a heavy ion.  The ratio 

of heavy to light ion masses is 11.5. The number density of both light and 

heavy ions is related to positive ion density (np0) as number density of 

light positive ion A (carbon)                  , number density of heavy 

positive ion B (cesium)                         , 
l

α  and 
h

α  are the fractional  

concentrations of light and heavy positive ions, respectively where 

1
h l

α α= − . 

The initial radius of spherical CNT tip  can be estimated by equating the 

accretion of electrons and positively charged ions on the CNT tip ,  i.e., 

electron collection current on the CNT(nect) is equal to total ion collection 

at CNT (nilAct+nihBct) 

           n n nect ilAct ihBct
= +

,
                                                                 (1)         

where  

1
28 22 exp

k Te ZeBn a neect m ak Te eB

π
π

  
  

      
=   is the electron collection current at 

the surface of  spherical CNT tip (in sec
-1

) [8] , 

                                                               

                                                              is the light ion collection current  

 

on  a  spherical  CNT tip (in sec
-1

) [8]
  
, 

1
2282 1

k T ZeiBn a n
ihBct ihBm ak T

iBihB

π
π

   
   
     

= −  is the heavy ion collection 

current on  a  spherical  CNT tip (in sec
-1

) [8]
 
,
 

0
n n

pihB h
α=

0
n n

pilA l
α=

1
228

2 1
k T ZeiBn a n

ilAct ilAm ak T
iBilA

π
π

   
   
     

= −
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Substituting the values of nect ,nilAct (for carbon) and nihBct ( for cesium) in 

Eq.(1) we get,  

 

,

1 11
2 22 28 8 822 2 2exp 1

2
1

k T k T k TZe Zee i iB B Ba n a n ae ilAm ak T m ak T me e iB BilA ihB

Ze
n
ihB ak T

iB

π π π
π π π

       
       

                

 
 
  

= − +

−

                                                                                                                              (2) 

  or 

 

1 11
2 2 22 28 8 82

exp 1 1 ,        
k T k T k TZe Ze Zee i iB B Bn n ne ilA ihBm ak T m ak T m ak Te e i iB B BilA ihB
π π π

         
   = − + −                          

 

                       (3) 

or  

 

For Z = -1, i.e., we assume that initially at τ=0 the CNT is negatively 

charged, and initial radius of CNT tip is a0, 

1 11
2 2 22 22

exp 1 1 ,

0 0 0

T TT e e ee i in n ne ilA ihBm a k T m a k T m a k Te e i iB B BilA ihB

         
   −  =  +  +  +                     

                                                                                  (4) 

or 

,         

1 11
2 2 2 22

exp 1

0 0

T TT e ee i in n ne ilA ihBm a k T a k T m me e iB B ilA ihB

 
        

                           
 

− = + +

                                                                                                           (5) 
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where 

0
n
e

=
0

n
p

= number density of electron (in cm
-3

), 

0
n

p
= plasma density ( in cm

-3
), 

Te = electron temperature(in eV), 

0
a = initial radius of spherical CNT tip (in nm), 

k
B

= Boltzmann’s constant(in ergs/K), 

T
i

= ion temperature(in K), 

0
n n

pilA l
α= = number density of light positive ion A( in cm

-3
), 

m
ilA

= mass of light positive ion A(in gm), 

0
n n

pihB h
α= = number density of heavy positive ion B( in cm

-3
), 

l
α  and

h
α  are the fractional concentrations of light and heavy positive 

ions, respectively and 1
h l

α α= − ,both
l

α  and
h

α are dimensionless, 

m
ihB

= mass of heavy positive ion B(in gms), 

  me=mass of electron(in gm), 

e= electronic charge (in Stat C). 

A. Charge neutrality equation 

 

Eq. (6) equates the net negative and positive charge in the plasma on the 

spherical CNT tip to make plasma as electrically neutral. 

        Zn n n nect ilA ihB
+ + = ,                                                                               (6)  

Z=  amount of charge on spherical CNT tip ( dimensionless) ,
  

nct =  the number density of  the CNT(in cm
-3

). 
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B. Charging of the CNT 

Eq. (7) describes the charge developed on the CNT due to accretion of 

electrons and positively charged ions on the surface of the CNT.   

    
,

dZ
n n ne ectilAct ihBctd

γ
τ
= + −

                                                              (7) 

where eγ is the sticking coefficient of electrons on CNT surface and is 

dimensionless. 

 The first  and second term in Eq.(7) denotes charge developed due to ion 

collection currents of type A(carbon) and B(cesium)  on spherical CNT 

tip and third term denotes the denotes charge developed  on spherical 

CNT tip because of electron collection current. 

 

C. Growth rate equation of electron density 

The growth rate equation of electron density considers ionization of 

neutrals into ions and electrons ,recombination of electrons and ions to 

form neutrals and the electron collection current to CNT tip. 

 

   ( ) ( )dne n n n n n n n ne e e ct ectB BA AlA hB ilA ihBd
β β α α γ

τ
= + − + − ,                            

                                                                                                                  (8) 

where 

 and 
BA

β β  are the coefficients of ionization of the constituent neutral 

atoms of A(carbon) and B(cesium) due to external agency (in sec)[8], and 

( ) ( )300 3003 3/sec  and / sec
0 0

k k

T cm T cme eBA A BT Te e
α α α α

   
      
   

= =  are 

the coefficients of recombination of electrons and positively charged ions 

[8] ,   of A(carbon) and B(cesium),respectively where                                                                           1.2 is a constantk = −
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,                                                         and  nct is  the CNT number density  

 

(in cm
-3

). 

The first term in Eq.(8) is the rate of gain in electron density per unit time 

due to  ionization of neutral atoms and second term is the decrease in the 

electron density due to electron–ion recombination and the third term is 

the loss in electron density because of the electron collection current on 

the spherical CNT tip. 

D. Growth rate equation of positively charged ion density 

The number density balance equation of ions is developed considering 

processes such as ionization of neutrals to produce ions and electrons, 

electron and ion recombination to form neutrals, and ion collection 

current to CNT tip. 

dn
ilA n n n n ne ctA AlA ilA ilActd

β α
τ

= − − ,                                                      (9) 

dn
ihB n n n n ne ctB BhB ihB ihBctd

β α
τ

= − −  ,                                               (10) 

where 

,

1 1
2 22 28 8

2 21 1
k T k TZe Zei iB Bn a n n a n

ilAct ilA ihBct ihBm ak T m ak T
i iB BilA ihB

π π
π π

      
      
            

= − = −

  

are the ion collection currents at the surface of  spherical CNT tip [8](in 

sec
-1

), nlA and nhB are the neutral atom number densities (in cm
-3

)of A 

(carbon) and B(cesium),respectively.. 

The first term in Eqs. (9) and (10) is the gain in ion density per unit time 

on account of ionization of neutral atoms, the second term is the decrease  

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×
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in ion density due to electron-ion recombination, and the third term 

denotes the loss in ion density due to  ion collection current on spherical 

CNT tip. 

E. Growth rate equation of neutral atoms 

 The processes such as recombination of electrons and ions, ionization of 

neutrals , accretion of neutrals and ions on the CNT surface are accounted 

in the balance equation of neutral atom density. 

 

   ( )1
dn

lA n n n n n n ne ct ctA AilA lA ilA ilAct lA lActd
α β γ γ

τ
= − + − −  ,        (11) 

 
dn

hB n n n n ne ctB BihB hB ihBctd
α β

τ
= − +    ,                                               (12) 

where 

  

1 1
2 28 82 2    ,  

k T k Tn nB Bn a n n a n
lAct lA hBct hBm m

lA hB

π π
π π

   
   
   
   

= =   

are the neutral collection currents at the surface of  spherical CNT tip [8] 

(in sec
-1

) for A(carbon) and B(cesium),respectively. 

 is the sticking coefficient of carbon neutrals on spherical CNT tip and  is 

the sticking coefficient of carbon ions on spherical CNT tip, both  and  are 

dimensionless.

lA ilA

lA ilA

γ γ

γ γ  

The first term in Eqs. (11) and (12)  is the gain in neutral atom density per 

unit time due to electron–ion recombination,  the second term is the 

decrease in neutral density due to their ionization, the third term is the 

gain in neutral density due to neutralization of the ions collected on 

spherical CNT tip. The last term in Eq. (11) is the accretion of neutral 

atoms of species A(carbon) on spherical CNT tip.   
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F. Growth rate equation of the mass of CNT  

The accretion of ions and neutrals of carbon on the surface of CNT are 

the main growth processes considered in the present model. 

 

                                                                             ,                                           (13)   

where 
     

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the radius of
3

 spherical CNT tip , and  is the density of spherical CNT tip,

m act ct

ct

π ρ

ρ

=

  

The first and second term in Eq.(13) is the  gain in the mass of the 

spherical CNT tip due to collection of atomic and ionic species of A (i.e., 

carbon), respectively. 

G. Energy balance equation of electrons 

( ) ( )

( )

( )

3 3
 

2 2

3 3
1

2 2

3 3

2 2

dTek n n n k n n T n ne e ct ectB B B BA AlA lA hB hB lA hBd

lh sk T k Te ecs e e ecsect ctB B

k T T n ke n eB BelA elA ehB ehB

β ε β ε β β
τ

γ ε δ γ ε

ν δ ν δ ν

      
      

     

       
       

       

    
        

= + − + −

− + − −

− + − − ( ) ( ){ } . T T ne eielAi elAi ehBi ehBi
δ ν δ+ −

 

                                (14) 

where 

3

2
is the thermal energy of electrons , n k T

e eB  

ne is the number density of electrons(in cm
-3

),Te is the electron 

temperature (in eV), Tct is the CNT temperature (in K), and Tn is the 

neutral temperature (in K). 

( )dmct m n m n
lA lA lAct ilA ilA ilActd
γ γ

τ
= +



187 

 

2
( ) ( )

Zelh sZ Zecs ecs a
ε ε

 
 
 
 

= −
 is the mean energy of electrons (in eV) at a 

large distance from the surface of spherical CNT tip [8], 

( ) 2s Z k Tec eB
ε =  is the mean energy of electrons (in eV) collected by 

spherical CNT tip [8], 

 

1 1
2 2

 and  
0 0

0 00 0

n nT TlA e hB e
elA elA ehB ehBn T n T

e elA hB

ν ν ν ν
      
      
      

      

= = are  the 

electron collision frequencies (in sec-1
) due to elastic collisions with 

neutral atoms of A(carbon) and B(cesium), respectively  
 
[9]  , and 

( ) ,

1 1
5 2 5 22 2(8.3 10 )  and 8.3 10

0 00 0 0 0
r n T r n T

BA e eelA lA ehB hB
ν π ν π= × = ×

 

3 3

2 2
and

0 0
0 00 0

n nT TilA e ihB e
elAi elAi ehBi ehBin T n T

e eilA ihB

ν ν ν ν
      
      
      

      

− −

= =  are 

the electron collision frequencies (in sec
-1

)  due to elastic collisions with 

positively charged ion of type A(carbon) and type B(cesium)[9], 

220 220
0 0 0 05.5 ln and 5.5 ln

0 03 1 3 1
3 32 2

0 00 0

n T n T
e e e e

elAi ehBi
T n T n
e eilA ihB

ν ν

      
      
      
      
            

      

= = , 

2  and 2
m me e

elA ehBm m
lA hB

δ δ
   
   
   
   

≈ ≈  are the fraction of excess energy of 

an electron lost in a collision with the neutral atom A(carbon) and 

B(cesium), respectively[8] and are dimensionless, 



188 

 

2  and 2
m me e

elAi ehBim m
ilA ihB

δ δ
   
   
   
   

≈ ≈  is the fraction of excess energy 

of an electron lost in a collision with  a positively charged ion A(carbon) 

and B(cesium), respectively [8] and are dimensionless,  

2
me

ect mct
δ

 
 
 
 

≈   is the fraction of excess energy of an  electron lost in a 

collision with a CNT [8] and is dimensionless where,
 

 

 

4 3 is the mass of the CNT for a spherical CNT tip , a is the radius of
3

 spherical CNT tip , and  is the density of spherical CNT tip,

m act ct

ct

π ρ

ρ

=

           

The first term in Eq.(14) is the power gained per unit volume by electrons 

due to ionization of neutral atoms, the second term is the  energy loss per 

unit volume per unit time due to the sticking accretion and elastic 

collisions of electron at the spherical CNT tip. The third and fourth term 

is the energy loss per unit volume per unit time due to elastic electron - 

atom collisions and elastic electron- ion collision,respectively.                                                                                            

H. Energy balance equation for positively charged ions 

( )3

2

dT
ik n n

B ilA ihB dτ
  
  =      

+     

 

( ) ( ) ( )

( )

3 3

2 2

3 3 3

2 2 2

n n k n n T k neiB B B BA AlA ilA hB ihB lA hB elAi elAi ehBi ehBi

l lT T n n k T n k T ke cti i iB B BilAct ilAcs ihBct ihBcs

ilAl

β ε β ε β β ν δ ν δ

ε ε

ν

    
+    

    

              
× − + − − ×            

              

+ − + +

− −

( ) ( ) ( )}.  n n T TniA ilAlA ilAhB ilAhB ilA ihBlA ihBlA ihBhB ihBhB ihB
δ ν δ ν δ ν δ +  

+ + −

                                                                                                                             (15) 

 where 

( )  
3

is the thermal energy of ions ,
2

n n k T
iBilA ihB

+   
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 nilA and nihB are the number densities of positively charged ions of type 

A(carbon) and type B(cesium), respectively(in cm
-3

),Ti is the ion 

temperature (in K),    Tn     is the temperatures of neutral (in K).  

 

2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB BilAcs ihBcsZ Z
BiAi

α α
ε ε

α α

   
   
     

− −
= =

− −
 are the 

mean energy (in eV) of positively charged ions, A(carbon) and 

B(cesium),respectively  (at large distance from the surface of the CNT) 

collected by the spherical CNT tip [8] .       

 and
ilA ihB
ε ε  is the mean energy(in eV)  of positively charged ions 

produced by the ionization of neutral atoms [8] and for ion A(carbon) and 

B(cesium),respectively and  are expressed as 

 

( ) ( ){ } ( ){ }
33

2 2 ( )

k
Bk T T T T Tn ei i iBilA ilAlA ilAlA elAi elAiT neA ilA

ε ν δ ν δ
α

 
  

= + × × − − × × −
×

 

( ) ( ){ } ( ){ }33

2 2 ( )

k
Bk T T T T Tn ei i iBihB ihBhB ihBhB ehBi ehBiT neB ihB

ε ν δ ν δ
α

 −  
= + × × − × × −

×

 

  

 

 

 

are  the collision frequencies (in sec
-1

) of a  j  type of ion with 'j  ion of 

neutral atom[8],and 

( ) ( )

( )

1 1
2 2
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0 00 0 0 0

0
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ν ν ν ν
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         + +      

   +  =
   +   ( )

1 1
2 2

,
0

0 0 0

n m T m TnihB hB ihB
ihBhB ihBhB n m T m ThB i nhB ihB

ν ν
   +  =
   +  
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lA ilA hB ihB hB ilA

m
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ihBlA m m
lA ihB

δ δ δ

δ

     
     
     
     

 
 
 
 

= = =
+ + +

=
+

 

 are the fraction of the excess energy of a j type positively charged ion, 

lost in a collision with neutral 'j   kind of neutral atom and are  

dimensionless. where j and 'j  can be same (i.e., both carbon) or be 

different (i.e., one carbon and other cesium) 

The first term in  Eq.(15) is the energy gained per unit volume per unit 

time by the positively charged ions due to the  ionization of neutral atoms 

, the second term is  the energy gained per unit volume per unit time  due 

to the elastic collision of ions  with electrons. The third term is the energy 

loss per unit volume per unit time due to the sticking accretion of ions at 
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the surface of the CNT. The last term is the energy lost per unit volume 

per unit time due to elastic collision with neutral species. 

I. Energy balance equation for neutral atoms  

 

 

 

 

 

 

 

 

 

            

where 

 and I I
pBpA

are  the ionization energy (in eV) of the constituent atomic 

species of type A (carbon) and type B(cesium),respectively, 

,    
, , ,

E E E E
diss A diss B diss j diss

 
 
 

= + is the energy dissipated per unit 

volume per unit time by neutral atoms into the surrounding atmosphere 

and is  assumed to be equal to the difference between the temperature of 

the neutral atomic species and the ambient temperature. 

, , 0
0

T Taj
E E

j diss j diss T Taj

  
    
  
    

−
=

−
 (in eV) , constant 

, 0
E

j diss
is obtained 

by imposing the ambient condition of the complex plasma system in 

Eq.(16) for both constituent neutral species[8] ,Ta  is the ambient 

temperature. 
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2
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ν δ ν δ
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δ γ δ

  − + + − +   
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( ) ( )
2 2

 and 
m m

lA hB
lAct hBctm m m mct ctlA hB

δ δ
   
   
   
      

= =
+ +

 are the fraction of 

excess energy of a neutral A( carbon) and B(cesium), respectively  lost in 

a collision with spherical CNT tip [8] and are dimensionless. 

 

The first term in Eq.(16) is the power gained per unit volume by the 

neutral species due to recombination of electrons and positively charged 

ions, the second term is the rate of power gained per unit volume by 

neutral atoms in elastic collision with electrons and positively charged 

ions. The third term is the energy gained per unit volume per second due 

to formation of neutrals at the surface of the CNT due to electron and ion 

accretion. The fourth term refers to the thermal energy lost per unit 

volume per unit time by neutral atoms accretion on and collision with 

CNT tip. The last term is the energy dissipation rate per unit volume by 

neutral atoms to the surrounding atmosphere.                                                                                 

J) Energy balance for spherical CNT tip  
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2 2
( )  and ( )

1 1

Z Z
l lAi BiZ k T Z k T

i iB BilAcs ihBcsZ Z
BiAi

α α
ε ε

α α

   
   
     

− −
= =

− −
 are the 

mean energy(in eV) of positively charged ions, A(carbon) and 

B(cesium),respectively  (at large distance from the surface of the CNT) 

collected by the spherical CNT tip [8] , 

C
p is the specific heat of the material of the CNT at constant pressure (in 

ergs/gm K),
 

ε is the emissivity of the material of the CNT and is dimensionless, 

σ is the Stefan –Boltzmann constant= 5.672x10
-5

  erg sec
-1

 cm
-2

 K
-4

. 
 

The first three terms in Eq. (17) are the rate of energy transferred to the 

CNT tip due to sticking accretion and elastic collision by constituent 

species of complex plasma. The fourth term is the energy carried away by 

the neutral species (generated by the recombination of the accreted ions 

and electrons) from the spherical CNT tip per unit volume per unit time. 

The last term is the rate of energy dissipation of the spherical CNT tip 

through radiation and conduction to the host gas [9].   

 6.4: Results and Discussions 

 In the present chapter, we have carried out calculations to study the 

dependence of radius of spherical CNT tip on the various compositions of 

ions in plasma i.e., of  nilA0 and nihB0 . The accretion of neutral atoms and 

positively charged ions on the CNT is considered as the main growth 

process. Different plasma compositions signify different concentrations 

of participating ions. In the present investigation, we have varied the 

fractional concentration of light positively charged ion and studied its 

effect on radius of spherical CNT tip. We have solved  equations for 

charging of CNT, kinetics and energy balance of  light and heavy 
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positively charged ions, electrons, ions, neutrals and of spherical  CNT tip 

with appropriate boundary conditions, viz., at  
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6 -3CNT number density 10 cm ,ion density of carbon(type A) 0.8 ,
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Fig.1.Shows the variation of the normalized radius a/a0 of spherical   CNT tip 

for different fractional concentrations of  light positively charged ions (
l

α ) 

where a, b, c and d correspond to 
l

α =0.1,0.3,0.6, and 0.9, respectively. 

 

Fig. 1 illustrates  the variation of normalized radius a⁄a0 of  spherical 

CNT tip with time for different fractional concentrations of light 

positively charged ions (i.e.,
l

α = 0.1,0.3,0.6 ,and 0.9) and for other 

parameters as mentioned above.  From Fig. 1 it can be seen that the 

normalized radius of CNT first increases with time and then attains a 

saturation value. It also shows the decrease of normalized radius a⁄a0 

with fractional concentrations of light positively charged ions. As the 

light ion number density i.e., 
l

α  increases in plasma then that would 

mean that a lot of neutral carbon atom dissociated to produce that many 

number of carbon ions in plasma. In addition, because the main growth 
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process in present model is the accretion of neutral atoms on the CNT, 

there reduced number would imply a smaller radius of CNT. 

 

 

Fig. 2: Shows the variation of the normalized ionic density of type A with time 

on the sticking coefficient of the atomic species for a, b ,c ,and d corresponding 

to 
lA
γ = 0.1, 0.3, 0.5, and  1.0, respectively.   

     

Fig. 2 shows the variation of normalized ionic density of type A in 

plasma with time for different values of sticking coefficients 
lA
γ = 0.1, 

0.3, 0.5 and 1.0 and for other parameters as mentioned above.  It can be 

seen from Fig. 2 that with increasing atomic sticking coefficients , the 

positively charged ion of A type decays faster.  

The above results are in line with the observations of Srivastava et al. [1], 

Han et al.[2], Kiang et al. [5] ,and Lee et a1.[10]
 
 where different plasma 

compositions leads to modifications in structure of CNTs. 
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6.4.1: Estimating field emission from CNT  

On the basis of results obtained we can infer that larger light ion 

concentration gives CNT with smaller radius and since field enhancement 

factor [11] is                

     

3.5     ,
h

ρ
β +=

                                                                                (18)                                                                            

 where  

 h = the height of CNT and   ρ   = the radius of CNT   , 

Assuming a fixed height of CNT, the Eq. (18) shows that the field 

enhancement factor is inversely proportional to the radius of CNT. From 

the results of the present chapter one can see that larger light ion 

concentration leads to smaller radius of CNT, hence better field emission 

from CNT is expected from the CNTs grown in plasma containing  higher 

concentrations of lighter ions.                                                                                                            
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CHAPTER 7  

 

MODELING CARBON NANOTUBE GROWTH ON THE 

CATALYST-SUBSTRATE SURFACE SUBJECTED TO 

REACTIVE PLASMA      

 

7.1:  A Brief outline of the work done in the chapter 

The present chapter details the model for the growth of carbon nanotube 

(CNT) on a catalyst-substrate surface in reactive plasma. The complex 

processes during growth of CNT assisted by catalyst in reactive plasma 

are accounted in the present chapter and the effects of process and plasma 

parameters on the growth profiles of CNT are studied. 

 

7.2: Introduction 

 Low temperature plasmas are beneficial to the synthesis of carbon-based 

nanostructures. For nanofabrication, either solid particle float in the 

plasma or some nanoscale objects grow on a solid surface exposed to 

plasma. The second method is the area of pursuit in recent years where 

plasma assisted synthesis of nanostructures has been the major area of 

concern. In plasma-assisted synthesis of nanostructures, the particles in 

ionized gas phase nucleate, crystallize, and are taken through the plasma 

sheath, eventually to deposit on the surface. [1]  

Numerous works have been performed to study the CNT growth in 

plasma, the consequent effects of radio frequency (rf) power density, 

temperature, gas flow rate on the growth rate, and dimensions of resulting 

CNTs [2–7]. 
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Choi et al. [2] have established that the growth rate and the density of 

CNTs increase with the reduction of the rf power density when vertically 

aligned CNTs were grown on nickel (Ni) coated silicon (Si) substrates 

using microwave plasma-enhanced chemical vapor deposition 

(MPECVD) technique.  

Aksak et al. [3] have demonstrated that at temperatures over and above 

850 
0
C, the CNT formation with average radius distribution decreases 

while their length increases with temperature. They also noticed that the 

temperature affected the as-grown CNTs diameter inversely. 

 Loffler et al. [4] have optimized the growth of the CNT by plasma 

enhanced chemical vapor deposition (PECVD) for field emitters and 

observed the effect of growth parameters on the growth rate of the CNT. 

They confirmed that CNTs are better aligned at high power, but the etch 

rate increased due to strong ion bombardment. As a result, the catalytic 

particle is sputtered during the PECVD process so that the diameter of the 

CNT decreases and hence this effect can be used to sharpen the tip of the 

CNT by an adapted growth time.      

 Abdi et al. [5] have studied the effects of plasma powers on the growth 

of carbon nanotubes via PECVD method and found that as the plasma 

power of the Ni layer was increased, the grain size of Ni nanoparticle 

decreased and consequently, nanotubes of smaller diameter were 

obtained. 

Cho et al. [6] have investigated the effect of ammonia (NH3) gas on the 

growth of the CNTs using thermal CVD. They observed that the CNT 

length increased while CNT radius decreased with the NH3 flow (cf. Fig. 

5 of Cho et al. [6]). Moreover, the CNTs were etched back by direct 

current (dc) plasma of nitrogen (N2) to reduce the population density and 
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radius of curvatures of CNTs, which resulted in a considerable 

improvement of the field emission characteristics. 

Srivastava et al. [7] have studied the effect of hydrogen (H2) plasma 

treatment on oxide films on the growth and microstructures of multi 

walled carbon nanotubes (MWCNTs). They reported that the oxide films 

without H2 plasma pretreatment or treated for lesser time resulted in CNT 

films with the high percentage of carbonaceous particles, and with 

embedded particles/ nanorods distributed discontinuously in the cavity of 

the nanotubes. 

Many theoretical models have evolved to study the nanostructure growth 

in plasma. Plasma environment processes, such as ion bombardment, 

atomic hydrogen effects, electron number density, sheath thickness, and 

surface potential on the growth rate, have been extensively examined [8–

12]. 

Denysenko et al. [8] have studied the growth of single walled carbon 

nanotubes (SWCNTs) in a PECVD process using the surface deposition 

model. In this case, it was shown that at low substrate temperatures (1000 

K), the atomic hydrogen and ion fluxes from the plasma could strongly 

affect the nanotube growth. 

Levchenko et al. [9] have suggested that the plasma-aided process, in 

comparison to the neutral flux deposition, is a very efficient tool to 

control the nanotube aspect ratio. They highlight that an increased influx 

and controllable deposition of ionic building blocks (BBs) directly onto 

the nanotube lateral surfaces can be used to deterministically control the 

geometric configuration of the nanotips. 

Mehdipour et al. [10] have analytically studied the effect of electron 

number density, sheath thickness, gas pressure, surface potentials, etching 
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gas density on the growth rate of carbon nanofibres. They calculated the 

exact temperature of the catalyst nanoparticle with respect to the substrate 

temperature. They also established that the growth parameters like (total 

gas pressure), the relative concentrations of hydrocarbon and etching gas 

can be used to obtain nanostructures with high aspect ratio (i.e., ratio of 

height of CNT to radius of CNT). 

Ostrikov et al. [11] have highlighted the plasma based process during 

nanostructures growth, including sheath effects and the various processes 

involved during nanostructure growth like an ion induced dissociation, 

ion decomposition, hydrogen recombination, ion induced neutralization, 

adsorption of hydrogen atoms, adsorption and desorption of hydrocarbon 

radicals, and surface diffusion of carbon atoms and several others. 

In recent years, most of the research publications on nanostructure 

synthesis do feature information on field emission properties. This partly 

may be ascribable to the reason that carbon nanostructures have emerged 

as potential field emitter devices [12–17]. 

Despite the available experimental literature on the growth of CNTs in 

plasma there are a very few theoretical models that describe the exact 

processes during the CNT growth in a plasma environment where 

innumerable complex processes take place. Thus, in the present chapter 

we try to model the CNT growth on the catalyst-substrate surface in 

reactive plasma by including sheath kinetics, the balance equation of the 

various plasma species like neutrals, ions, electrons and finally 

numerically solve for the radius and height of the CNT due to accretion 

and surface diffusion processes. 
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7.3: MODEL  

 In the present chapter, we consider the growth of carbon nanotube (CNT)  

on the catalyst-substrate surface subjected to reactive  plasma containing 

electrons, positively charged ions of methane (CH3
+
, CH2

+
) denoted as 

ions A and hydrogen ions (H
+
) denoted as ions B, neutral atoms of type A 

methane (CH4) and neutral atoms of type B hydrogen (H2). The nickel 

(Ni) catalyst is placed over the silicon (Si) substrate. The reactive plasma 

of Ar+ H2+CH4 is considered and CH4 acts as a carbon source gas. Since 

catalyst-substrate surface is in contact with the plasma, we shall consider 

sheath kinetics in our present study. The electric field created due to 

charge separation within the sheath region is taken along x-axis.  

The sheath equations are: 

Firstly, the continuity equation [18] 

 
.( ) ,

n
nu G L

τ
∂ +∇ = −
∂  

where G and L are the left over terms of collisions part of the Boltzmann 

equation (Eq. 2.3.3 of Libermann et al.[18]
 
) when integrated over 

velocities. They denote collisions that create or destroy particles, 

respectively, i.e., either recombination or ionization where                    and 

L= volume loss rate 

 Finally, the continuity equation reduces to [18] 

       
.( )nu neiz

ν∇ =
                                                                                              (1) 

   
ne= number density of electron (in cm

-3
), 

       = ionization frequency (in sec
-1

), 

n and u denote the number density (in cm
-3

), and fluid velocity (in cm/sec) 

of electrons, CH3
+
, CH2

+ 
, Ar

+
 and H

+
. 

Secondly, ion momentum balance equation [18] 

 G neiz
ν=

 
iZ

ν
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,                                                                         (2)
du

j
Mn u en E Mn u

j j j j jn jdx
ν= −

                                                     

where M is the mass of ions in plasma( in gm), uj are their fluid 

velocity(in cm/sec), nj is their number density (in cm
-3

), νjn is the collision 

frequency(in sec
-1

) and E is the electric field (in Stat V/cm). 

For determining potential within the sheath, we use Poisson’s equation 

[10] 

    

,                                                                                         
2

4    (3)
2

n
d

q
j j j

dx
δ

φ π= − ∑
                               

     

where  P8 = -GQBGR
0  is the j

th
 ion to electron number density ratio and is 

dimensionless and  φ     is the electrostatic potential   , and �S P8 = 18    

and              as electron density is greater in plasma bulk than in 

sheath[18].      

For the CNT growth over the catalyst-substrate surface in plasma, the 

following steps are assumed in the model: 

1. Firstly, the applied plasma power dissociates the catalyst particle 

thereby forming catalyst nanoparticle. 

2. The ions of methyl (CH3
+

, CH2
+
) adsorb on the catalyst-substrate 

surface with adsorption flux Jaij [19]. 

3. Some of the ions desorp with desorption energy εai with desorption 

flux Jdesorptionj [19]. 

4. Then, there is thermal dehydrogenation (removal of hydrogen) of 

ion induced dissociated methyl ions to produce carbon ions. 

 0 1
j

δ< <
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5. While a big fraction of carbon atoms diffuses into catalyst particle 

contributing to nanotube growth, some of the carbon atoms 

evaporate from the surface with evaporation energy ε ev. 

6. Ultimately, the growth of CNT occurs due to two main processes, 

surface diffusion of carbon ions into the catalyst surface and 

sticking of neutrals onto the catalyst surface. The hydrogen ions 

effectively shape nanoparticles tip by etching effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG.1. Schematic of the processes involved during the carbon nanotube growth 

on the catalyst substrate surface in reactive plasma. 
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A. Charging of the CNT 

The equation describes the charge developed on the entire CNT (i.e., 

spherical tip over cylindrical surface), due to accretion of electrons and 

diffusion of positively charged ions on the surface of the CNT (spherical 

tip over cylindrical surface).   

         

( ) ,               (4)
dZ

n n n n n ne ects ectcysiBcts iBctcysiActs iActcysd
γ

τ
= + + + − +

                                                           

where, 

Z is the amount of charge over the entire CNT (i.e., spherical tip and 

cylindrical surface) and is dimensionless, 

1
8 22 ( )exp
k T eUe sBn r n x Ze eects ct m k Te sB

π α
π

  
  

      
= +   is the electron collection 

current at the surface of the spherical CNT tip (in sec
-1

) and 

2e
e r k Tect B

α
 
 
 
 

= , rct is the nanoparticle radius (in nm), Us is the substrate 

bias (in V) and kB is the Boltzmann’s constant (in ergs/K), 

                                                   

 

 

 

 

 

-3

-3

( )
( ) exp is the electron density in plasma sheath(in cm ) , ( ) is 

0

the electrostatic potential (in StatV),  is plasma density in bulk(in cm ) and it 
0

decreases towards the sub

e x
n x n xe e k TeB

n
e

φ
φ

 
 
  

=

strate, and T  is the electron temperature(in eV), e

( ) exp is the negative potential at the surface, and  is the plasma
0

 Debye  length[1] .   

x
x

d
d

φ φ λ
λ

 
 
 
 

= −
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( )

1
2 2

expx h
k T eV eUe s sBn n reectcys ct m k T k Te e sB B

π   
  

      
= + is the electron  

 collection current on the cylindrical surface of the CNT(in sec
-1

) and Vs  

is the surface potential on the cylindrical surface of the CNT(in StatV) 

and h is the height of cylindrical surface of the CNT (in µm), me is the 

mass of electron (in gm), 

1 1 1
2 2 22 2

( ) exp

exp exp

k T eV eV eVi s s sBn n x r h erfcctijctcys ij m k T k T k T
ij i i iB B B

E eUb s
k T k Ts sB B

π

π

  
                                     

   
   
      

= +

− −

 

 is the ion collection current on the cylindrical surface of CNT( in sec
-1

), 

Ti is the ion temperature (in K), mij is the ion mass (in gm) (j refers to 

either A(hydrocarbon) or B(hydrogen) positively charged ion), Eb is the 

energy barrier for bulk diffusion              , Ts is the substrate or catalyst 

temperature ,                

 

1
282 ( ) 1 exp exp

Ek T eUi b sBn r n x Zctijcts ij im k T k Ts sij B B

π α
π

     
       

            

= − − −   

is the ion collection current to spherical CNT(in sec
-1

),  where       

                                       

                                   is the ion density in plasma sheath [18]( in cm
-3

) ,   

 

vij0 is the ion velocity at any point within the plasma (in cm/sec) and 

 

 

 ( )1.6eV≈

1
2

2 ( )
( ) 1

0 2
0

e x
n x n
ij ij m v

ij ij

φ
−

 
 
 
 
 

= −
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                                . 

Substrate bias is an essential factor because when the charge on CNT is 

increasing the negative substrate bias leads to more negative charge 

developing on the CNT surface that finally results an increase in the 

thickness of plasma sheath [1].  Moreover, increasing the negative 

substrate bias accelerates the positive ion species.  

B. Balance equation of electron density 

The equation describes the balance of electron number density in the 

plasma bulk 

    ( ) ( ) ( )dne n n n n n n n n ne e e ct ects ectcysB B B iBA A A iAd
β β α α γ

τ
= + − + − + ,                            

                                                                                                                                    (5) 

 where 

  and 
BA

β β  are the coefficients of ionization of the constituent neutral 

atoms of A(hydrocarbon) and B(hydrogen) due to external agency (in 

sec), and  

 

 are the coefficients of recombination of electrons and positively charged 

ions [20] of A(hydrocarbon) and B(hydrogen),respectively where k =-1.2  

 

is a constant                                                        and nct is the CNT number  

density (in cm
-3

). 

       

The terms on the right side of Eq. (5) are  the rate of gain in electron 

density per unit time on account of ionization of neutral atoms, the 

decaying rate of the electron density due to electron–ion recombination 

 2

ct

e
i r k T

iB

α
 
 
 
 
=

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×

( ) ( )300 3003 3/sec  and / sec
0 0

k k

T cm T cme eBA A BT Te e
α α α α

   
      
   

= =
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and the electron collection current at the surface of the CNT (spherical tip 

over cylindrical surface). 

C. Balance equation of positively charged ion density 

The equation describes the balance of positively charged ions in plasma 

bulk 

 

dn
iA n n n n n n J Je ctA A A iA iActs iActcys aiA desorptionAd

β α
τ

 + 
 

= − − − +
                    

                                                                                                                              ,(6) 

dn
iB n n n n n n J J Je ctB B B iB iBcts iBctcys aiB desorptionB thd

β α
τ

 + 
 

= − − − + +

                                                                                                                              ,(7) 

( )
1
22

 is the adsorption flux onto the catalyst -substrate surface

-3 -1 (in cm  sec ),  is the partial pressure of adsorbing species [19],

nP ijiJaij jij
m k Tij ijB

P
i

π

= ×

   

                                                        is the desorption flux from  the catalyst – 

 

substrate surface (in cm
-3

 sec
-1

), j refers to  either A or  B ions, ν is the 

thermal vibrational frequency (in sec
-1

)
 
, εai is the adsorption energy (in 

eV)[19],  

                                         

                                     is the flux of type B ion (namely hydrogen) on  

 

account of  thermal dehydrogenation(in cm
-3

 sec
-1

).        is the activation 

energy of thermal dehydrogenation. 

The first term in Eqs. (6) and (7) is the gain in ion number density per 

unit time on account of ionization of neutral atoms, the second term is the 

 
th

δε

exp thJ n
iBth k TsB

δε
ν

 
 
 
 

−
=

exp aiJ n
ijdesorptionj k T

ijB

ε
ν

 
 
  
 

−
=
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electron-ion recombination, the third term is the ion collection current to 

the surface of the CNT (spherical tip over cylindrical surface). The fourth 

term is the loss of ions on account of their adsorption to the catalyst -

substrate surface and fifth term is the gain of ion density due to their 

desorption from the catalyst -substrate surface into the plasma. The last 

term in Eq. (7) describes the increase of hydrogen ion number density in 

plasma because of thermal dehydrogenation. 

D. Balance equation of neutral atoms 

The equation describes the balance of neutral atoms in plasma  

( )   1  ,(8)
dn

A n n n n n n n n ne ct ctA iA A A iA iActs iActys A Acts Actcysd
α β γ γ

τ
   
   
   

= − + − + − +

                                                                                                                                    

                                                                                                                                    

( )1n n n
dn

B n n n n n ne ct ctB iB B B iB iBcts iBctcys B Bcts Bctcysd
α β γ γ

τ
   + − +   
   

= − + −

                                                                                                                                     (9) 

where 

1
282 k TnBn r nctjcts jm

j

π
π

 
 
  
 

=   is the neutral collection current at the surface 

of spherical CNT tip (in sec
-1

), 

1
22k TnBn r h nctjctcys jm

j
π

 
 
  
 

=  is the neutral collection current on the 

cylindrical surface of CNT (in sec
-1

). 

UVW  and UVX  are the ion sticking coefficients and UWand UX                                 

are the neutral atom sticking coefficients, and both UVW  and UVX                     

and  UWand UX are dimensionsionless. nj is the neutral atom density (in 
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cm
-3

),  Tn is the neutral atom temperature (in K) ,  nj is the neutral atom  

density (in cm
-3

) and mj is the neutral atom mass (in gm). 

The first term in Eqs. (8) and (9)  is the gain in neutral atom density per 

unit time due to electron–ion recombination, the second term is the 

decrease in neutral density due to ionization, the third term is the gain in 

neutral density due to neutralization of the particles collected at the 

surface of the CNT. The last term denotes the loss in neutral density due 

to accumulation of neutral atoms of species A and B on the surface of the 

CNT.  

E. Rate equation for energy of catalyst particle 

The basis of our assumption for developing Eq.(10) follows from  

Srivastava et al. [24]  where they have suggested an increase in the 

density of energetic plasma species with the applied power. 

( )

( ) ,
3

1
2

d s srfpower C T m n I n Ip s p iBctP iBc pBiActP iAc pAd

k n n TsB iBctPiA iActP

ε ε
τ

γ

    
      

   
     

= = + + +

− − +

                                                                                                    (10) 

where  

4 3
3

m r
P P P

π ρ=  is the mass of catalyst particle, rp  is the radius of catalyst 

particle [10] whose initial value is 50 nm.       is the mass density of 

catalyst particle(in gm/cm
3
). Cp is the specific heat of catalyst particle 

(Ni) and is 0.44KJ/Kg 
0
K and Ts is the substrate temperature (in 

0
C). IpA 

and IpB are the ionization energies of atoms A and B, respectively (in eV),  

 

                                                 are the mean energy (in eV) collected by  

 

2
( )

1

Z
jis Z Z k T

ijc ji ijB
Z

ji

γ
ε γ

γ

   
      
         

−
= −

−

P
ρ
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the ions j (where, j refers to ion A or  B) at the surface of  the catalyst 

particle and                                 , 

                              

                                                                                             

                                                                                                         is the  

 

ion collection current at the surface of catalyst particle (in sec
-1

),  (where, 

j refers to ion A(hydrocarbon) or  B(hydrogen)) . 

The Eq. (10) denotes the influence of rf power on the mass of catalyst 

particle for constant specific heat and substrate temperature. The first 

term on the right side of Eq. (10) is the rate of energy transferred to the 

catalyst particle due to the ions collected at the surface of catalyst particle 

because of ionization of neutral atoms A and B and mean energy 

collected by the ions at the surface of catalyst particle. The second term is 

due to the sticking accretion of ion A and B at the catalyst particle site. 

 

 We assume in the present model that as the applied rf power increases, it 

ionizes the gas more which creates more energetic ions which thereby 

increases the density of plasma species of relatively higher energy, i.e., 

the number density and temperature of ion A and B increases. We also 

assume that the rf  power affects the radius of catalyst particle and the 

temperature ,and specific heat are unaffected by applying rf power 

because many researches done highlight the variation of size of particles 

with rf power only such as Abdi et al. [5] and 
 
Srivastava et al. [24]. 

  

In Solving Eq. (10), we consider different rf power, i.e., 50 W, 100W, 

150W, and 200W.  The substrate temperature TS is taken as 500 
0
C ,  

2e
ji r k T

ijP B

γ
 
 
  
 

=

1
28

2 ( ) 1 exp exp
Ek T eUi b sBn r n x Z

ij iijctP P m k T k Ts sij B B

π γ
π

     
       

            

= − − −
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Substrate bias Us= -50V.  niB0= niA0=10
8
 cm

-3
,Ti0=1900K , YVW9= =�YVX9=  

=2.648 eV , IpA=10.27eV and IpB =12eV. Substituting all the above value 

for a fixed rf power at 50W, we can calculate  niActP, niBctP. Now, for 

higher plasma power we consider slightly different ion density and ion 

temperature and calculate niActP and niBctP and consequently the catalyst 

particle radius (rp).The other parameters are same as mentioned in result 

and discussion section.ZVW9=  

The resulting value of catalyst nanoparticle at time τ serves as the initial 

radius of nanotube (rct). 

F. Growth rate equation of the curved surface area of CNT 

Following, Denysenko et al. [8], Mehdipour et al. [10], and Denysenko et 

al. [25], we develop Eqs. (11 and 12) that traces the development of the 

CNT on catalyst nanoparticle. The height of CNT is obtained from Eq. 

(11) in which we consider the growth of the cylindrical part of the CNT 

and the value of the height of the cylindrical part of the CNT at the time τ 

is then fed into Eq. (12) to determine the CNT radius (rct). The Eq. (12) 

specifically calculates the curved surface area of spherical CNT tip. 

(2 )
2 exp 2 2 (1 ) exp

2
1                       

2

j j j jE EHd h ads adsiBt iA iA tr n j y j j m j j mc cct tiA iAdd k T k TCH CH iA iA iAs sB B

D rs ct
nr iActcysctct

σ σδ δπ ν θ θν ντ

π

π ρ

       
                         







− −
= + + + + + − + +

×
× 2  

4 4
r nctCH CH ctcys

γ π






+

                                                                                       ,(11) 

 

,

2(4 ) ( )
exp exp (1 ) exp

0

E E Ed r hct b th ij j j j j ytiB iB iB iB dd k T k T k T niB CHs s sB B B iB

δ δπ τθ θ ν ν
τ

       
       
       

       

− − −
= + + − + + +

   

                        
                                                                                         ,(12) 

where 
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The explanation for all the symbols used in Eq. (11) is given in Table 1. 

The explanation for all the symbols used in Eq. (12) is given in Table 2. 

The explanation for all the terms used in Eq. (11) is given in Table 3.   

The explanation for all the terms used in Eq. (12) is given in Table 4.     

 

Table 1. Explanation for all the symbols used in Eq.(11) 

S.No.  The notation of various 

symbols used in Eq.(11) 

The explanation for symbols in 

Eq.(11) 

1. 
 

(in cm
-2

) 

The number density or 

concentration of CH (CH denotes 

CH4 species) [10] 

2.   The number of adsorption sites per 

unit area[8] 

3. jc=ncvthc/4 (in cm
-2

 sec
-1

)    Ion flux of carbon atoms[10] 

 

4. vthc (in cm/sec) Thermal velocity of carbon 

atoms[10] 

5. jiA =niA(kBTi/ miA) 
1/2 

(in cm
-

2
 sec

-1
) and 

jiB =niB(kBTi/ miB)
 1/2  

(in cm
-

2
 sec

-1
) 

Ion flux of type A and B, 

respectively 

6.                        

(dimensionless) 

Ratio of kinetic energy associated 

with the motion of hydrocarbon 

ions  impinging on the substrate to 

dissociation energy  of CH4 [10] 

7. niB (in cm
-3

) Number density of type B ions i.e., 

hydrogen ions 

 
0CHn

CH
θ ν=

 15 2

0 1.3 10 cmν −≈ ×

 /d icH disy ε ε≈
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8. YV9[   (in eV) Kinetic energy associated with the 

motion of hydrocarbon ions 

impinging on the substrate[8] 

9.   YMV= (in eV) Dissociation energy  of CH4 

10. 
    

16 26.8 10 cm−≈ ×  Cross section area for the reactions 

of atomic hydrogen with adsorbed 

particles[10]    

12 Ds and 

              is a constant 

(in nm
2
sec

-1
) 

 

Surface diffusion coefficient[8] 

13. Es=0.3eV Energy barrier for diffusion of 

carbon (C)  on the catalyst[8] 

14. a0 =0.34 nm Inter atomic distance between 

carbon atoms 

15. 
 

(dimensionless) 

Total surface coverage[10] 

16.               =1.3eV Energy due to thermal  

dissociation[8] 

17. 
4

CH
γ

 

(dimensionless) 

Sticking coefficient of CH4 

neutrals[20] 

18.   mc =12 amu Mass of a carbon atom 

19.    miA =15 amu for CH3
+ 

              
= 14 amu for CH2

+
 

 

Mass of type A(methyl) ions 

 

 
adsσ

 
tθ

 2

00
D a

s
ν=

 
tδε

 
exp( / )

0
D D E k Ts s sBs
 
  

= −
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20. h(τ) (in µm) Height of CNT at time ] 

 

21. niB(in cm
-3

) Number density of type B ions i.e., 

hydrogen ions 

22. nCH4ctcys (in sec
-1

) Methane neutral atom collection 

current at the surface of cylindrical 

CNT[20] 

23.  kB=1.38x10
-16 

ergs/K Boltzmann’s constant 

24. Ts=550
0
C Substrate temperature 

25. rP=50nm Initial radius of catalyst particle 

26. ctρ
= 8.908g/cm

3
 

Density of nickel (Ni) 

27. ν = 10
13 

Hz Thermal vibrational frequency[8] 

28.   niActcys(in sec
-1

) Ion collection current of   

hydrocarbon(i.e.,  A ) the surface of 

cylindrical CNT [20] 

 

Table 2. Explanation for all the symbols used in Eq.(12) 

S.No.  The notation of various symbols 

used in Eq.(12) 

The explanation for symbols 

in Eq.(12) 

1.   jiB =niB(kBTi/ miB)
 1/2

(in cm
-2

 sec
-

1
) 

Ion flux of type B ion 

(hydrogen ion) 

2. Ti (in K) Ion temperature 

3. Eb 1.6eV≈  Energy barrier for bulk 

diffusion[10] 

4. E
th

δ
 

(in eV) 

Energy due to 

dehydrogenation of CH4 [8] 
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5. tθ  

(dimensionless) 

Total surface coverage[10] 

6. h(τ) (in µm) Height of CNT at time ] 

7. rct (in nm) Radius of spherical CNT tip 

 

Table 3. Explanation for all the terms used in Eq.(11) 

S. No. The mathematical    

Expression for terms 

in Eq.(11) 

The detailed explanation for terms in 

Eq.(11) 

1. 
2 exp

Etn
k TCH sB

δ
ν

 
 
 
 

−

 

The generation of carbon atoms on the 

catalyst surface due to thermal 

dissociation of methyl ions[8] 

2. 2 j y
dCH iA

θ
 

Ion -Induced dissociation of CH4 [8]   

3. 2 j
iA  

Decomposition of positively charged   

hydrocarbon ions  

4. j j
ads iBiA

σ

ν  

 Interaction of hydrocarbon ions  with 

hydrogen ions[10] 

5. jc  
Incoming flux of carbon atoms 

6. j
iA  

Incoming flux of hydrocarbon ions  per 

unit time onto the catalyst particle 

7. j j
HadsiA

σ

ν  

Interaction of adsorbed type A ions with 

atomic hydrogen from plasma[8] 

8. (1 )j tiA
θ−

 
 Adsorption of hydrocarbon ions onto 

the catalyst-substrate surface[10] 

9. 
exp

Etj
k TiA sB

δ 
 
 
 

−

 

Thermal dissociation of CH4 [8] 
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10. 
2

2

D rs ct

r ctct

π

π ρ

×

 

The surface diffusion of various  

species across the catalyst nanoparticle 

per unit area per unit mass density[8] 

11. 2

4 4

r nct ctcysCH CH
γ π

 
Accretion of neutral methane atoms to 

the cylindrical surface of CNT[20] 

 

Table 4. Explanation for all the terms used in Eq.(12) 

S.No.  The Mathematical   

Expression for terms in 

Eq.(12) 

The detailed explanation for terms 

for terms in Eq.(12) 

1. 
exp

E
bj

k TiB sB

 
 
 
 

−

 

Hydrogen atom  diffusing into catalyst 

- substrate surface
 
[8] 

2. 
exp

E
thj

iB k TsB

δ 
 
 
 

−

 

 Incoming flux of hydrogen due to the 

dehydrogenation of CH4[10] 

3. (1 )j tiB
θ−

 
 Adsorption of hydrogen ions to the  

  catalyst - substrate surface[8] 

4. j
iB  

Decomposition of  hydrogen ions 

5. j y
iB dCH

θ
 

Ion induced dissociation of CH4 [10] 

6. 
exp

0

E
i

k TCH sB

δ
θ ν ν

 
 
 
 

−

 

Incorporation of hydrogen ions due to 

thermal decomposition of hydrocarbon  

ions[8] 

7. ( )h τ  Height of CNT at time ] 

8. niB Number density of type B ions i.e., 

hydrogen ions 
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7.4: Numerical Result and Discussions 

This chapter introduces a theoretical model for the intellect of the CNT 

growth on the catalyst-substrate surface in reactive plasma. Reactive 

Plasma is composed of multiple reactive species that continually 

transform into each other and new species because of numerous chemical 

reactions in ionized form. Since during nanostructure synthesis there are 

numerous processes involved like ionization, recombination, dissociation, 

etc. we, therefore, consider reactive plasma in our present model instead 

of the multi component plasma. 

 We assume that firstly the applied plasma power creates active species 

plasma, which dissociates the catalyst particle into nano clusters needed 

for CNTs nucleation and growth. In a plasma medium, processes such as 

ionization (in which a neutral atom gives rise to an ion) and 

recombination (of an ion with an electron results in a neutral molecule), 

adsorption (absorption on the surface), desorption of ionic species, 

thermal dehydrogenation (removal of hydrogen), evaporation and their 

diffusion (surface) into catalyst surface and sticking of neutral atoms to 

the CNT surface takes place. The substrate-catalyst surface is in contact 

with the plasma, therefore the inevitable plasma sheath is molded close to 

the surface in contact with the plasma.  Due to plasma sheath, the electric 

field is directed from plasma bulk towards the surface that accelerates the 

ions towards the surface, and then the effect of sheath on electron and ion 

collection current to the CNT surface has been taken into account in the 

present model. 
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The calculations have been formed to investigate the dependence of the 

height and radius of the CNT on the plasma parameters (i.e.,  ion density 

and temperature of  both type A and B ions) by simultaneous solution of  

Eqs.1 to 12 at appropriate boundary conditions viz.,  

For CH4 plasma, using values from Herrebout et al. [21],   boundary 

conditions  

 0τ = , ion number density (niA0=0. 6
0

n
e

) and 
0

n
iB

0.4
0

n
e

= , neutral 

atom density (nA0=nB0= 1x10
15

 cm
-3

), electron number density (ne0 

=1.12x10
10 

cm
-3

), electron temperature (Te0) =1.15eV, ion temperature 

(Ti0) =2100K,neutral temperature (Tn0) =2000 K, mass of ion A m
iA

=14 

amu and 15 amu (e.g., Methyl (CH3
+
 or CH2

+
), mass of ion B ( )m

iB

=1amu, coefficient of recombination of electrons and ions( )0 0A B
α α≈

=1.12X10
-7

cm
3
/sec, ,κ = -1.2 and density of Ni ( )P

ρ = 8.908 g/cm
3
. Other 

parameters used in the calculation are substrate temperature (Ts) =500 
0
C, 

thermal energy barrier on the catalyst surface�PY^   =1.3eV, energy barrier 

for bulk diffusion Eb=1.6eV, energy due to thermal decomposition of 

methyl ions PYV   =300eV   , dissociation energy YMV=  = 4.35eV    of C2H2 

(Mehdipour et al.[10]) or CH4
 
in our case. 
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FIG.2. Depicts the time evolution of the height of CNT for different  ion  

density and temperature of type A (hydrocarbon) (where a, b and c corresponds 

to niA0= 10
9
 cm

-3
and Ti0 =1800K, niA0= 5x10

10
 cm

-3
and Ti0 =2000K and niA0= 

10
11

 cm
- 3

and Ti 0  = 2100K,respectively). The other parameters are  given in the                  

text. 

 

Fig.2 illustrates the time evolution of the height of CNT for different ion 

density and temperature of type A (hydrocarbon)  (i.e., niA0= 10
9
 cm

-3
 and 

Ti0 = 1800K, niA0= 5x10
10

 cm
-3 

and Ti0 = 2000K, and niA0= 10
11

 cm
-3 

and 

Ti0  = 2100K). The Fig. 2 indicates that the height of CNT ncreases as ion 

density and temperature increases. This is imputable to the fact that as 

temperature Ti0 and density ni0 increases, the plasma sheath thickness 

increases and ions gain more energy on communicating through the 

sheath, consequently the energized ion diffusion to catalyst particle 

increase thereby increasing the height of CNT. The similar pattern of 

variance of the height of CNT with time as obtained in Fig.2 has also 

been obtained by Futaba et al. [22] (cf. Fig.2a of Futaba et al. [22]) and 

Loffler et al. [4] (cf. Fig.4 of Loffler et al.
 
[4]).The observations of Fig.2 

are in principle with the experimental observations of Aksak et al. [3].   
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FIG.3. Depicts the time evolution of the radius of the CNT tip for different ion  

density and temperature of type B(hydrogen) (where a, b and c corresponds to  

niB0= 10
9
 cm

-3
and Ti0  =1800K, niB0= 5x10

10
 cm

-3
and Ti0 = 2000K and niB0= 10

11
 

cm
- 3

and Ti 0 = 2100K, respectively).  

 

Fig.3 illustrates the time evolution of the radius of the spherical CNT tip 

for the different ion density and temperature of type B (hydrogen) ions 

(i.e., niB0= 10
9
 cm

-3
 and Ti0 = 1800K, niB0= 5x10

10 
cm

-3 
and Ti0 =2000K  

,and niB0= 10
11

cm
-3 

and Ti0 = 2100K). The Fig.3 indicates that the radius 

of CNT decreases as ion density and temperature of hydrogen ions 

increases. This is imputable to the fact that the tip of CNT is bombarded 

by incoming hydrogen ions, which etches up the tip of CNT, and thus 

shortening the radius of the spherical CNT tip. At higher temperatures 

and density, energy is sufficient to dissociate methane gas into carbon and 

hydrogen ions, where carbon contributes to the length of CNTs, hydrogen 

effectively shapes the nanoparticle tip radius. The reason why we have 

not looked at the surface diffusion of hydrogen onto catalyst nanoparticle 

is that the activation energy for surface diffusion of hydrogen to Ni is 
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greater than the activation energy in PECVD (~0.23 eV )  (Hoffmann et 

al.[23]).  The results of Fig.3 comply with the works of Denysenko et al.
 

[8], Mehdipour et al. [12]. 

 

 

 

 

 

 

 

 

 

 

FIG.4. Depicts the time evolution of the height of CNT for different substrate  

bias (where a, b and c corresponds to Us = -50V,-100Vand-200V, respectively). 

 

Fig.4 illustrates the time evolution of the height of CNT for different 

substrate bias (Us) (i.e., Us = -50V, -100Vand -200V). As the negative 

substrate bias is increased, more negative charge develops on the CNT 

(see Fig. 5 of the present discussion) which in turn thickens the plasma 

sheath and therefore increases the diffusion and accretion of ions on CNT 

surface.   
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FIG. 5. Depicts the time evolution of charge on CNT for different substrate 

bias (where a, b, c, d and e corresponds to Us = -25V, -50V, - 100V,-150V and 

–200V ,respectively). 

 

Fig. 5 depicts the time evolution of charge on CNT for different substrate 

bias (e.g., Us = -25V, -50V, -100V, -150V and -200V). From the Fig. 5 

we see that the charge developed on the CNT increases with the substrate 

bias. Ostrikov et al. [26] have also discussed the importance of charge 

variation effects on particles in plasma.      
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FIG. 6. Depicts the time evolution of the radius of catalyst particle for different 

rf plasma power (where a, b, c and d corresponds to rf power = 50W, 100W , 

150W and 200 W). 

         

Fig. 6 illustrates the variation of the radius of catalyst particle with rf 

power (i.e. rf power = 50W, 100W, 150W and 200 W). It shows that as 

the rf  power is increased catalyst nanoparticle of smaller radii is 

observed. The fluctuation may be that with increasing plasma power the 

electric field in the plasma sheath increases, which in turn increases the 

ion bombardment to catalyst particle and thereby etching up catalyst 

particle. The increased plasma power dissociates the hydrocarbon gas in 

the plasma bulk rather than at the catalyst particle site. The above 

observation has been validated by the works of Abdi et al. [5]
  

and 

Srivastava et al. [24]
 
. 

As, plasma treatments better the field emission characteristics[12-13], 

from the present study, we can conclude that by suitably varying  ion 

density and  temperature ,and substrate bias, we can obtain more heighted 
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and lesser radii nanotubes i.e., CNTs with high aspect ratio. Hence, the 

results can be extended to better the field emission characteristics of 

CNTs. 
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      CHAPTER 8  

                  

THEORETICAL MODELING OF TEMPERATURE DEPENDENT 

CATALYST-ASSISTED GROWTH OF CONICAL CARBON 

NANOTUBE TIP BY PLASMA ENHANCED CHEMICAL VAPOR 

DEPOSITION PROCESS 

 

8.1: A brief outline of the work done in the present chapter 

The present chapter examines the effect of substrate temperature on the 

growth of the carbon nanotube (CNT) with conical tip assisted by the 

catalyst in reactive plasma. The model developed in chapter 7 is 

employed to underline the importance of substrate temperature on the 

growth of CNT. The work aims to investigate the mechanism by which 

feedstock gas in PECVD chamber leads to an increase in substrate 

temperature and the effect of increase of substrate temperature on the 

growth rate of CNTs. 

8.2:  Introduction 

Carbon nanotubes (CNTs) prepared by PECVD are vertically aligned [1-

2] which can be either free standing or forest like. CNTs are expected to 

have lesser growth temperatures than those by chemical vapor deposition 

(CVD) as in PECVD the plasma dissociates the feedstock gas, so  more 

and more number of carbon radicals and higher stable hydrocarbons 

become readily available for nanotube growth [3]. In recent years, during 

the growth of CNTs by PECVD, an external heating source beneath the 

substrate has been used for substrate heating [1, 2, 4]. There have been 

works, where the external source for the substrate heating was not used 

[5-7]. Teo et al. [7] have synthesized straight and well-aligned carbon 
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nanofibres (CNF) by a substrate exposed to the plasma in a simple, 

parallel plate dc PECVD reactor for nanotube growth and it heats up to 

high temperatures (700 °C) without the aid of an external heater. 

The temperature has been identified to play an important role in the 

catalyst-assisted growth of CNTs. Numerous works have been done to 

highlight the role of temperature on the growth of CNTs [8-15]. 

Han et al. [8] have demonstrated that as the growth temperature 

increases, the average diameter of CNTs increased from 40 nm to110nm 

and the growth rate was enhanced from 2 µm/h to 15 µm/h.  Baratunde et 

al. [9] have shown that as the growth temperature was decreased, the 

associated decrease in CNT density and average CNT diameter resulted 

in an increased thermal resistance at the interface.  Lee et al. [10] have 

demonstrated that the growth rate and the average diameter increase 

nonlinearly with temperature. The growth rate enhances from 1.6 µm/min 

by a factor of 18 and the average diameter increases from 20 to 150 nm 

for the temperature rise of 800 to 1100 °C. 

Loffler et al. [11] have shown that at higher temperatures of the substrate 

and catalyst the hydrocarbon gas dissociates faster, aided by the catalyst. 

A higher diffusion rate of carbon atoms through the catalytic particle can 

be expected, which results in considerably longer CNTs at the same 

growth time. 

The motivation for the work in the present chapter stems from the recent 

studies where the dependence of growth rate of nanostructures on various 

parameters including substrate temperatures, electron and ion densities, 

the flux ratio of etching and hydrocarbon ions etc. has been widely 

investigated [12-15].    
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 Denysenko et al. [12] have shown that at low substrate temperatures 

(1000 K), the atomic hydrogen and ion fluxes from the plasma could 

strongly influence CNT growth. Mehdipour et al. [13] have studied the 

growth rate of carbon nanofibre as a function of substrate temperature for 

different electron and ion temperatures.  They have observed that the 

growth rate as a function of substrate temperature increases as ion and 

electron temperatures are increased. Denysenko and Ostrikov [14] have 

described the plasma-assisted growth of carbon nanofibres (CNFs) that 

accounts for the nanostructure heating by ion and etching gas fluxes from 

the plasma. They have shown that fluxes from the plasma environment 

can substantially increase the temperature of the catalyst nanoparticle 

located on the top of the CNF with respect to the substrate temperature. 

Burmaka et al. [15] have shown that the growth rates of SWCNT array 

and the film between the nanotubes, as well as the length of SWCNTs can 

be successfully controlled by adjusting neutral and ion fluxes to the 

nanotubes, SWCNT surface temperature and the penetration depths of the 

neutral and ionic species. 

 Tips of CNT grown by PECVD are seen to have various shapes. Conical 

tip CNTs have been obtained by many researchers. [16-18]. 

Srivastava et al. [16] have obtained films containing randomly oriented 

conical CNTs with varying length and density grown on silicon (Si) 

substrates by microwave plasma enhanced chemical vapor deposition 

(MPECVD) process at relatively low temperature by judicious control of 

the process parameters such as microwave power and growth time.  

A model describing the mechanism of the growth of carbon nanotube in a 

plasma medium assisted by the catalyst–substrate surface was developed 

in Chapter 7.  In the previous chapter, the substrate temperature was taken 
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as a constant during the growth process. In the present chapter, we shall 

investigate the effect of substrate temperatures on the catalyst-assisted 

growth of the CNT (both the cylindrical CNT surface and conical CNT 

tip) in the reactive plasma medium. 

The equations and the underlying physics behind the equations would be 

same as in Chapter 7 except that instead of spherical tip of CNT we shall 

now consider conical CNT tip and substrate temperature would not be a 

constant.  

 8.3: MODEL  

Consider a catalyst particle of nickel (Ni) over the substrate of Si in a 

plasma chamber. The plasma is composed of ions of acetylene (C2H2) and 

hydrogen (H2), neutrals of acetylene and hydrogen, and electrons. The 

ions of acetylene and hydrogen are designated as A and B ions, 

respectively. In Argon (Ar) + H2+C2H2 plasma, C2H2 acts as a carbon 

source gas, H2 acts as etching gas and Ar is the carrier gas.  

The main processes for the CNT growth over the catalyst-substrate 

surface in plasma that are considered in the present model are detailed 

below: 

1. It is assumed that the applied plasma power ionizes the gas within 

the chamber, thereby creating plasma species of relatively higher 

energy. These highly energetic ions initiate the fragmentation of 

catalyst particle to form catalyst nanoparticle, which then seed 

nanotube growth on them. 

2. The acetylene ions traverses through the plasma sheath to the 

catalyst-substrate surface and then thermal dissociation, ion 

induced dissociation, decomposition  of positively charged ions,  

interaction of adsorbed acetylene ions with atomic hydrogen from 
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plasma , and thermal dissociation of carbon source gas of acetylene 

ion and other processes, occurs to finally result in the adsorption , 

surface diffusion and accretion of  acetylene neutrals to determine 

the height of growing CNT.   

3. Then, there is decomposition of positively charged hydrogen ions, 

incorporation of hydrogen ions due to thermal dissociation of 

acetylene ions, and the accretion of hydrogen ions into catalyst - 

substrate surface. The hydrogen ions effectively shape the 

nanoparticle tip due to etching effects.  

In Table 1 , the assumed processes in the model  that occur during CNT 

growth in a PECVD chamber with their corresponding terms are given. 

Table 1. Outline of the main processes during the growth of catalyst-assisted 

CNT in the plasma medium, considered in the present model. 

 

Assumed processes in the model  that 

occur during CNT growth in a PECVD 

chamber 

Corresponding 

Terms 

1.Thermal dissociation of C2H2 ions [13] 
2 exp

Etn
CH k TsB

δ
ν

− 
  
   

2.  Ion induced dissociation of  C2H2 [13 ]       2 j y
dCH iA

θ
 

3. Decomposition of positively  charged  

    acetylene ions [13] 

2 j
iA  

4.  Interaction of acetylene ions  with atomic  

      hydrogen [14] 

j j
ads iBiA

σ

ν  
5. Incoming flux of carbon atoms [13]  jc  
6. Adsorption of C2H2 ions to the catalyst- 

    substrate surface [13] 

(1 )j tiA
θ−

 

7. Thermal dissociation of C2H2  [13] 
exp

Etj
iA k TsB

δ− 
  
   

8. Accretion of neutral acetylene  atoms to 

the  cylindrical surface of  CNT 

2

2 2 2 2
r nPC H C H ctcys

γ π
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9. Diffusion of hydrogen atom into catalyst- 

    substrate surface[13] exp
E

bj
iB k TsB

− 
  
   

10. Incoming flux of hydrogen due  to the  

      dehydrogenation of  C2H2[13] exp
E

thjiB
k TsB

δ− 
  
   

11. Adsorption of hydrogen ions to the   

      catalyst-substrate surface[14] 

(1 )j tiB
θ−

 

12. Decomposition of  hydrogen ions[14] j
iB  

13. Ion induced dissociation of hydrogen   

     [13] 

j y
iB dCH

θ
 

14. Incorporation of hydrogen ions due to  

     thermal decomposition of acetylene  

       ions[13] 

exp
0

Ei

CH k TsB

δ
θ ν ν −

 
  
   

15. Accretion of neutral acetylene atoms to 

the conical tip  of CNT 

2

2 2 2 2
r nconctC H C H conct

γ π
 

16. Adsorption flux of acetylene ions and   

      hydrogen ions to catalyst-substrate  

      surface[19]   

17. Desorption flux of acetylene ions and   

      hydrogen ions from catalyst-substrate  

      surface[19] 

aiJ n
desorptionj ij k TijB

ε
ν= −
 
 
 
 

 

18. Ion collection current to the CNT(both   

      conical tip and cylindrical surface)
 
 

n n
iBconcts iBcysct

+
 

or 
n n
iAconcts iAcysct

+
 

19. Neutral collection current to the 

CNT(both  conical tip and cylindrical 

surface)  

 
n n
Bconcts Bcysct

+
 

or 

n n
Aconcts Acysct

+
 

 

A. The sheath equations  

 The electric field is directed towards z- axis.  

i) The continuity equation, 

,                                                                            ˆ ˆˆ ˆ . ( ) (1)i j k k n u nej j izx y z
ν 

 
 

∂ ∂ ∂+ + =
∂ ∂ ∂

 

where
 

 

1

2

2

n

j

P ijiJ
aij

ijm k T
ij ijB

π

×
 
 
 

=
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ne= number density of electron (in cm
-3

), 

    = ionization frequency (in  sec
-1

),  

uj = fluid velocity of electrons, C2H2
+
, Ar

+
 and H

+ 
(in cm/sec), 

nj = number density of electrons, C2H2
+
, Ar

+
 and H

+
( in cm

-3
), 

 ii) The ion momentum balance equation  

   

,                                                                                       (2)
du

j
Mn u en E Mn u

j j j j jn jdz
ν= −

                                                          

where   M is the mass of ions in plasma (in gm),  
jn

ν   is the collision 

frequency (in sec
-1

) and E is the electric field (in StatV/cm) .  

iii) Using Poisson’s equation, we determine potential within the sheath      

      

,                                                                                                   
2

4            (3)
2

n
d

q
j j j

dz
δ

φ π= − ∑

                       

 where  P8 = -GQBGR
0  is the j

th
 ion to electron number density ratio and is 

dimensionless and      is the electrostatic potential   ,  S P8 = 18    ,and                   

                  as electron density is greater in plasma bulk than in the sheath.  

B. Energy balance equation for catalyst particle  

Initially, a catalyst particle nickel (Ni) of radius 30 nm is considered to be 

placed over a silicon (Si) substrate surface. It is assumed that the applied 

rf power creates plasma species of higher energy such that these highly 

energetic ions then accretes at the surface of catalyst particle and any 

increase in their number density and temperature results in catalyst 

particles of smaller radii. Therefore, the Eq. (4) describes the 

φ

 0 1
j

δ< <

 
iz

ν
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fragmentation of a catalyst particle into catalyst nanoparticle of smaller 

radii.  

 The basis of our assumption for developing Eq.(4) follows from  

Srivastava et al. [20]  as they have highlighted that an increase in 

microwave power causes more ionization of the gas, which increases the 

density of plasma species of relatively higher energy. Following 

experimental results of Srivastava et al. [20], we assume that as the 

applied rf power increases, it ionizes the gas more which creates more 

energetic ions, which implies that plasma species of relatively higher 

energy are created. Since, energy of ions corresponds to the number 

density and temperature of ions so we assume that with an increase in rf 

power the number density and temperature of plasma species increases. 

 

    

( )

( )

 

3 2 4 41 4 ( ),
2

d s srf power C m T n I n Ip p s iBctP iBc pBiActP iAc pAd

k n n T r T Ts s aB iBctP PiA iActP
εσ

ε ε
τ

γ π

    
      

   
     

= = + + +

− − + − −
 

                                                                                                        (4) 

where  

                            is the mass of catalyst particle (in gm), rp  is the radius 

of catalyst particle (in nm). %_ is the mass density of catalyst particle(in 

gm/cm
3
), Cp is the specific heat of catalyst particle (Ni) and is 

0.44KJ/Kg
0
K and Ts is the substrate temperature (in 

0
C) . IpA and IpB are 

the ionization energies of atoms A (acetylene) and B (hydrogen), 

respectively and (in eV). Ta is the ambient temperature and (in K). ε is the 

emissivity of the material of the catalyst (dimensionless) and   σ  is the 

Stefan–Boltzmann constant and (in erg cm
-2

 s
-1

K
-4

).  

 
34

3
P P Pm rπ ρ = 
 
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In the present chapter  we assume, that the applied rf power not only 

ionizes the feedstock gas in the chamber but also heats up the substrate as 

well and Eq.(4) governs the variation of substrate temperature. The 

substrate and catalyst temperature are assumed  to be the same.  

 

                                                       are the mean energy(in eV) collected  

 

by  the ions j (where,  j refers to ion A (acetylene) or  B (hydrogen)) at 

the surface of  the catalyst particle [21],                       and is  

 

dimensionless  ,and  e being the electronic charge (in StatC ). 

 

        

                                                                                    

is the ion collection current at the surface of catalyst particle,  (where, j 

refers to ion A or  B) [22]  (in sec
-1

) . 

In Solving Eq. (4), we consider that at rf power of 100W, and at τ=0 the 

ion densities (niB0= niA0) =10
9
cm

-3
, ion temperature (Ti0) =2100 K, Ts= 

550 
0
C, energy barrier for bulk diffusion (Eb) =1.6 eV , substrate bias (Us) 

= -50V, and catalyst particle radius (rP0 )= 30 nm in expression for niActP 

and niBctP, we can calculate niActP0, niBctP0.  

Now, by using the calculated values of   niActP0 and niBctP0 and the other 

parameters i.e.,  YVW9=  = 8.2 eV,  �YVX9=   = 13.2 eV, IpA=11.87eV, and IpB 

=9.7eV in Eq. (4) we can get the value of catalyst particle radius rP (in 

nm) and its temperature Ts (in 
0
C) at any time τ (in sec). 

The Eq. (4) denotes the influence of rf power on the mass of catalyst 

particle for specific heat and substrate temperature. The first term on the 

2
( )

1

Z jis Z Z k Tijc ji ijBZ ji

γ
ε γ

γ

   −   = −   −    

1
282 ( ) 1 exp exp

Ek T eUi b sBn r n z Zij jiijctP P m k T k Ts sij B B

π γ
π

     
  = − − −              

 2e
ji r k T

ijP B

γ
 
 
  
 

=
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right side of Eq. (4) is the rate of energy transferred to the catalyst 

particle due to the ions collected at the surface of catalyst particle because 

of ionization of neutral atoms A and B and mean energy collected by the 

ions at the surface of catalyst particle. The second term is due to the 

sticking accretion of ion A (acetylene) and B (hydrogen) at the catalyst 

particle site. The last term on the right side of Eq. (4) is the rate of energy 

dissipation of the catalyst particle through radiation and conduction to the 

host gas.   

The resulting value of catalyst nanoparticle at time    serves as the initial 

base radius of the cylindrical part of nanotube. 

C. Growth rate equation of the curved surface area of CNT 

 

 

 

 

 

 

 

 

            

 

 

 

Since the opening angle (θ) [23] 
 
of conical CNT tip is 45

0 
 the slanted 

length (l) of conical CNT tip becomes
 

         

( )
1

2 2 2'l h rconct= +

  

 τ

(2 )
2 exp 2 2

2
1

                       (1 ) exp  
2

j jEd h iA iBt adsr n j y j j mc cCH CH d iAP iAk Tsd B

D rsj jads H E PiA tj j mt iAiA iA k T nB s r ct iActcysP

σδπ
ν θ

ντ

πσ δθ
ν π ρ

  
            

             

−
= + + + + +

×
−− + + ×

 


 

2
                       

,
2 2 2 2

                                                                                    (5)r n
PC H C H ctcys

γ π

+

( ) ( )
exp exp (1 ) exp

0

2
                              ,                  

2 2 2 2

E Ed r l E hconct b th ij j j j j ytiB iB iB iB diB CHd k T k T k T ns s sB B B iB

r n
C H C H conctconct

δπ δ τ
θ θ ν ν

τ

γ π

− − −
= + + − + + + +
       
                     

                                                                       (6)
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h' is the height of conical CNT tip 

tan
'

rconct

h
θ =

  

Since θ is 45
0
, 

 
                                                                                                       

 

22 2 l r rconct conct= =
,    

The symbols and terms in Eq.(5) are described in Table 2 and 4, 

respectively. 

The symbols and terms in Eq.(6) are described in Table 3 and 5, 

respectively. 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic of cylindrical CNT with conical tip 

 

Table 2. Explanation for all the symbols used in Eq. (5) 

 

S.No.  The notation of various 

symbols used in Eq.(5) 

The explanation for symbols in 

Eq.(5) 

1.                       (in cm
-2

) The number density or concentration 

of CH (CH denotes C2H2 species) [13] 

2.   The number of adsorption sites per  15 2

0 1.3 10 cmν −≈ ×

 
0CHn

CH
θ ν=

                                     

rp (Radius of cylindrical base) 

rconct (Radius of conical tip) 

h (height of cylindrical surface) 

h' (height of conical tip) 
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unit area[14] 

3. jc=ncvthc/4   (in cm
-2

 sec
-1

)  Ion flux of carbon atoms[13] 

 

4. vthc (in cm/sec) Thermal velocity of carbon atoms[14] 

5. jiA =niA(kBTi/ miA) 
1/2 

(in 

cm
-2

 sec
-1

) and   

jiB   =niB(kBTi/ miB)
 1/2

(in 

cm
-2

 sec
-1

) 

Ion flux of type A(hydrocarbon) and 

B(hydrogen), respectively 

6.   

 

(dimensionless) 

Ratio of kinetic energy associated 

with the motion of hydrocarbon ions  

impinging on the substrate to 

dissociation energy  of  C2H2  [13] 

7. niB (in cm
-3

) Number density of type B ions i.e., 

hydrogen ions 

8.   YV9[ (in eV) Kinetic energy associated with the 

motion of hydrocarbon ions 

impinging on the substrate[13] 

9.     YMV=(in eV) Dissociation energy  of C2H2 

10.  Cross section for the reactions of 

atomic hydrogen with adsorbed 

particles[14]    

11. Ds and 

           

  

               is a constant 

  

(in nm
-2

sec
-1

) 

  

Surface diffusion coefficient[13] 

12. Es=0.3eV Energy barrier for diffusion of carbon 

(C)  on the catalyst[14] 

13. a0 =0.34 nm Inter atomic distance between carbon 

atoms 

14.      (dimensionless) Total surface coverage[13] 

15.               =1.3eV Energy due to thermal dissociation 

[14] 

16.          (dimensionless) Sticking coefficient of C2H2 neutrals 

 /
d icH dis

y ε ε≈

 2

00
D a

s
ν=

 
tδε

 
exp( / )

0
D D E k Ts s sBs
 
  

= −

 

2 2
C H
γ

 
tθ

   �̀�a ≈ 6.8 × 10−16cm
2
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Table 3. Explanation for all the symbols used in Eq.(6) 

S.No.  The notation of various 

symbols used in Eq.(6) 

The explanation for symbols 

in Eq.(6) 

1.   jiB =niB(kBTi/ miB)
 1/2 

(in cm
-

2
sec

-1
) 

Ion flux of hydrogen (B ion) 

2. Ti (in K) Ion temperature 

3. Eb 1.6eV≈  Energy barrier for bulk 

diffusion[13] 

4.            (in eV) Energy due to 

dehydrogenation of C2H2 [10] 

5. tθ  (dimensionless) Total surface coverage[13] 

6. h(τ) (in µm) Height of CNT at time ] 

7. rconct( in nm) Radius of conical CNT tip 

 

17.   mc =12 amu Mass of a carbon atom 

18.    miA = 26 amu 

 

Mass of type A C2H2
+
 (acetylene) ions 

 

19. h(τ) (in µm) Height of CNT at time ] 

 

20. niB (in cm
-3

) Number density of type B ions i.e., 

hydrogen ions 

21. nC2H2ctcys (in sec
-1

)  Acetylene neutral atom collection 

current at the surface of cylindrical 

CNT 

22.  kB=1.38x10
-16 

ergs/K Boltzmann’s constant 

23. Ts=500
0
C Substrate temperature 

24. rct=30nm Initial radius of catalyst particle 

25. ctρ
= 8.908g/cm

3
 Density of nickel (Ni) 

26. ν = 10
13 

Hz Thermal vibrational frequency[13] 

27.   niActcys (in sec
-1

) Ion collection current of  

hydrocarbon(i.e.,  A ) the surface of 

cylindrical CNT  

   

 E
th

δ
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Table 4. Explanation for all the terms used in Eq.(5) 

 

S. No. The mathematical    

Expression for terms 

in Eq.(5) 

The detailed explanation for 

terms in Eq.(5) 

1. 
2 exp

Etn
k TCH sB

δ
ν

 
 
 
 

−

 

The generation of carbon atoms 

on the catalyst surface due to 

thermal dissociation of 

acetylene ions[13] 

2. 2 j y
dCH iA

θ
 

Ion -Induced dissociation of 

C2H2 [14]   

3. 2 j
iA  

Decomposition of positively 

charged hydrocarbon ions  

4. j j
ads iBiA

σ

ν  

 Interaction of hydrocarbon ions  

with hydrogen ions[13] 

5. jc  
Incoming flux of carbon atoms 

6. j
iA  

Incoming flux of hydrocarbon 

ions  per unit time onto the 

catalyst particle 

7. j j
HadsiA

σ

ν  

Interaction of adsorbed type A 

ions with atomic hydrogen from 

plasma[13] 

8. (1 )j tiA
θ−

 
 Adsorption of hydrocarbon ions 

onto the catalyst-substrate 

surface[14] 

9. 
exp

Etj
k TiA sB

δ 
 
 
 

−

 

Thermal dissociation of 

C2H2[13] 

10. 
2

2

D rs P

r PP

π

π ρ

×

 

The surface diffusion of various  

species onto the catalyst surface 

across the catalyst nanoparticle 

per unit area per unit mass 

density[13] 

11. 2

2 2 2 2

r n ctcysPC H C H
γ π

 

Accretion of neutral acetylene  

atoms to the cylindrical surface 

of CNT[20] 
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Table 5. Explanation for all the terms used in Eq.(6) 

 

S.No.  The Mathematical   

Expression for terms in 

Eq.(6) 

The detailed explanation for 

terms for terms in Eq.(6) 

1. 
exp

E
bj

k TiB sB

 
 
 
 

−

 

Hydrogen atom  diffusing into 

catalyst - substrate surface
 
[13] 

2. 
exp

E
thj

iB k TsB

δ 
 
 
 

−

 

 Incoming flux of hydrogen due to 

the dehydrogenation of C2H2[14] 

3. (1 )j tiB
θ−

 
Adsorption of hydrogen ions to the  

catalyst - substrate surface[13] 

4. j
iB  

Decomposition of  hydrogen ions 

5. j y
iB dCH

θ
 

Ion induced dissociation of C2H2 

[13] 

6. 
exp

0

E
i

k TCH sB

δ
θ ν ν

 
 
 
 

−

 

Incorporation of hydrogen ions due 

to thermal decomposition of 

hydrocarbon  ions[13] 

7. ( )h τ  Height of CNT at time ] 

8. niB Number density of type B ions i.e., 

hydrogen ions 

9. 2
2 2 2 2

r nconctC H C H conct
γ π

 

Sticking of neutrals of acetylene on 

the conical tip of CNT.  

 

 

D.Charge kinetics of the CNT surface 

The positive hydrocarbon and hydrogen ion and electron currents at the 

surface of the CNT contribute to the charge developing on the CNT 

surface. Over a period of time, the initial negative charge on the CNT 

would be affected by the accretion of the positive ion and electron 

collection currents. As expected the positive ion accretion on CNT would   

decrease the negative charge and after some time the CNT would be 

positively charged such that further accretion of positive ions on CNT 

surface increases the positive charge on CNT surface whereas electron 
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current would depreciate charge on CNT surface. Eq. (7) describes the 

charge developed on the entire CNT (i.e., the conical tip over the 

cylindrical surface). 

 

( )[ ] ,'Z n n n n n ne econcts ecysctiBconcts iBcysctiAconcts iAcysct
τ γ= + + + − +

             

                                                                                                           (7)                                                                                                                          

where 

Z is the amount of charge over the entire CNT (i.e., conical tip and 

cylindrical surface) (dimensionless). 

a) For electron on  the conical CNT tip: 

   

 

1
8 2

( )expl
k T Z eUe e sBn r n zeeconcts conct m k T k Te e sB B

α
π

π

  
  

      
= +   is the electron 

collection current at the surface of the conical CNT tip (in sec
-1

) and, 

rconct is the radius of conical CNT tip (in nm), l is the slant height of 

conical CNT and   ( )eV ze conα =    (in eV) ,  

where

( )
( )

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

4 2
0

z

h z h h z z
h h z z h z Log

Vcon σ
ε

  
  
  
  
 
 
 
 
 

′ ′ ′− + + − +′ ′ ′− + + − +

=

  

  

Following [23] the potential at a point on the surface of a cone (Vcon (z)) 

can be derived by considering a conical surface with uniform surface 

charge density σ , radius rconct , height ℎd and slant height l. 
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Fig.2. Geometry of the conical tip in the present problem 

 

Considering a small disc at height z with differential height dz, the 

surface area of disc would be d� = 2���N , since the opening angle of 

disc is 45
0
, 
Me
Mf = gha� i� �hj��N = ��k2 dz, the elemental charge on the 

disc is �l = `�� = 2k2�`��m 

The differential electric field, along z-axis at point B due to the disc is 

given as in [23] 

                     

 

1
ˆ                                                                                       (8)

24
0

dq
dE rcon

rπε
=

    

  or  

 

 

 

Now njn = o2ℎd − m5� + �� and since cone has opening angle of 45
0 

, 

a=z such that Eq.(9) can be rewritten as 

1 2 2 
ˆ                                                                          (9)

24
0

adz
dE rcon

r

πσ
πε

=

 

               

 

45
0
 z 

 φ

a 

B 

ℎ′  

ℎ′-z 
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( )
1 2 2

                                                                         (10)
2 24 ( )0

zdz
dEcon

h z z

πσ
πε

=
′− +

 

Now, the radial part of the electric field cancel each other and only the 

vertical component remains such that 

( )
                                               (11)

1 2 2 ( )
34

0 2 2 2( )

z h z dz
dE dECoszcon

h z z

πσφ
πε

′−= =

′− +
                                                                

 

Integrating Eq. (11) over the entire cone surface 

( )
  

2 2 ( )
ˆ ˆ                                                     (12)

32
0 2 2 2( )

z h z dz
E z zcon

h z z

σ πσ
ε

′−= ∫

′− +
                                                             

Solving Eq. (12), we get, 

 ˆ

2 2 2 22 4 2 2 2 2 4 2 2 2 2

2 24 2 2 2

.z

h z h h z z Log h z h h z z

Econ
h h z z

σ   
  

  
′ ′ ′ ′ ′ ′− + − − + − + − − +

=
′ ′− +

   

                                                                                                                        (13) 

Now, solving for potential on the surface of a cone 

 

( ) .z
z

V E dzcon = − ∫
∞  

or 
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( )
( )

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

4 2
0

z

h z h h z z
h h z z h z Log

Vcon σ
ε

  
  
  
  
 
 
 
 
 

′ ′ ′− + + − +′ ′ ′− + + − +

=

                                                                                    

                                                                                                         (14) 

Moreover,   

-3

-3

( )
( ) exp is the electron density in plasma sheath(in cm ) , ( ) is the

0

 electrostatic potential (in StatV),  is plasma density in bulk(in cm ) and it decreases
0

 towards the sub

e z
n z n ze e k TeB

n
e

φ
φ

 
 
  

=

strate, and T  is the electron temperature(in eV), ( ) exp is e 0

the negative potential at the surface, and  is the plasma Debye  length .   

z
z

d

d

φ φ
λ

λ

 
 
 
 

= −

 

b) For electrons on cylindrical surface: 

1
2 2

( ) exp
k T eV eUe s sBn n z r heecysct P m k T k Te e sB B

π   
  

      
= + is the electron 

collection current on the cylindrical surface of the CNT( in sec
-1

)  and Vs   

is the surface potential on the cylindrical surface of the CNT(in StatV) 

and h is the height of cylindrical surface of the CNT(in µm), me is the 

mass of electron(in gm). 

c) For ions on the cylindrical surface: 

 

1 1 1
2 2 22

2
( ) exp

exp exp

P

k T eV eV eVijB s s sn n z r h erfc
ijcysct ij m k T k T k T

ij ij ij ijB B B

E eUb s
k T k Ts sB B

π

π

  
         
                                  

   
   
      

= +

− −
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 is the ion collection current on the cylindrical surface of CNT(in sec 
-1

), 

Ti is the ion temperature (in K), mij is the ion mass (j refers to either A or 

B positively charged ion as explained earlier)(in gm) , Eb is the energy 

barrier for bulk diffusion ( )1.6eV≈ , Ts is the substrate or catalyst 

temperature (in 
0
C).  

d) For ions on the conical tip surface: 

 

1
28

 ( ) 1 exp expl
Ek T Z eUi i b sBn r n zconctijconcts ijm k T k T k Ts sij ijB B B

α
π

π

       
       
               

= − − −

  

is the ion collection current on the conical CNT tip (in sec
-1

),                                      

                

          

 

 

     

In Eq.(7) , first  and second term denotes  charge developed on the entire 

CNT (i.e., the conical tip over cylindrical surface) due to accretion of 

positively charged ions of acetylene, third and fourth term denotes the  

charge developed on the entire CNT (i.e., the conical tip over cylindrical 

surface) due to accretion of positively charged ions of hydrogen. The last 

term describes the loss in charge due to electron collection current at the 

surface of the CNT (i.e., the conical tip over cylindrical surface).   

E. Stability equation of electron number density 

The Eq. (15) represents that the dissociative ionization of neutrals 

produces ions and electrons hence it increases the number density of 

electrons in the plasma , whereas recombination of electrons and ions to 

 ( )coneV z
i

α =

-3where  n (z) is the ion density in plasma sheath (in cm ) ,  
ij

v   is the ion velocity at any point within the plasma (in cm/sec) and
ij0

                       

1
  2

2 ( )
( ) 1

0 2
0

e z
n z n
ij ij m v

ij ij

φ

−
 
 
 
 
 

= −
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produce neutrals  and electron collection current to CNT would decrease 

the electron number density in plasma.   

( ) ( ) ( )dne n n n n n n n n ne e e ct econcts ecysctB B B iBA A A iAd
β β α α γ

τ
= + − + − +

                                                                                                                   

                                                                                                           , (15) 

  where 

  and 
BA

β β  are the coefficients of ionization of the constituent neutral 

atoms of A(hydrocarbon) and B(hydrogen) due to external agency (in 

sec), and  are the coefficients of recombination of electrons and positively 

charged ions [21] of  A(hydrocarbon) and B(hydrogen),respectively 

where k = -1.2 is a constant ,                                                             

                                                                                                                   , 

 

 

                                                       and nct is the CNT number density (in 

cm
-3

).                                                                                                                        

The terms on the right side of Eq. (15) are  the rate of gain in electron 

density per unit time on account of ionization of neutral atoms, the 

decaying rate of the electron density due to electron–ion recombination 

and the electron collection current at the surface of the CNT (conical tip 

over cylindrical surface). 

F. Stability equation of positively charged ion number density 

For the positive ions within the plasma , the process considered are that 

the dissociative ionization of neutrals produces ions and electrons 

,thereby  the ion's number density increases in plasma bulk , the 

recombination of ions and electrons to produce neutrals decreases ion 

number density  in plasma bulk. Moreover, the ions collected on the CNT 

1.2
1710

0 0 0
0

n
A B e T

e

α α
 
 
 
 

−
−= = ×

( ) ( )300 3003 3/sec  and / sec
0 0

k k

T cm T cme eBA A BT Te e
α α α α

   
      
   

= =
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surface would decrease their number density in plasma bulk, the 

adsorption of ions on the catalyst-substrate surface decreases their 

number density in plasma bulk and the ions that are desorped from the 

catalyst –substrate surface contributes to ion density in plasma bulk. 

,
dn

iA n n n n n n J Je ctA A A iA iAconcts iAcysct aiA desorptionAd
β α

τ
 + 
 

= − − − +

                  

                                                                                                          (16) 

,
dn

iB n n n n n n J J Je ctB B B iB iBconcts iBcysct aiB desorptionB thd
β α

τ
 + 
 

= − − − + +

 

                              (17) 

The first term in Eqs. (16) and (17) is the gain in ion number density per 

unit time on account of ionization of neutral atoms, the second term is the 

electron-ion recombination, the third term is the ion collection current to 

the surface of the CNT (conical tip over cylindrical surface). The fourth 

term is the loss of ion density because of their adsorption to the catalyst -

substrate surface and fifth term is the gain of ion density due to the 

desorption of ions from the catalyst-substrate surface into plasma. The 

last term in Eq. (17) describes the increase of hydrogen ion number 

density in plasma because of thermal dehydrogenation. 

G. Stability equation of neutral atom number density 

The Eqs. (18) and (19) describes the balance of neutral species in plasma 

considering that the recombination of electrons-ions increases the neutral 

density in plasma bulk, ionization of neutral molecules to produce ions 

and electrons decreases neutral density in plasma bulk, and neutral 

collection current on the CNT surface would decrease their density in 

plasma bulk. 
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( ) ,1
dn

A n n n n n n n n ne ct ctA iA A A iA iAconcts iAcysct A Aconcts Acysctd
α β γ γ

τ
   
   
   

= − + − + − +

  

                                                                                                          (18) 

( ) ,1n n n
dn

B n n n n n ne ct ctB iB B B iB iBconcts iBcysct B Bconcts Bcysctd
α β γ γ

τ
   + − +   
   

= − + −

                   (19) 

where 

                                               is the neutral collection current at the  

 

surface of conical CNT tip (in sec
-1

), 

 

                                      

is the neutral collection current on the cylindrical  

 

 surface of CNT (in sec
-1

).

 UVW  and UVX  are the ion sticking coefficients and UWand UX                        

are the neutral atom sticking coefficients, and both UVW  and UVX                     

and  UWand UX are dimensionsionless. nj is the neutral atom density (in 

cm
-3

),  Tn is the neutral atom temperature (in K) ,  nj is the neutral atom  

density (in cm
-3

) and mj is the neutral atom mass (in gm). 

The first term in Eqs. (18) and (19)  is the gain in neutral atom density per 

unit time due to electron–ion recombination, the second term is the 

decrease in neutral density due to ionization, the third term is the gain in 

neutral density due to neutralization of the particles collected at the 

surface of the CNT. The last term is the accumulation of neutral atoms of 

species A and B on the surface of the CNT. 

 

 1
28k TnBn r l nconctjconcts jm

j

π
π

 
 
 
 

=

 1
22

h
k TnBn r n

jcysct jP m
j

π
 
 
 
 

=
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 8.4:  NUMERICAL RESULT AND DISCUSSIONS 

The work in the present chapter investigates the role of substrate 

temperature on the growth of carbon nanotubes by PECVD process. In 

the present model, we assume the inhomogeneous deposition of ions on 

CNT growing in a plasma medium assisted by catalyst. The calculations 

have been formed to investigate the dependence of the height of 

cylindrical CNT surface and radius of the conical CNT tip as a function 

of substrate temperature for different ion density and ion temperature by 

simultaneous solution of Eqs. 1 to 7 and 15 to 19 at appropriate boundary 

conditions. 

The values of height and radius of the CNT as obtained by Eqs. (5) and 

(6)  are obtained at different times as a function of temperature. But since 

we are interested in studying the variation in height and radius of the 

CNT  as a function of substrate temperature, the value of height and 

radius of CNT are plotted for a fixed time interval i.e., τ = 0 min to 30 

min for varying substrate temperature.  

For  Ar plasma, using the values of ion number density and temperature  

from Chai et al. [24],  the initial  boundary conditions for the present 

calculations are at  

 0τ = , ion number density ( niA0=0. 6 ne0 and niB0=0. 4 ne0),neutral 

atom density (nA0=nB0=1x10
14

 cm
-3

), electron number density (ne0 

=1.12x10
9
cm

-3
), electron temperature(Te0)=1.5eV,ion temperature (TiA0 ) 

=2200K, neutral  temperature(Tn0) = 2000K, mass of ion A m
iA

= 26 

amu (acetylene (C2H2
+
)), mass of ion B ( )m

iB
=1amu(H

+
), coefficient of 
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recombination of electrons and ions ( )0 0A B
α α≈ =1.12 x 10

-7
cm

3
/sec, ,κ

= -1.2 and density of Ni ( )P
ρ = 8.908 g/cm

3
.   

 Other parameters used in the calculation are substrate 

temperature(Ts)=550 
0
C,energy barrier for bulk diffusion Eb=1.6eV,  

energy due to thermal decomposition of acetylene ions PYV  =300eV 

,dissociation energy  of C2H2 (Mehdipour et al.[13]) YMV=�=4.35eV, 

Ionization energies of neutral atom A (IpA ) = 8.76 eV, Ionization energies 

of  neutral atom B (IpB ) = 6.56 eV,  the mean energy collected by the ion 

A at the surface of  catalyst particle  2YVW )= 5.915 eV,  the mean energy 

collected by the ion B at the surface of  catalyst particle (YVX5= 9.80 eV.  

Substituting all the above values in Eqs. 1 to 7 and 15 to 19, we 

simultaneously solve the first order differential Eqs. 1 to 7 and 15 to 19 

using  MATHEMATICA  software to investigate the dependence of 

height and radius of CNT for different substrate temperature (Ts), and ion 

density and temperature of either acetylene (niA0 and TiA0) or hydrogen 

ions (niB0 and TiB0). 

 

 

 

 

 

 

 

 

 

 



254 

 

 

 

 

 

 

 

 

 

 

FIG.3. Sketches the variation of potential of conical CNT tip with  axial 

distance. 

       

Fig. 3 sketches the variation of potential at a conical surface (Vcon(z)) as a 

function of axial distance (z). It can be seen from Fig. 3 that the potential 

on the conical surface decreases with the axial distance (z). The decrease 

in the potential at a conical surface (Vcon (z)) with axial distance (z) 

follows the same trend as the electrostatic potential at the surface behaves 

as the distance from the surface is increased. The electrostatic potential at 

the surface decreases as the distance from the surface is increased. 
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 FIG. 4. Depicts the evolution of the height of cylindrical CNT surface as a 

function of substrate temperature for different  ion density and temperature of 

type A ions (where a, b and c  corresponds to niA0= 10
9
 cm

-3
,TiA0=2250K; niA0= 

2x10
10

cm
-3

,TiA0=2300K and niA0= 3 x10
11

 cm
-3 

,TiA0=2400K). The   other  

parameters are given in the text. 

 

 Fig. 4 traces the evolution of the height of the cylindrical part of the CNT 

as a function of substrate temperature for different ion densities of type A  

and temperatures (e.g., niA0= 10
9
 cm

-3
 ,TiA0=2250 K; niA0= 2x10

10
 cm

-3
 

,TiA0 =2300 K  ,and niA0= 3 x 10
11

 cm
-3 

,TiA0 =2400 K).  It can be seen 

from the  Fig. 4 that as substrate temperature is increased for a fixed ion 

density and temperature of type A ion (i.e., acetylene ion) the height of 

the CNT increases. This is because with increasing substrate temperature, 

the hydrocarbon gas dissociates faster, leading to higher diffusion of 

carbon through catalyst particle thereby giving enhanced growth rates. 

Moreover, with increasing ion density and temperature of type A ions, the 

effective carbon flux to the catalyst surface increases which results in 

better CNTs growth.   
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FIG. 5. Depicts the time evolution of the radius of the conical CNT tip for  

different density and temperature of type A ions (where a, b and c corresponds 

to  niA0= 10
9 

cm
-3

 ,TiA0=2250K;  niA0= 2x10
10

cm
-3 

,TiA0=2300K and niA0= 3 x 

10
11

 cm
-3 

,TiA0=2400K). The other  parameters are given in the text. 

            

 Fig. 5 traces the evolution of the radius of the conical CNT tip as a 

function of substrate temperature for different ion densities and 

temperatures of type A (i.e. , niA0= 10
9
 cm

-3
 ,TiA0=2250K; niA0= 2x10

10
 

cm
-3

 ,TiA0=2300K ,and niA0= 3 x 10
11

 cm
-3 

,TiA0=2400K).  It can be seen 

from Fig. 5 that as substrate temperature is increased for a fixed ion 

density and temperature of type A ion (i.e., acetylene ion), the radius of 

the conical CNT tip increases. This is because with increasing substrate 

temperature, the hydrocarbon gas dissociates faster, leading to higher 

diffusion of carbon through catalyst particle thereby giving larger radius. 

In addition, as the ion density and temperature of type A ions (i.e., 

acetylene ion) is increased, the effective carbon flux to the catalyst 

surface increases which results in a larger radius of the CNT tip.   

The observations of Figs. 4 and 5, i.e., the enhanced growth rate of the 

CNT with substrate temperatures are in principle with the experimental 
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observations of Han et al. [8] , Baratunde et al. [9] , Lee et al. [10] , 

Loffler et al. [11] , and theoretical findings of Mehdipour et al. [13] . 

 

 

 

 

 

 

 

 

 

 

 FIG. 6. Illustrates the evolution of the radius of the conical CNT tip as  a 

function of substrate temperature for different ion density and  temperature of  

type B ions (where a, b and c corresponds to  niB0= 10
9
 cm

-3
,TiB0=2300K; niB0= 

5x10
10

 cm
-3

,TiB0= 2350K  and  niB0= 4 x 10
11

   cm
-3

 ,TiB0=2400K). 

     

Fig. 6 traces the evolution of  the radius of the conical CNT tip as a 

function of substrate temperature for the different ion density and 

temperature  of type B ions (i.e., niB0= 10
9
 cm

-3
,TiB0=2300K; niB0= 5x 10

10
 

cm
-3

 ,TiB0= 2350K  and niB0= 4 x 10
11

 cm
-3

 ,TiB0=2400K). It can be seen 

from Fig. 6 that as substrate temperature is increased for a fixed ion 

density and temperature of the type B ion (i.e., hydrogen ion), the radius 

of CNT increases. This is imputable to the fact that as the substrate 

temperature is increased for  a fixed ion density and temperature of type 

B ions (i.e., hydrogen ion) the radius of the conical CNT tip increases 

because with increasing substrate temperature, the feedstock gas 

dissociates  more and consequently,  a larger  number of carbon radicals 

and higher stable hydrocarbons become easily available for CNT growth.  
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However, as the density of type B ion (i.e., hydrogen ion) increases, the 

radius of the conical CNT tip decreases because of etching effects of 

hydrogen. The results of Fig. 6 comply with works of Mehdipour et al. 

[13] and Denysenko et al.[14]. 
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                                      CHAPTER 9     

 

 INVESTIGATIONS ON THE EFFECT OF DIFFERENT 

CARRIER GASES AND THEIR FLOW RATES ON THE 

GROWTH OF CARBON NANOTUBES 

 

9.1: Brief Outline of the work done  

The present chapter investigates the effect of different carrier gases and 

their flow rates on the growth of carbon nanotubes (CNTs).  The model 

developed for the growth of CNT assisted by catalyst in a plasma medium 

is extended to a case where three different carrier gases i.e., argon (Ar), 

ammonia (NH3) and nitrogen (N2) are considered. The flow rates of all 

the three carrier gas are varied individually, keeping the flow rates of 

hydrocarbon and hydrogen gas constant; to investigate the variations in 

the number densities of hydrocarbon and hydrogen ions in the plasma and 

their consequent effects on the height and radius of CNT.  

9.2: Introduction 

Plasma-enhanced chemical vapor deposition (PECVD) has recently 

emerged as promising carbon nanostructure growth technique [1–5]. 

PECVD has the advantage of producing low-temperature and vertically 

aligned carbon nanotubes (CNTs). The main parameters during PECVD 

process are the growth temperature, substrate bias,  externally applied 

power, growth time, type of catalyst, type of substrate,   composition of  

gases in PECVD, types of feed gas or reducing gas or carrier gas and 

their respective flow rates among several others.  
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Different carrier gases like argon (Ar), ammonia (NH3), nitrogen (N2), 

and hydrogen (H2) are found to have different effects on the growth 

density of CNT. [6-11].   

Kayastha et al. [6 ] have found that the addition of specific carrier gases 

could critically modify the growth rate and growth density of multiwall 

carbon nanotubes (MWCNTs). In particular, the addition of Ar to 

acetylene (C2H2) increases the growth density of MWCNTs, while the 

addition of hydrogen (H2) and nitrogen (N2) gases decreases the growth 

density. 

Mi et al. [7] have investigated the effects of ammonia (NH3) and nitrogen 

(N2) as carrier gases on the structure and morphology of CNTs. They 

observed that the diameter of the CNTs synthesized in NH3 was larger 

than that in N2. Moreover, the alignment of the CNTs grown in NH3 was 

better than that in N2. 

Jung et al. [8] have investigated the growth behaviors in various gas 

environments of  N2 , H2 , Ar, NH3 and their mixtures. It was observed 

that in NH3 environment much enhanced CNT growth occurs than in the 

mixture of N2 and H2 environment.  

Yap et al. [9]
 
found that carrier gas could change the growth rate, growth 

density, and structures of MWCNTs. They investigated the growth of 

CNT under different conditions e.g., (a) pure C2H2, (b) C2H2 and Ar, (c) 

C2H2 and H2, (d) C2H2 and N2. The addition of Ar dilutes C2H2 and 

reduces the number of C2H2 molecules reacting on the iron (Fe) catalyst 

surface. Both H2 and N2 reduce the growth density of MWCNTs. 

Mi and Jia [10]  have grown CNTs arrays on macro porous substrate for 

different time in the ammonia and nitrogen carrier gases by floating 
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catalyst method. They observed that the CNTs diameter is smaller in N2 

than that grown in NH3.  

Qian et al. [11] found that the size and distribution of carbon spheres 

become smaller as the ratio of Ar to H2 in the carrier gas decreases. Also, 

pure argon favors the growth of carbon spheres while pure hydrogen does 

not. 

Studies have been done to investigate the effects of flow rate of carrier 

gases on the growth of CNTs. It is seen that increasing the flow rate of 

carrier gases affects the growth density and growth rate of CNTs [12-14]. 

Toussi et al. [12] have investigated three different flow rates of Ar carrier 

gas (i.e., 50 mL/min, 100 mL/min and 150 mL/min) on the growth of 

carbon nanotubes.  It was seen that as the flow rate of Ar carrier gas was 

increased, the yield of carbon nanotubes increased.  

Malgas et al. [13] studied the effect of mixture ratios and nitrogen carrier 

gas flow rates on the morphology of carbon nanotube structures and 

reported that at the constant temperature of 750 °C and the higher carrier 

gas flow rates of N2 resulted in CNTs with smaller diameters. 

Reynolds et al. 
 
[14]

  
have investigated the effects of hydrogen (H2) flow 

rate on CNT growth and observed that at a constant methane (CH4) flow 

rate of 700 sccm and by varying  flow rate of  H2  as 100 and 200 sccm, 

few CNTs were produced. 

Denysenko  et al.[15]
 
 have  developed a  spatially averaged global 

discharge model to study the densities and fluxes of the radical neutrals 

and charged species, the effective electron temperature, methane 

conversion factor under various growth conditions. They observed that 

the densities of molecular and atomic hydrogen decrease with flow rate of 
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argon (JAr), whereas the densities of hydrocarbon neutrals grow with flow 

rate of argon (JAr).  

The vertically aligned and low–temperature CNT so produced by PECVD 

process have found applications in vertical transistors [16], field emission 

devices [17-21] and field ionization applications [22] among others. 

The above works that have been cited [6-14] to study the effects of 

different carrier gases and their flow rates on the growth of CNT do 

mention the effects of different carrier gases but do not sufficiently 

underline the exact processes behind the observed effects. Moreover, they 

have considered various routes of CNT growth like catalytic chemical 

vapor deposition[6] , pyrolysis of ferrocene and C2H2 mixture [7], 

chemical vapor deposition (CVD)[8], thermal CVD[9], floating catalyst 

method[10], non-catalytic CVD[11]. In the present study, we try to 

present the possible reasons behind the different observed behaviors of 

different carrier gases and their consequent ramifications on the growth of 

CNT. We try to explain the behavior of various carrier gases during CNT 

growth through a PECVD process by the number density profile of 

hydrocarbon and hydrogen species created in different carrier gas 

environments and their repercussions on growing CNT.     

9.3. Model  

Using the model developed in chapter 7 and following Denysenko et al. 

[15], a cylindrical stainless steel reactor chamber of the plasma source 

which has the inner diameter (R) =16 cm and length (L) =23 cm is 

considered. The plasma contains ions of methyl (CH3
+
), methane (CH4

+
) 

denoted as ions A and hydrogen ions (H
+
/H2

+
/H3

+
) denoted as ions B, and 

carrier gas ions of argon(Ar),  nitrogen(N2) and  ammonia (NH3 ) (i.e., 

Ar
+
/ N2

+
 /NH3

+
, respectively) are  denoted as ions C. A substrate of 



266 

 

silicon (Si) over which catalyst of nickel (Ni) is placed is considered in 

the present chapter. In the reactive plasma so considered CH4 acts as a 

carbon source gas and the growth of CNT occurs through the process 

assumed as listed below:  

1. Plasma containing methyl, methane, hydrogen, and either of argon, 

nitrogen and ammonia ions is considered. 

2. Electric field is directed towards x-direction. 

3. Negative substrate potential is applied to the substrate. 

4. A cylindrical stainless steel reactor chamber of the plasma source 

which has the inner diameter (R) = 16 cm and length (L) = 23 cm is 

considered following Denysenko et al. [15] 

5. Plasma power ionizes the gas (hydrocarbon, hydrogen and carrier 

gas)  and highly energetic hydrocarbon, hydrogen and carrier gas 

ions initiates the dissociation  of catalyst particle to form catalyst 

nanoparticle, which then seed nanotube growth on them. 

6. These hydrocarbon, hydrogen and carrier gas ion then travel 

through the plasma sheath undergoing recombination, adsorption, 

desorption ,loss to the walls and various other processes to 

eventually diffuse and accrete on catalyst nanoparticle to form 

CNT. 

Denysenko et al. [15] have considered a large number of possible 

hydrocarbons in their study but we in the present investigation limit 

ourselves to a limited number of hydrocarbons. Moreover, Sode et al. 

[23] have considered various possible combinations of ions in H2-Ar 

plasma like Ar
+
, H

+
, H2

+
, H3

+
, and ArH

+
 but the present problem 

considers  CH3
+
, CH4

+
  , H

+
, H2

+
, H3

+ 
, and either of Ar

+
, N2

+
  and NH3

+
. 
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The present study is therefore, applicable to the cases where higher 

hydrocarbons and a varied combinations of ions in plasma are not  

considered.  

A.The sheath equations  

Following (Mehdipour et al. [24]) and Lieberman and Lichtenberg [25], 

the sheath equations are:  

1. The continuity equation 

         
( )ˆˆ ˆ ˆ ,i j k i n u nel lx lx y z

ν•

 
 
 

∂ ∂ ∂+ + =
∂ ∂ ∂

                                                                                                      

                                                                                                              (1) 

2.  The ion momentum balance equation                                                                                                                                                                 

      
,u u

du
lxm n en E m n

l l lx l l l ln lxdx
ν= −

                                                    (2)   

3. Poisson’s equation (Mehdipour et al.[24])  

 

                                                                                           

                                                                                                              (3) 

 

where      refers to either electron (e),  CH3
+ 

,  CH4
+
, H

+
, H2

+ 
, H3

+
 ,and 

either of Ar
+
/N2

+
/ NH3

+
.  

        is the mass of species l  (in gm), nl is their number density (in cm
-3

),    

ulx   is    the fluid velocity of the particle l (in cm/sec) , 

 !2�5  is the sheath potential (in Stat V),  νl is  the ionization frequency( 

in sec
-1

),         

   qfG��  is the collision frequency with the neutrals( in sec
-1

) and   ql is the  

charge of species l (in StatC) , 

      is the 
th

l ion to electron number density ratio and is dimensionless , 

 
l

 

,
2 ( )

4
2

d x
q n
l l ldx

φ π δ= − ∑

 m
l

 
l
δ
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              and                   as electron density is greater in plasma bulk than 

in  sheath.  

 Now by using Child Sheath law in cases where the high voltage is 

applied over longer time scales [26], the plasma sheath width ( λs )   is 

given as                            

                            , where                        is the Debye length of the plasma.  

 

and  Us is the substrate bias (in V), kB is the Boltzmann constant (in 

ergs/K) and Te is electron temperature (in eV).  

The ion- neutral collisions have been taken into account in the present 

model and these collisions attain significance at higher pressures. 

However, our model did not undertake pressure effects into account but it 

has been reported that the sheath width decreases as neutral pressure is 

increased. [24] 

B.Charging of the CNT 

The equation describes the charge developed on the entire CNT (i.e., 

spherical tip placed over cylindrical surface), due to accretion of electrons 

and positively charged hydrocarbon, hydrogen, and carrier gas ions on the 

surface of the CNT (i.e., spherical tip over cylindrical surface).   

( ) ,I
dZ

I I I I I I Ie ects ectcysiBcts iBctcysiActs iActcys iCcts iCctcysd
γ

τ
+= + + + + − +

                                                                                                              (4)                                                                                   

where 

Z is the amount of charge over the entire CNT (i.e., spherical tip and 

cylindrical surface) and is dimensionless, 

 3
423

2

Us
s d k TeB

λ λ
 
 
 
 

=

 1
ll
δ =∑  10

l
δ <<

 

2

k TeB
d n ee

λ
 
 
  
 
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1
8 22 ( )expI
k T eUe sBr n x Ze eects ct m k Te sB

π α
π

  
  

      
= +   is the electron collection 

current at the surface of the spherical CNT tip(in sec
-1

) and

2
(in eV)

e
e r k Tect B

α
 
 =
 
 

, rct is the CNT tip  radius ( in nm),                                          

                                        is the electron density in plasma sheath  

 

(in cm
-3

) [27],             

        is the electrostatic potential(in StatV).       is the sticking coefficient 

of electrons and is dimensionless,                           , �!'  is the negative 

potential at the surface (in StatV),                

( )

1
2 2

expI x h
k T eV eUe s sBn reectcys ct m k T k Te e sB B

π   
  

      
= +

   

is the electron  

 collection current on the cylindrical surface of the CNT( in sec
-1

) , Vs   is 

the surface potential on the cylindrical surface of the CNT(in StatV) , h is 

the height of cylindrical surface of the CNT(in µm) and me is the mass of 

electron(in gm), 

1 1 1
2 2 22 2

( ) exp

exp exp

I
k T eV eV eVi s s sBn x r h erfcctijctcys ij m k T k T k T
ij i i iB B B

E eUb s
k T k Ts sB B

π

π
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   
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      

= +

− −

  

is the ion collection current on the cylindrical surface of CNT(in sec
-1

), Ti 

is the ion temperature(in K), mij is the ion mass (j refers to either A, B or 
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φ φ
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C positively charged ions) (in gms), Eb is the energy barrier for bulk 

diffusion                 , Ts is the substrate or catalyst temperature (in 
0
C),                

 

1
28

2 ( ) 1 exp expI
Ek T eUi b sBr n x Zctijcts ij im k T k Ts sij B B

π α
π

     
       

            

= − − −  is the 

ion collection current on the  spherical CNT tip ( in sec
-1

), 

   

 

 

 

 

 

 

The following assumptions were considered for solving the currents: 

1.  Maxwellian distribution of electrons and ions was considered. 

2.                                   

3. Te<<Us   i.e., temperature of electrons is lesser than the substrate    

    potential. 

4. The mean free path of the ions is greater than the distance x in the  

    sheath. 

5.  For the sheath to perform its function and repel electrons the potential   

      must be monotonically decreasing with increasing  x. This will occur  

        if ni(x) >ne(x) for  all x in the sheath [26]. 

6.  The high voltage is considered to be applied over longer time scales  

     therefore,  the ions  would be  accelerated by the electric field [26]. 

 

 

 ( )1.6eV≈

 ( )e x k TeB
φ <<

,where  ( ) is the ion density in plasma sheath 

-3(in cm ) ,   is the ion velocity at any point within the plasma (in cm/sec)
0
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 C.Balance equation of electron density 

 The Eq. (5) describes the balance of electron number density in the 

plasma bulk. The  processes such as dissociative ionization of neutrals to 

produce electrons and ions increases electron number density , 

recombination of electrons with ions reduces electron density in plasma 

bulk, electron collection current to the CNT surface reduces electron 

density in plasma bulk , and loss of electrons to discharge wall are 

considered. 

  

( ) ( ) ( )
            

            ,

dne n n n n n n n n n n I Ie e e e ct ects ectcysB B B iBA A C C A iA C iCd

eK newall

β β β α α α γ
τ
= + + − + + − +

−

                                                                                                      (5) 

 where 

 ,  and 
BA C

β β β  are the coefficients of ionization of the constituent 

neutral atoms of A(hydrocarbon) ,B(hydrogen) and C(carrier gas) due to 

external agency (in sec),  

 

 

 

                                          are the coefficients of recombination of electrons  

 

 positively charged ions [33] of  A(hydrocarbon) ,B(hydrogen) ,and 

C(carrier gas), respectively where k =-1.2 is a constant ,  nct is the CNT 

number  density (in cm
-3

)   

and                                                      
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Iects and Iectcys are electron collection currents to spherical CNT tip and 

cylindrical CNT surface (in sec
-1

),respectively. 

                    

 

                                                  is the number of electrons lost on the  

 

discharge wall per unit time per unit volume (in cm
-3

 sec
-1

), where        is 

the sticking coefficients of electrons and is dimensionless,   

                                          

                           is the average thermal velocity of electrons[15] (in 

cm/sec),  Ssurf  is the  chamber surface area( in cm
2
), and V is the volume 

of the PECVD chamber (in cm
3
)  whose inner diameter R= 16 cm and 

length L =23 cm is considered [15]. 

The first term on the right side of Eq. (5) is the rate of gain in electron 

density per unit time because of dissociative ionization of neutral atoms; 

the second term is the decaying rate of the electron density due to the 

electron–ion recombination. The third term is the electron collection 

current at the surface of the CNT (spherical tip placed over the cylindrical 

surface).
 
The last term denotes the loss of the electrons to the discharge 

wall [15]. 

D.Balance equation of positively charged ion density 

The Eqs. (6) to (8) describes the balance of positively charged ions in 

plasma bulk considering dissociative ionization of neutral atoms, 

recombination of electrons and ions, ion collection current at CNT 

surface, their adsorption, desorption, thermal dehydrogenation and loss to 

the discharge wall. 

 8Tev
the meπ
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S ne ethe surfeK newall V

γ 
 
 
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( )
            ,

1

dn iAiA n n n n I I J J K ne ctA A A iA iActs iActcys aiA iAdesorptioniA walld

k n n
i A iCi

β α
τ

= − − + − + − +

∑

                                                                                                                             

                                                                                                           (6) 

( )
           ,

2

dn iBiB n n n n I I J J J K ne ctB B B iB iBcts iBctcys aiB iBdesorptioniB th walld

k n n
Bi iCi

β α
τ

= − − + − + + − +

∑

                                                                                                                                           

                                                                                                         (7) 

( )
             

1 2
,

dn iCiC n n n n I I J J K ne ctC C C iC iCcts iCctcys aiC iCdesorptioniC walld

k n n k n n
Bi A iC i iCi i

β α
τ

= − − + − + − +

+∑ ∑
 

                                                                                                         (8) 

 

                                     is the adsorption flux onto the catalyst –substrate  

 

surface (in  cm
-3

 sec
-1

), Pi is the partial pressure of adsorbing species [28], 

 

                                                      is the desorption flux of ions from  the  

 

catalyst – substrate surface (in cm
-3

 sec
-1

), j refers to  either A ,B or C  

ions, ν is the thermal vibrational frequency             Hz 
 
,       is the 

adsorption energy [28] (in eV),  nij is  the ion number density at the 

catalyst substrate surface (in cm
-3

).                                
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                                    is the flux of type B ion (namely hydrogen) on 

account of thermal dehydrogenation (in cm
-3

 sec
-1

).        is the activation 

energy of thermal dehydrogenation (in eV), nH is the hydrogen ion 

number density at the catalyst- substrate surface (in cm
-3

).   

  

                                 denotes the loss of  ions j on the discharge wall per  

 

unit  time per unit volume( in sec
-1

),          is the sticking coefficients of 

ions and is dimensionless ,                                is the average thermal velocity of 

ions A ,B or C (in cm/sec).   

The first term in Eqs. (6), (7) and (8) is the gain in ion density per unit 

time because of ionization of neutral atoms, the second term is loss of ion 

density in plasma bulk due to electron-ion recombination. The third term 

is loss of ion density in plasma bulk due to the ion collection current to 

the surface of the CNT (spherical tip over the cylindrical surface). The 

fourth term is the loss of ions because of their adsorption to the catalyst -

substrate surface and fifth term is the gain of ion density due to the 

desorption of ions from the catalyst -substrate surface into plasma bulk. 

The term Jth in Eq. (7) describes the increase of hydrogen ion number 

density in plasma because of thermal dehydrogenation. The                 

                  in Eqs.(6) ,(7) and (8) denotes the loss of the ions to the 

discharge wall [15]. The last term in Eqs. (6) ,(7) and (8) is the gain in ion 

number density due to neutral/ion reactions[15]. The rate of reaction [29] 

ki1= 
-101.05 10  × cm

3
/s and rate of reaction [30] ki2= 

-102.7 10× cm
3
/s. 

E. Balance equation of neutral atoms 

The Eqs. (9), (10), and (11) describes the balance of neutral species in 

plasma due to recombination of electrons and ions, dissociative ionization 
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of neutral molecules, ion and neutral collection current on the CNT 

surface, inflow and outflow into and from the chamber and neutral/ion 

reactions. 

( )( ) ( )1

           ,                                                                   (9)

dn
A n n n n I I n I Ie ct ctA iA A A iA iActs iActys A Acts Actcysd

I O k n niA A A iCi

α β γ γ
τ

= − + − + − +

+ − −∑

                                                                                                                                   

                                                                                                             

( )1

            ,                                                                               (10)

dn
B n n n n I I n I I Ie ct ctB iB B B iB iBcts iBctcys B Bcts Bctcys Bd

O k n n
iB B iCi

α β γ γ
τ

   
   
   

= − + − + − + +

− −∑

     

                                                                                                              

( )1

           ,                                                                        (11)

dn
C n n n n I I n I I Ie ct ctC iC C C iC iCcts iCctcys C Ccts Cctcys Cd

O k n n k n ni i BC A iC iCi i

α β γ γ
τ

   
   
   

= − + − + − + +

− − −∑ ∑
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j
π

π

 
 
  
 

=

 

is the neutral collection current at the surface 

of the spherical CNT tip (in sec
-1

) , 

 is the neutral collection current on the cylindrical  surface of

-1 CNT(in sec ).

1
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π

 
 
  
 
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             is the ion sticking coefficient and             is the neutral atom  
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sticking coefficient and are dimensionless, Tn is the neutral atom 

temperature (in K),  nj  is the neutral atom  density (in cm
-3

) and mj is the 

neutral atom mass (in gm). 

j

174.4 10 [ ]3
is the inflow i.e., the rate at which species j enter the

 chamber. J  is the gas inlet flow rate[15] (in standard cubic centimeter per minute).

J sccm
cm j

I
j s V

 
 
 
 

×−
=

   

 3
 is the outflow i.e., the rate at which species j leave the chamber [15].

npump jcmO
j s V

ν 
 
 
 

−
=

   

              is the pumping rate (in cm
3
/s) . nj is the number density of 

species j (in cm
-3

  ) and V is the volume of the chamber (cm
3
) [15]. j can 

either  be neutrals of CH4 ,H2 or  Ar/N2/NH3. 

The first term in Eqs. (9), (10) and (11) is the gain in neutral atom density 

per unit time due to electron–ion recombination; the second term is the 

decrease in neutral density due to dissociative ionization. The third term 

is the gain in neutral density due to neutralization of the particles 

collected at the surface of the CNT. The fourth term is the accumulation 

of neutral atoms of species A and B on the surface of the CNT. The fifth 

term denotes the increase of neutral density in plasma bulk due to their 

inflow into the chamber and sixth term denotes the decrease of neutral 

density in plasma bulk due to their outflow from the chamber [15]. The 

last terms denotes the loss in number density due to neutral and ion 

reactions [15]. 

 

 

pumpν
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F. Rate equation for Energy of catalyst particle 

Initially, a catalyst particle nickel (Ni) of radius 30 nm is considered to be 

placed over a silicon (Si) substrate surface.  

As, Srivastava et al. [31]
   

have highlighted in their experimental findings 

that an increase in microwave power causes more ionization of the gas, 

which increases the density of plasma species of relatively higher energy. 

Following experimental results of Srivastava et al. [31], we assume that 

as the applied rf power increases, it ionizes the gas more which creates 

more energetic ions, which implies that plasma species of relatively 

higher energy are created. Since, energy of ions corresponds to the 

number density and temperature of ions so we assume that with an 

increase in rf power the number density and temperature of plasma 

species increases. A catalyst particle of nickel (Ni) of radius 30 nm is 

considered to be placed over a silicon (Si) substrate surface which on the 

increase of rf power fragments into catalyst nanoparticle due to 

generation of more energetic plasma species.  

 

 

                                                                                                          

                                                                                                                 

                                                                                                      (12) 

where  

                      is the mass of catalyst particle (in gm), r p  is the radius of 

catalyst particle(in nm).             

        is the mass density of catalyst particle (in gm/cm
3
), Cp is the specific 

heat of catalyst particle (Ni) and is 0.44KJ/Kg
0
K and Ts is the substrate 

 4 3
3

m r
P P P

π ρ=

 
P

ρ

( )

( ) ( ) ( ) ,
3

1 1 1
2

I

I I

d s srfpower C T m I I Ip s p iBctP iBc pBiActP iAc pAd

s I k I I TsB iB iBctPiCctP iCc pC iA iActP iC iCctP

ε ε
τ

ε γ γ γ

    
     

     +          

= = + + +

+ − − + − + −



278 

temperature (in 
0
C). IpA , IpB and IpC are the ionization energies of atoms A 

(methane) ,B (hydrogen) and C (either Ar/NH3/N2), respectively (in eV) . 

In the present problem, we have assumed the substrate and catalyst 

temperature to be the same. However, Denysenko and Azarenkov [32] 

have considered the substrate and catalyst temperature to be different in 

their study and concluded that the substrate-holding platform temperature 

differs from that of the catalyst nanoparticle temperature mainly due to 

the temperature variation along the Si substrate.  

 

                                                   are the mean energy collected by the ions  

 

j (in eV)  (where, j refers to ion A,  B or C) at the surface of  the catalyst 

particle [33] and                           

                             

                                                                                                       

 

 

is the ion collection current at the surface of catalyst particle, j (where, j 

refers to ion A, B or C ) (in sec
-1

).   

    In Solving Eq. (12), we consider that at rf power of 100W, and at τ=0 

feeding  ion density (niB0= niA0)=10
9
cm

-3 
,ion temperature Ti0 =2100K, 

substrate temperature Ts =550 
0
C, energy for bulk diffusion  Eb =1.6eV, 

substrate bias Us = -50V and catalyst particle radius rP0 =30nm in 

expression for ion collection currents ( IiActP , IiBctP and IiCctP ), we can 

calculate IiActP0, IiBctP0 and IiCctP0 .       

   Feeding IiActP0, IiBctP0 and IiCctP0 and the other parameters i.e.,�YVWr=          
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    =13.2 eV , YVXr= = 13.2 eV and YVrr=  =13.2 eV, IpA=11.87eV , IpB 

=10.7eV and IpC=12.21eV in Eq. (12), we can get the value of catalyst 

particle radius rP at any time  ] for Ts= 550
0
C . 

The terms on the right side of Eq. (12) is the rate of energy transferred to 

the catalyst particle due to the ions collected at the surface of catalyst 

particle because of ionization of neutral atoms A , B and C and mean 

energy collected by the ions at the surface of catalyst particle,  and due to 

the accretion of ions A , B and C at the catalyst particle site.  

 The resulting value of catalyst nanoparticle at time    serves as the initial 

base radius of the cylindrical part of nanotube. 

G. Growth rate equation of the curved surface area of CNT 
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The Eqs. (13 and 14) traces the development of the CNT on the catalyst 

nanoparticle. The height of cylindrical CNT surface is obtained from Eq. 

(13) in which we consider the growth of the cylindrical part of the CNT 

and the value of the height of the cylindrical CNT surface at time τ is then 

fed into Eq. (14) to determine the radius of spherical CNT tip (rct). The 

Eq. (14) specifically calculates the curved surface area of the spherical 

CNT tip. 

The Eq. (14) accounts only for the nanoparticle tip radius as bottom area 

is already determined by the catalyst nanoparticle because they seed 

nanoparticle growth on them. h(τ) is the  height of the  CNT at a time ] .   

The explanation for all the symbols used in Eq. (13) is given in Table 1. 

The explanation for all the symbols used in Eq. (14) is given in Table 2. 

The explanation for all the terms used in Eq.(13) is given in Table 3.   

The explanation for all the terms used in Eq.(14) is given in Table 4.     

Table 1. Explanation for all the symbols used in Eq.(13) 

S.No.  The notation of various 

symbols used in Eq.(13) 

The explanation for 

symbols in Eq.(13) 

1.                     (in cm
-2

) The number density or 

concentration of CH (CH 

denotes CH4 species)[24] 

2.   The number of adsorption 

sites per unit area [34] 

3. jcarbon=ncarbonvthcarbon/4  

(in cm
-2

 sec
-1

)   

 Ion flux of carbon atoms[24] 

 

4. vthcarbon (in cm sec
-1

) The thermal velocity of 

carbon atoms[24] 

5. jiA =niA(kBTi/ miA) 
1/2  

(in cm
-2

 Ion flux of type A and B, 

 15 2

0 1.3 10 cmν −≈ ×

 
0CHn

CH
θ ν=
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sec
-1

) and 

  jiB =niB(kBTi/ miB)
 1/2   

(in cm
-2

 sec
-1

) 

respectively 

6.                              

(dimensionless) 

Ratio of kinetic energy 

associated with the motion of 

hydrocarbon ions  impinging 

on the substrate to 

dissociation energy  of CH4 

[24] 

7. niB (in cm
-3

) Number density of type B 

ions i.e., hydrogen ions 

8.  YV9[  (in eV) Kinetic energy associated 

with the motion of 

hydrocarbon ions impinging 

on the substrate [34] 

9.  YMV=(in eV) Dissociation energy  of CH4 

10. 
    

16 26.8 10 cm−≈ ×  Cross section for the 

reactions of atomic hydrogen 

with adsorbed particles[24]    

11. n
iC  (in cm

-3
) 

Number density of C 

ions(i.e., carrier ions)
 
 

12 Ds and   

               is a constant 

 (in nm
-2 

sec
-1

) 

 

Surface diffusion coefficient 

[34] 

13. Es= 0.3 eV Energy barrier for diffusion 

 
adsσ

 /d icH disy ε ε≈

 
exp( / )

0
D D E k Ts s sBs
 
  

= −

 2

00
D a

s
ν=
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of carbon (C)  on the catalyst 

[34] 

14. a0 =0.34 nm Inter atomic distance between 

carbon atoms 

15.      (dimensionless) Total surface coverage[24] 

16.      =1.3eV Energy due to thermal  

dissociation[34] 

17.           (dimensionless) Sticking coefficient of CH4 

neutrals 

18.       (dimensionless) Sticking coefficient of carrier 

gas i.e., of either Ar/N2/NH3 

19.   mcarbon =12 amu The mass of a carbon atom 

20.    miA =15 amu for CH3
+ 

              
= 16 amu for CH4

+
 

 

The mass of type A(methyl) 

ions 

The mass of type A(methane) 

ions 

21.        (in µm) Height of CNT at time ] 

 

22. niB (in cm
-3

) Number density of type B 

ions i.e., hydrogen ions 

23. ICH4ctcys (in sec
-1

) Methane neutral atom 

collection current at the 

surface of cylindrical CNT 

24.      ICctcys(in sec
-1

) Carrier gas neutral atom 

collection current at the 

surface of cylindrical CNT 

 
tθ

 
tδε

 

4
CH
γ

 
C
γ

 ( )h τ



283 

 

25.  kB=1.38x10
-16 

ergs/K Boltzmann’s constant 

26. Ts=550 
0
C Substrate temperature 

27. rp=30 nm Initial radius of catalyst 

particle 

28. %_ = 8.908 g/cm
3
 Density of nickel (Ni) 

29.             (dimensionless)
 

Surface coverages of CH4 

species[24] 

30. ν = 10
13 

Hz Thermal vibrational 

frequency[34] 

31.   IiActcys(in sec
-1

) Ion collection current of  

hydrocarbon(i.e.,  A ) the 

surface of cylindrical CNT 

 

   Table 2. Explanation for all the symbols used in Eq. (14) 

S. No.  The notation of various 

symbols used in Eq.(14) 

The explanation for symbols 

in Eq.(14) 

1.   jiB =niB(kBTi/ miB)
 1/2

(in cm
-2

 

sec
-1

) 

Ion flux of hydrogen (B ion) 

2. Ti (in K) Ion temperature 

3. Eb 1.6eV≈  Energy barrier for bulk 

diffusion[24] 

4.    PY^(   (in eV) Energy due to dehydrogenation 

of CH4 [34] 

5.        (dimensionless) Total surface coverage [24] 

6.        (in µm) Height of CNT at time ] 

7. rct(in nm) Radius of spherical CNT tip 

 
CH
θ

 
tθ

 ( )h τ
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Table 3. Explanation for all the terms used in Eq.(13) 

S.No. The mathematical    

Expression for terms in 

Eq.(13) 

The detailed explanation for terms 

in Eq.(13) 

1. 
2 exp

Etn
k TCH sB

δ
ν

 
 
 
 

−

 

The generation of carbon atoms on 

the catalyst surface due to thermal 

dissociation of methyl ions[24] 

2. 2 j y
dCH iA

θ
 

Ion -Induced dissociation of CH4  

[24] 

3. 2 j
iA  

Decomposition of positively charged   

hydrocarbon ions  

4. j j
ads iBiA

σ

ν  

 Interaction of hydrocarbon ions  

with hydrogen ions [34] 

5. j
carbon  

Incoming flux of carbon atoms 

6. j
iA  

Incoming flux of hydrocarbon ions  

per unit time onto the catalyst 

particle 

7. j j
HadsiA

σ

ν  

Interaction of adsorbed type A ions 

with atomic hydrogen from 

plasma[24] 

8. (1 )j tiA
θ−

 
 Adsorption of hydrocarbon ions onto 

the catalyst-substrate surface[34] 

9. 
exp

Etj
k TiA sB

δ 
 
 
 

−

 

Thermal dissociation of CH4[34] 
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10. 
2

2

D rs p

r pp

π

π ρ

×

 

The surface diffusion of various  

species onto the catalyst surface 

across the catalyst nanoparticle per 

unit area per unit mass density[34] 

11. 2

4 4

r I ctcysPCH CH
γ π

 

Accretion of neutral methane atoms 

to the cylindrical surface of CNT 

12. 2r I
PC Cctcys

γ π
 

Accretion of neutral carrier gas atoms 

to the cylindrical surface of CNT 

 

Table 4. Explanation for all the terms used in Eq.(14) 

S.No.  The Mathematical  

Expression for terms in 

Eq.(14) 

The detailed explanation for terms 

in Eq.(14) 

1. 
exp

E
bj

k TiB sB

 
 
 
 

−

 

Hydrogen atom  diffusing into catalyst 

- substrate surface
 
[34] 

2. 
exp

E
thj

iB k TsB

δ 
 
 
 

−

 

 Incoming flux of hydrogen due to the 

dehydrogenation of CH4[24] 

3. (1 )j tiB
θ−

 
 Adsorption of hydrogen ions to the  

  catalyst - substrate surface[34] 

4. j
iB  

Decomposition of  hydrogen ions 

5. j y
iB dCH

θ
 

Ion induced dissociation of CH4[24] 

6. 
exp

0

E
i

k TCH sB

δ
θ ν ν

 
 
 
 

−

 

Incorporation of hydrogen ions due to 

thermal decomposition of hydrocarbon  

ions[24] 

7. ( )h τ  Height of CNT at time ] 

8. niB Number density of type B ions i.e., 
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hydrogen ions 

9. 2 IrctC Ccts
γ π

 
Accretion of neutral carrier gas atoms 

at the spherical CNT tip  

 

9.4: Numerical Result and Discussions 

In the present chapter, we are studying the effect of different carrier gases 

and their flow rates on the growth of CNT through the PECVD process. 

In a PECVD process, the applied power dissociates the feedstock gas 

(e.g., methane CH4) and the dissociated species traverse through the 

plasma sheath following the decomposition of a hydrocarbon gas on the 

surface of the catalyst and bulk diffusion of carbon into the catalyst 

particle until saturation to eventually, form carbon nanostructures. 

Ions from plasma do usually deposit inhomogeneously on CNTs growing 

as a forest as reported in Burmaka et al. [35]. Therefore, in the present 

model, we assume the inhomogeneous deposition of ions on CNT 

growing in a reactive plasma medium assisted by the catalyst. 

In a PECVD chamber, there are three input gases: hydrocarbon gas, 

carrier gas and hydrogen gas.  In the present analysis, we investigate the 

effects of carrier gases on the growth of CNT in a reactive plasma 

medium. The three different carrier gases e.g., argon (Ar), ammonia 

(NH3) and nitrogen (N2) are considered.    The flow rates of all the three 

carrier gases are varied individually keeping the flow rate of hydrocarbon 

and hydrogen gas constant.  

The calculations have been formed to investigate the dependence of 

hydrocarbon and hydrogen number density, the height of cylindrical CNT 

surface and radius of the spherical CNT tip with time for different flow 
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rates of carrier gases by simultaneous solution of  Eqs. 1 to 14 at 

appropriate boundary conditions. 

The initial boundary conditions for the present calculations are at 

0τ = , ion number density ( niA0=0.5 ne0, niB0=0.5 ne0 and niC0=0.5 ne0) 

,neutral atom density (nA0=nB0=nC0=1x10
14 

cm
-3

), electron number density 

(ne0=1.12x10
9 

cm
-3

), electron temperature (Te0) =1.5eV, ion temperature 

(TiA0 ) =2200K,  neutral temperature(Tn0) = 2000K, mass of ion A ( )m
iA

= 

15 amu (methyl ion CH3
+
) and 16 amu  (methane ion CH4

+
 ), mass of ion 

B ( )m
iB

= 1amu for (H
+
)

 
, 2 amu for(

 
H2

+
)

 
and

  
3 amu for

 
(H3

+
),  mass of 

ion C ( )m
iC

=40 amu for
 
Ar

+
,17 amu for NH3

+
 and 28 amu for N2 

+
, 

coefficient of recombination of electrons and ions ( )0 0 0A B C
α α α≈ ≈

=1.12x10
-7

cm
3
/sec, constant κ  = -1.2 and density of Ni ( )P

ρ = 

8.908g/cm
3
.  

Other parameters used in the calculation are substrate temperature (Ts) 

=550
0
C, energy barrier for bulk diffusion (Eb)=1.6eV,  energy due to 

thermal decomposition of methyl ions�PYV   =300eV  ,dissociation energy  of 

CH4         =4.2eV, Ionization energies of neutral atom A (IpA ) = 8.96 eV, 

Ionization energies of  neutral atom B (IpB ) =6.86 eV,  the mean energy 

collected by the ion A at the surface of  catalyst particle  2YVW5     = 6 eV,  

the mean energy collected by the ion B at the surface of  catalyst particle           

 2YVX5 = 11eV, sticking coefficient of electron 2Us5 = 1, sticking 

coefficient of ion 2UV85 =1 , chamber surface area (Ssurf) = 3918.72 cm
2
 , 

average thermal velocity of electrons (vthe) = 
66.48 10× cm/s, chamber 

 ( )disε
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volume (V) = 18488.32 cm
3
 ,and average thermal velocity of ions  (vthij) 

=
63.67 10×  cm/s. 

The flow rate of CH4 (JCH4) and H2 (JH2) is fixed at 6.0 sccm (standard 

cubic centimeter per minute) and 12 sccm, respectively. Three different 

carrier gases N2, NH3 and Ar  are considered and their flow rates are 

individually varied to study the effects of all the three carrier gases and 

their flow rates on the growth of the CNT by PECVD process. Flow rate 

of carrier gas (JC) is varied as 10sccm, 20sccm, and 30sccm. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Depicts the time evolution of number density of hydrocarbon ions ( in 

cm
-3

)  for different flow rate of argon carrier gas  (where a, b and c corresponds 

to JAr=  10sccm, 20sccm and 30sccm,respectively). The other parameters are 

given in text. 

   

 Fig. 1 displays the variation of the number density of hydrocarbon ions 

(in cm
-3

) with time for different flow rates of argon (Ar) carrier gas (i.e. 

JAr= 10sccm, 20sccm and 30sccm). It can be seen from Fig. 1 that as the 

flow rate of carrier gas is increased the number density of hydrocarbon 

ions increases. This may be ascribed  to the fact that with increasing  the 
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carrier gas flow rate , the ions  of carrier gas increases and they then react 

with neutrals of methane giving rise to ions of methyl, thereby increasing 

their number density within the plasma. The possible governing equation 

[15] for the above process is 

Ar
+
(Argon) + CH4 (Methane) →CH3

+ 
(Methyl) + H (Hydrogen) + Ar(Argon) 

 

 

 

 

 

 

 

 

 

 

 

  Fig. 2. Depicts the time evolution of number density of  hydrocarbon ions (in 

cm
-3

) for different flow rate of ammonia carrier gas  (where a, b and  c 

corresponds to JNH3= 10sccm, 20sccm and 30sccm,respectively). The other 

parameters are given in the text. 
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 Fig. 3. Illustrates the time evolution of number density of   hydrocarbon ions ( 

in cm
-3

) for different flow rate of  nitrogen carrier gas  (where  a, b and c 

corresponds to JN2= 10sccm, 20sccm and 30sccm,respectively).The other 

parameters are given in the text. 

  

Figs. 2 and 3 illustrates the variation of the number density of 

hydrocarbon ions (in cm
-3

) with time for different flow rates of ammonia 

(NH3) carrier gas (i.e., JNH3= 10sccm, 20sccm and 30sccm) and nitrogen 

(N2) carrier gas (i.e., JN2= 10sccm, 20sccm and 30sccm),respectively . 

The variation of the number density of hydrocarbon ions with flow rate of 

carrier gas and explanation for the process obtained in Figs. 2 and  3 are 

same as in Fig.1. When ammonia is taken as a carrier gas, the possible 

governing equation [36] for the above process is 

NH3
+ 

(Ammonia) + CH4 (Methane) → NH4 (Ammonia) + CH3
+
 (Methyl) 

Now, when nitrogen is taken as a carrier gas, then possible governing 

equation is  

N2 (Nitrogen) + CH4 (Methane) →no reaction  

But for N, the possible reaction [37] is 
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N (Nitrogen) + CH4 (Methane) → HCN
-
 (Hydrogen cyanide) + H2 

(Hydrogen) +H(Hydrogen) 

 

    

   

 

 

 

 

 

 

 

Fig.4. Illustrates the time evolution of number density of hydrogen ions (in cm
-

3
) for different flow rate of argon  carrier gas  (where a, b and c corresponds to  

JAr= 10sccm,  20sccm and 30sccm, respectively). The other parameters  are  

given in the text. 

  

             

 

 

 

 

 

 

 

 

Fig. 5. Depicts the time evolution of number density of hydrogen  ions (in cm
-

3
) for different flow rate of  ammonia carrier   gas  (where a, b and c 

corresponds  to JNH3= 10sccm,  20sccm and 30sccm,respectively). The other 

parameters are   given in the text. 
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Fig. 6. Depicts the time evolution of number density of  hydrogen ions ( in cm
-

3
)for different flow rate of  nitrogen  carrier gas  (where a, b and c corresponds 

to  JN2= 10sccm, 20sccm and 30sccm,respectively). The other parameters are 

given in the text. 

 

 Figs. 4, 5 and 6 displays the variation of number density of hydrogen 

ions ( in cm
-3

)  with time for different flow rates (in sccm) of  argon (Ar), 

ammonia (NH3) and nitrogen (N2) carrier gases, respectively. It can be 

seen from Figs. 4, 5 and 6 that as the flow rate of carrier gas is increased 

the number density of hydrogen ions decreases. This may be ascribed to 

the fact that with increasing the carrier gas flow rate, the density of both 

hydrocarbon and hydrogen ions does increase, but hydrogen ions being 

more reactive than hydrocarbon ions further react with higher 

hydrocarbon ions in the plasma thereby increasing the density of 

hydrocarbon ions but decreasing their own numbers within the plasma. 

The possible governing equations are 

Ar
+
+ H2 →Ar + H2

+ 

H2
+
+H2→ H3

+
 +H 
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 H3
+
+ Cx Hy →   CxH

+
y+1 + H2  

 

From Figs.1 and 4, Figs. 2 and 5, and Figs. 3 and 6, we can compare the 

time evolution of densities of hydrocarbon and hydrogen ion with the 

carrier gas inflow. It can be inferred from Figs.1 and 4, Figs. 2 and 5, and 

Figs. 3 and 6 that for the same carrier gas inflow, the hydrogen ion decays 

faster than the hydrocarbon ion which validates the fact that hydrogen 

ions are more reactive than the hydrocarbon ions and hence induces the 

formation of higher hydrocarbons within the plasma. 

 The increase in the number density of hydrocarbon and decrease in the 

density of hydrogen with flow rate of carrier gas is in accordance with the 

results of   Denysenko et al.[15].   

 

 

      

 

 

 

 

 

 

 

 

Fig. 7. Depicts the time evolution of height of CNT (in µm) for different flow 

rate of  argon carrier gas  (where a, b and c corresponds to JAr= 10sccm, 

20sccm  and 30sccm). The other  parameters are given in the text. 
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Fig. 8. Depicts the time evolution of radius of CNT (in nm) for  different flow 

rate of argon carrier gas  (where a, b and c  corresponds to JAr= 10sccm, 

20sccm  and 30sccm,respectively). The other parameters  are  given in the text. 

 

Figs. 7 and 8 illustrates the variation of height ( in µm)   and radius of 

CNT(in nm)  with time as a function of argon carrier gas inflow rate (i.e., 

JAr= 10sccm, 20sccm and 30sccm), respectively. It can be seen from Figs. 

7 and 8 that  both the height and radius of CNT increases with carrier gas 

flow rate. This may be ascribed to the fact that as the density of 

hydrocarbon increases with the carrier gas flow rate, a larger number of 

hydrocarbon and carbon radicals become readily available for CNT 

growth, thereby increasing its height. Now, the increase of carrier gas 

inflow leads to lesser number density of hydrogen ions, thereby reducing 

the etching effects of hydrogen and hence giving larger radius of CNT 

tip.  
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Fig. 9. Depicts the time evolution of height of CNT (in µm)  for  different flow 

rate of ammonia carrier gas (where a, b and c corresponds to 

JNH3=10sccm,20sccm and 30sccm, respectively). The other parameters are 

given in the text 

 

Fig. 9 illustrates variation of height of CNT (in µm) with time as a 

function of ammonia carrier gas inflow rate (i.e., JNH3= 10sccm, 20sccm 

and 30sccm). The height of CNT increases with inflow rate of ammonia. 

This is because as the density of hydrocarbon increases with the ammonia 

carrier gas flow rate, a larger number of hydrocarbon and carbon radicals 

become readily available for CNT growth, thereby increasing its height.  
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Fig. 10. Depicts the time evolution of radius of CNT (in nm) for  different flow  

rate of  ammonia carrier gas  (where a, b and c corresponds to JNH3=10sccm, 

20sccm, and 30sccm,   respectively). The other parameters are given in the text. 

        

Fig. 10 illustrates the variation of radius of CNT (in nm) with time as a 

function of ammonia carrier gas inflow rate (i.e., JNH3= 10sccm, 20sccm 

and 30sccm). The radius of CNT decreases with inflow rate of ammonia. 

With ammonia gas, the increase of carrier gas inflow leads to lesser 

number density of hydrogen ions. Now, in ammonia gas environment, 

there are nitrogen ions also along with hydrogen ions and although 

reduced hydrogen number density would decrease the etching of CNT by 

hydrogen ions. However, there would be some etching by nitrogen ions 

and hence the combined effect of etching by nitrogen and hydrogen 

would eventually result in reducing radius of CNT tip with gas inflow 

rate.  
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Fig. 11. Depicts the time evolution of height of CNT (in µm) for different flow 

rate of nitrogen  carrier gas (where a, b and c  corresponds to JN2=10sccm, 

20sccm and 30sccm,   respectively). The other parameters are  given in the text. 

 

 

 

 

 

 

 

 

  

 

 

  

Fig. 12. Depicts the time evolution of radius of CNT (in nm) for  different flow 

rate of nitrogen  carrier gas (where a, b and c corresponds to JN2= 10sccm, 

20sccm, and 30sccm, respectively).  The other parameters are  given in the text. 

         

 Figs. 11and 12 illustrate the variation of height (in µm) and radius of 

CNT (in nm) with time as a function of nitrogen carrier gas inflow rate 

(i.e., JN2= 10sccm, 20sccm and 30sccm). The height and radius of CNT 
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decreases with inflow rate of nitrogen. This may be ascribed to the fact 

that with the nitrogen carrier gas flow rate, a larger number of CN 

radicals formed in N2 environment, which are volatile at room 

temperatures, and reduces the carbon flux to catalyst particle thereby 

producing lesser height and radius of CNTs[38]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Depicts the time evolution of height of CNT (in µm) for different 

carrier  gases Ar, NH3 and N2 for a fixed flow rate of 10sccm for all the three  

carrier gases. The other parameters are given in the text. 
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Fig. 14. Depicts the time evolution of radius of CNT (in nm) for  different  

carrier gases Ar, NH3 and N2 for a fixed flow rate  of 10sccm for all the three 

carrier gases. The other   parameters are given in the text. 

 

Figs. 13 and 14 depicts the time evolution of the height of CNT (in µm) 

and radius of  CNT (in nm) for different carrier gases i.e., Ar, NH3 and N2 

for a fixed flow rate of 10sccm for all the three  carrier gases.  Finally, 

from Figs.13 and 14, we can see that the height of CNT (in µm) and 

radius of CNT (in nm) is largest for argon followed by ammonia and then 

nitrogen. Thus, one can conclude that argon is the best carrier gas among 

those considered in the present problem followed by ammonia and then 

by nitrogen for better growth of CNTs in a reactive plasma medium. The 

results obtained in the present model comply with the experimental works 

of  Kayastha et al. [6], Mi et al. [7], Jung et al.[8]
 
, Mi and Jia [10]  ,Qian 

et al. [11] and Malgas et al. [13]. 
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9.5. CONCLUSION 

 A theoretical model is developed to investigate the effects of three 

different carrier gases and their flow rates on the growth of CNT by a 

PECVD process. The three different carrier gases e.g., argon (Ar), 

ammonia (NH3) and nitrogen (N2) are considered and their flow rates are 

varied to investigate their effects on height and radius of CNTs.  The 

results hold good when, the flow rate of CH4 (JCH4) and H2 (JH2) is fixed 

and the substrate and catalyst temperatures are assumed to be the same. 

The initial ion number density and neutral atom density for hydrogen, 

hydrocarbon and carrier is assumed to be the same at 0.56 x10
9 

cm
-3

 and 

1x10
14

cm
-3

, respectively. The ion and neutral temperature for hydrogen, 

hydrocarbon, and carrier is taken to be the same at 2200K and 2000K, 

respectively. 

The main findings of the work can be summarized as follows: 

(1)  With Ar acting as a carrier gas, CNTs with better height and radius 

are obtained. This is due to the fact that number density of 

hydrocarbon increases and of  hydrogen ions  decreases  with  Ar 

carrier gas flow rate .The reaction mechanism is governed by 

Ar
+
(Argon) + CH4 (Methane) → CH3

+ 
(Methyl) + H (Hydrogen)+ 

Ar(Argon). Since increase in hydrocarbon density, makes carbon 

radicals readily available for CNT growth thereby contributing to 

height of CNT. The decrease in hydrogen ion density reduces the 

etching effects of hydrogen and hence giving larger radius of CNT 

tip. 

(2) With NH3 as a carrier gas, CNTs with better height but smaller 

radius are obtained. This is because number density of hydrocarbon 

increases and of  hydrogen ions  decreases  with  NH3 carrier gas 
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flow rate. The possible reaction equation is NH3
+ 

(Ammonia) + CH4 

(Methane) → NH4 (Ammonia) + CH3
+
 (Methyl). The increase in the 

height of CNT with ammonia flow rate is due to the larger 

availability of carbon radicals with hydrocarbon density. The 

reduction in radius of CNT is due to the combined etching effects of 

both hydrogen and nitrogen.  

(3) When nitrogen is taken as a carrier gas, both the height and radius of 

CNT decreases. The possible reaction equation is N(Nitrogen) + CH4 

(Methane) → HCN
- 

(Hydrogen cyanide) + H2 (Hydrogen) +H (Hydrogen). 

The reduction in both the height and radius of CNT with the 

nitrogen carrier gas  flow rate is because in N2 environment, a larger 

number of CN radicals formed which are volatile at room 

temperatures and reduces the carbon flux to catalyst particle thereby  

         producing lesser height and radius of CNTs. 

 

 

                                 

 

 

 

 

 

 

 

 

 

 



302 

 

                                          References 

[1] V. I. Merkulov,  A.V. Melechko , M.A. Guillorn, D. H. Lowndes and    

      M. L.  Simpson,   Appl Phys. Lett. 79 ,2970(2001). 

[2] M. S. Bell , K. B. K. Teo and W. I. Milne , J. Phys. D: Appl. Phys. 40,   

    2285(2007).  

[3] M. Su, B. Zheng, and J. Liu, Chem. Phys. Lett. 322, 321 (2000). 

[4] L. Delzeit, B. Chen, A. Cassell, R. Stevens, C. Nguyen, and M.  

      Meyyappan, Chem. Phys. Lett. 348, 368 (2001). 

[5] L. Delzeit, I. McAninch, B. A. Cruden, D. Hash, B. Chen, J. Han, and  

      M.  Meyyappan, J. Appl. Phys. 91, 6027 (2002). 

[6] Vijaya Kayastha and Yoke Khin Yap, Svetana Dimovski and Yury  

     Gogotsi, Appl. Phys. Lett. 85, 3265(2004). 

[7] Wanliang Mi, Jerry Yuesheng Lin, Qian Mao, Yongdan Li,  Baoquan  

      Zhang, J. Natural Gas Chem. 14 ,151(2005). 

[8]Minjae Jung, Kwang Yong Eun, Jae-Kap Lee, Young-Joon Baik,   

    Kwang-Ryeol Lee,Jong Wan Park,  Diamond and Related Mat.  

    10,1235(2001). 

[9]Yoke Khin Yap , Vijaya Kayastha , Steve Hackney , Svetlana   

     Dimovski  and ury Gogotsi,  Mat. Res. Soc. Symp. Proc.  818 (2004). 

[10]Wanliang Mi, Dongmei Jia, J. Chil. Chem. Soc 55, 153 (2010). 

[11] Hai-sheng Qian, Feng-mei Han , Bing Zhang , Yan-chuan Guo , Jun  

        Yue , Bi-  xian Peng , Carbon 42 , 761 (2004). 

[12]Setareh Monshi Toussi, Fakhru’l-razi, A. L. Chuah and A.R. Suraya,  

        Sains  Malaysiana 40,197(2011).  

[13 ]Gerald F. Malgas, Christopher J. Arendse, Nonhlanhla P. Cele, and  

        Franscious  R. Cummings, J. Mat. Sci. 43,1020 (2008). 

[14]Carolyn Reynolds, Binh Duong, and Supapan Seraphin, J.  



303 

 

        Undergraduate Res. in Phys. August 27, (2010).  

[15]I. B. Denysenko , S. Xu, J. D. Long, P.P. Rutkevych, N.A.  

       Azarenkov and K. Ostrikov , J. Appl. Phys. 95, 2713(2004). 

[16]W.B. Choi,  JU Chu, KS Jeong, EJ  Bae, J-W Lee, J-J  Kim, J-O Lee,  

        Appl. Phys. Lett. 79, 3696(2001).  

[17]WA De Heer, A Chatelain, D. A Ugarte ,Science 270,1179 (1995). 

[18]W.B. Choi, D.S. Chung, J.H. Kang, HY Kim, Y.W. Jin, I.T. Han,    

       Y .H. Lee,J.E. Jung, N. S. Lee,G. S. Park and J. M. Kim,  Appl.  

       Phys. Lett.  75, 3129   (1999). 

[19] W.I. Milne, K.B.K. Teo, G.A.J. Amaratunga, P. Legagneux, L.  

         Gangloff, J-P Schnell,V. Semet, V. T. Binh and O. Groening  ,J.  

         Mater Chem. 14,933(2004). 

[20 ]W.I. Milne, K.B.K. Teo, M. Mann, I.Y.Y. Bu, G.A.J. Amaratunga,  

        N. De Jonge, M. Allioux, J.T. Oostveen, P. Legagneux, E. Minoux,  

        L. Gangloff, L. Hudanski, J.-P. Schnell, D. Dieumegard, F. Peauger,  

        T. Wells, and M. El-  Gomati, Phys.  Stat. Sol. A 203,1058(2006). 

[21] H. Li ,J. Li J,C. Gu, Carbon 43,849(2005). 

[22] B. Gruner, M. Jag, A. Stibor, G. Visanescu, M. Haffner, D. Kern, A.  

        Gunther, and J. Fortagh., Phys. Rev. A 80,063422(2009). 

[23] M. Sode, T. Schwarz- Selinger, and W. Jacob, J.  Appl. Phys. 114,  

       063302 (2013). 

[24]H. Mehdipour, K. Ostrikov, and A. E. Rider, Nanotechnology 21,  

      455605 (2010). 

[25]M. A. Lieberman and A. J. Lichtenberg, Principles of Plasma  

             Discharges and Materials Processing (Wiley Interscience  

            Publication, USA, 1994). 

[26]http://www.physics.usyd.edu.au/~mmmb/plasma/Chapter5.pdf. 



304 

 

[27]K. Ostrikov and S. Xu, Plasma Aided Nanofabrication: From Plasma 

       Sources to Nanoassembly (Wiley-VCH, Weinheim, Germany, 2007). 

 [28]O. A. Louchev, C. Dussarrat, and Y. Sato, J. Appl. Phys. 86, 1736 

        (1999). 

[29]H. Chatham, D. Hils, R. Robertson, and A. C. Gallagher, J. Chem.  

      Phys. 79, 1301 (1983). 

[30]R. L. Mills, P. C. Ray, B. Dhandapani, R. M. Mayo, and J. He, J.  

       Appl. Phys. 92, 7008 (2002). 

[31]Sanjay K. Srivastava , A.K. Shukla , V.D. Vankar , V. Kumar, Thin  

       Solid   Films 492,124(2005). 

[32] I. Denysenko and N. A. Azarenkov, J. Phys. D: Appl. Phys. 44,  

       17403(2011) 

[33]M. S. Sodha , Shikha Misra, S. K. Mishra, Sweta Srivastava, J. Appl.  

      Phys. 107,103307(2010). 

 [34]I. Denysenko, K. Ostrikov, M. Y. Yu, and N. A. Azarenkov, J.  

      Appl. Phys. 102, 074308 (2007). 

[35]G. Burmaka, I. B. Denysenko, K. Ostrikov, I. Levchenko, N. A.  

       Azarenkov, Plasma Process. Polym. 11, 798(2014). 

[36]Michael A. Everest, John C. Poutsma, Jonathan E. Flad, and Richard  

       N. Zare,  J.  Chem Phys. 111, 2507(1999). 

[37] P.A. Gartaganis and C.A. Winkler, Can J. Chem. 34, 1457(1956). 

[38] Y. K. Yap, S. Kida, T. Aoyama, Y. Mori, and T. Sasaki, Appl. Phys.  

         Lett.73, 915 (1998). 

                                                   

 

 

                             



305 

 

                                    CHAPTER 10 

                   FUTURE SCOPE OF THE WORK 

 

 The work carried out in the thesis aims to study the growth of carbon 

nanotubes (CNTs) in a plasma medium with and without catalyst. The 

subsequent field emission from CNT is approximated based on the results 

obtained. The present thesis may help to provide a better insight into the 

growth of CNTs in a plasma environment and effects of plasma 

parameters (such as electron densities and temperatures, ion densities and 

temperatures) and process parameters (such as substrate bias, substrate 

temperature, flow rates of carrier gas etc.) on the growth profiles of CNT. 

The results may be extended to realize field emissions from CNT. The 

main findings of the work carried out in the present thesis can be 

summarized as: 

1. The plasma parameters (i.e., electron densities and temperatures, 

ion densities and temperatures) contribute to the growth of CNT 

with smaller radius in plasma environment. The spherical CNT tip 

and cylindrical CNT surfaces grow with smaller radius when 

subjected to higher plasma densities and temperatures. 

2. The presence of negative ions in a plasma environment is seen to 

enhance CNTs growth with smaller radii.  

3. The growth of CNT in different plasma mediums such as carbon 

tetraflouride, methane, hydrogen, and argon is studied and it is 

found that CNT grows with larger radius in carbon tetraflouride, 

followed by argon, methane and hydrogen plasma. 

4. The plasma composition affects the growth of CNTs and it is seen 

that if plasma is composed of heavy and light positive ions then the 
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growth of CNTs with smaller radii is enhanced as relative 

concentration of light to heavy ions is increased. 

5. The growth of CNTs on a catalyst-substrate surface in a plasma 

environment can be controlled more efficiently and CNTs with 

desired growth profiles can be grown in such cases. The 

hydrocarbon density and substrate bias contributes to CNTs with 

larger heights and increase in hydrogen ion density gives CNTs 

with smaller radii owing to its etching effects.  

6. The substrate temperature is set up to be an important parameter in 

the growth of CNT assisted by catalyst in a plasma ambiance. The 

height and radius of CNT increases with substrate temperature. 

7. Different carrier gases influences CNTs growth differently. The 

carrier gas such as argon gives CNTs with larger height and radius, 

CNTs with larger height but smaller radius are seen to grow in 

ammonia carrier gas whereas nitrogen carrier gas impedes both the 

height and radius of CNT. 

8. Based on all the above findings the field emission from the CNTs 

can be approximated. It may be seen that CNTs grown in higher 

plasma densities and temperatures, in presence of negative ions, in 

presence of heavy positive ions, in different plasma mediums such 

as hydrogen, with increased densities of hydrocarbon and 

hydrogen, and in different carrier gases with increasing flow rates, 

and at higher substrate temperatures would give better field 

emissions. 

 There is still a lot of work to be done and many questions that need to be 

answered before a complete picture of the growth of CNT in a plasma 

medium is painted. Some of the questions may be: 
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Q1. What is the exact role of radicals in the growth of CNT in a plasma  

         medium?  Are they detrimental to growth of CNT? 

Q2. The role of atomic hydrogen in the growth of CNT is still an  

        unanswered   question. 

Q3. There can be various combinations of substrates and catalysts for the  

       growth of CNTs and different combinations yield different  

       nanostructures ranging from nanofibres to nanotubes but the exact  

      reasons behind different nanostructures growth in different substrates  

     and catalysts needs to be looked  into? 

Q4. PECVD (plasma enhanced chemical vapor deposition) process is  

       largely preferred over the conventional CVD (chemical vapor  

       deposition) method for its low temperature growth and alignment  

       effects. But what temperature during a PECVD process really  

      qualifies to be called a low temperature ? Moreover, the electric field  

      alignment of CNTs may be an important avenue of research.   

Q5. Does the quest to achieve CNTs at low temperatures a deterrent to its  

       yield? 

All these questions among many others are yet to be answered before 

large quantities of CNTs at preferably low temperatures are obtained such 

that CNTs can be employed on larger scales for their more realistic 

applications. 
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