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ABSTRACT

This work present a theoretical model to study the growth of carbon nanotube with hemispherical
tip on the catalyst substrate surface in the presence of reactive plasma. The equation of charging
of CNT, balance equation of ions, neutrals and electrons number density, growth equation of
CNT and energy balance equation of CNT for hemispherical tip has been derived. The numerical
calculation of growth of CNT has been carried out. From the result we get the effect of ion
number density, substrate temperature, ion temperature and substrate potential on the height and
radius of CNT. It is found that the height of CNT increases as ion density increases whereas
radius of CNT decreases with increase in hydrogen ion density. Substrate temperature also has
the effect on growth of CNT. The field emission properties has been analyzed from result
obtained.
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CHAPTER 1

1. Introduction

1.1 Introduction to Carbon Nanotubes

Carbon nanotubes are the structural arrangement of carbon with a cylindrical
nanostructure. These structures of carbon such as carbon nanotube, graphene, Bucky balls,
graphite and diamond having only difference of hybridization of atoms of carbon. These
carbon allotropes having typical properties which could be useful for the fields of
nanotechnology, electronics, optics and some other fields like in materials. These carbon
nanotubes are of sp® hybridization [1]. When graphene sheet is folded cylindrically we got
single dimensional structure which is known as carbon nanotube. Due to there significant
properties and specific function these carbon nanotubes are one of the most important
structure of nanotechnology and Nano science. In the field of research carbon nanotube is
very important due to their electrical and optical properties. Various work has been going in

this field and other remarkable properties were discovered [2].
1.2 Structure of Carbon Nanotube

There is numerous way of process by which carbon nanotube structure is defined. One
possibility is also that carbon nanotube is obtained by rolling a graphene sheet in a very specific
direction, maintain the circumference of the cross section. Since the microscopic structure of the
carbon nanotube is closely associated with graphene. Additionally, the reference to graphene will
provide the theoretical deviation of many properties of carbon nanotubes. Fig. 1.1 and Fig. 1.2
shows the single walled and multiple walled carbon nanotube structure [3].

1.2.1 Single walled nanotubes (SWCNTYS)

These types of carbon nanotubes are geometrically folding of graphene sheet to form a
tube. Singled walled nanotubes diameter is in the range of few nanometers, but the tube length
can be many millions of times of diameter. Singled walled carbon Nanotubes exhibit electrical
properties that don’t seem to be shared by the multi walled carbon Nanotubes variants.

Especially their band gap will vary from 0 to 2 eV and their electrical property behavior is like



semiconductor and conductor in nature. Whereas the band gap of multi walled CNT is zero and it

will only behave like a perfectly conductor [4].

Fig. 1.1 Single Walled Carbon Nanotube

[http://www.univie.ac.at/spectroscopy/fks/forschung/ergebnisse/nanotubes.htm]
1.2.2 Multi Walled carbon nanotubes (MWCNTY)

Multi-walled carbon nanotube include many no of tubes in concentric cylinder, the number of
concentric walls varies from 6 to 25 or more and the diameter of multi-walled carbon nanotube is

in the range of 30 nm. These multi-walled carbon nanotube are highly conductive [5].

Fig. 1.2 Multi- Walled Carbon Nanotube

[http://www.excel-metal.com/nanoparticles.html]



1.3Geometrical Structure and type of Carbon Nanotubes

single walled carbon nanotubes are represented by various ways such as rolling a
graphene sheet and by rolling it posses certain plain of symmetry both parallel and
perpendicular with the axis as shown in figure 1.3(a) & (c) while other do not show
symmetrical property in 1.3 (b). when the folding in non symmetrical it is called as chiral or

helical nanotube as they do not superimposed on their mirror image [6].
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CHAPTER 2

2. Growth of CNT and Effect of Plasma on Growth of CNT

2.1Growth of CNT

There are various methods used for fabrication of CNTs. The main aim is to find a technique
that is easy, can produce cost effective CNTs of high quality, and with high rate of production
and that produces CNTs with minimum defects. Additionally, it is more important to be able to
control the diameter, chirality, the number of shells (for a MWCNT) and the purity, since all
these parameters will influence the properties [7]. There are several methods for synthesis of

CNTs, but three of them are considered as the general and widely known synthesis methods.

I.  Arcdischarge
Il. Laser ablation

1. Chemical vapor deposition

2.2 Arc discharge

This the first method used for the fabrication of CNT, It was originally used in the manufacturing
of the Cgo, due to its simplicity it one of the most common manufacturing methods. The mainly
used arc discharge technique is the electric charge method, also called as the electric arc
discharge. An electric arc discharge is produced between two graphite electrodes, which induces
the graphite to vaporize and condense at the cathode. The process is done in the presence of inert
atmosphere that consists of helium (He) or argon (Ar). Very high temperature is generated that
allows transition of carbon from solid- to gas-phase without passing through an intermediate
liquid phase [8]. The end product is soot that contains a complex mixture of fullerenes and other
carbon structures, such as CNTs. To obtain them, purification by gasification with oxygen (O) or
carbon dioxide (CO,) is necessary since other carbonaceous material needs to be removed. The
effect of gasification depends on the type of reactant that is used. To produce SWCNT there is
need of a metal catalyst. The typical yield for this method is about 30% and it is capable of
producing SWCNTs and MWCNTSs [9].
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Fig. 2.1 overview of synthesis method of CNT
[J. D. C. H.J. A. a. R. K. Jan Prasek, "Methods for carbon nanotubes synthesis—review,"
Journal of Materials Chemistry, vol. 21, p. 15872-15884, 2011]

2.3 Laser ablation

In this method it vaporizes a piece of graphite by treatment with a ND YAG laser in a
chamber at 1200 °C in a flow of inert gas, such as He or Ar. The vapor is carried with the gas
flow to a cooled wall of quartz tube where it condenses into a mixture of fullerenes and CNTs.
The laser ablation method is capable of yield up to 70% and is able to produce SWCNTs and
MWCNTSs. It is particularly known to give SWCNTs of high quality and purity [10].
Nevertheless, the equipment requirements and the large amount of energy consumed in the
synthesis by the arc discharge and the laser ablation method makes them less favorable in
production of CNTs. Controlled synthesis on substrates with ordered CNT structures has not
been possible for none of these two methods. The main technological drawback with these two
methods is that neither one of them are able to produce CNTs directly on a surface, which means
that they first need to be produced separately and then being manipulated onto substrates before
use [11].



2.4 CVD

CVD is a parental to a clan of methods where deposition of a solid material on a surface
is triggered by reactions with the predecessor gases in the chamber and the heated surface of the
substrate. The growth process of the CNTs includes decomposition of carbon containing gases
where carbon is diffused to a heated substrate which is coated with catalyst particles. The carbon
impasses to Growth and properties of Carbon Nanotubes these and acts as a nucleation site for
the origination of CNT growth. As long as the catalyst particles are supplied with carbon, the

growth process continues and particle is either on top or at the bottom during CNT growth [12].
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Base Grown CNT Tip Grown CNT

Fig. 2.2 catalyst particle at the Fig. 2.3 catalyst particle at the
Root of CNT Growth. Top of CNT Growth.
[http://www.aetherwavetheory.info/backup/chemie2/default.htm]

The CVD process provides good control of the growth rate and the diameter. Type of CNT
synthesized, depends on the temperature in the process and the size of the catalyst particle being
used.

I.  Low temperature, 600-900 °C, favors the growth of MWCNTSs

Il.  High temperature, 900-1200 °C, favors the growth of SWCNTSs



Since it is impossible to eradicate the catalyst particle during growth, post treatments are
necessary. Such a treatment can be high temperature heat treatment or acid washing. During
growth of CNT, it is common to find impurities, such as graphite compounds, amorphous
carbon, fullerenes, coal and un-reacted metal particles. Since the target is CNTs of high purity, a
purification step is required, which can be done by acid treatment, oxidative treatments in the
gaseous phase/liquid phase and ultrasound methods [13].

The two most significant parameters in the synthesis of CNTs by CVD is the size of the
catalyst particle and the carbon source. If the chosen carbon source is disapproving for growth
conditions one can end up with a mixture of SWCNTs and MWCNTSs, along with deposited
amorphous carbon. The formed amorphous carbon during the CVD process coats the catalyst
particle which reduces its activity and lifetime, and will affect the growth considerably [14].

The main benefit with CVD is that it permits more control over the morphology and structure of
the formed CNTs and can give controlled alignment, such as producing small freestanding
SWCNTs if the process parameters are controlled, instead of the “mixtures” which is obtained by
the arc discharge and laser ablation method. In addition, CNTs can be produced directly on
substrates without any further purification unless the catalyst particle is required to be removed.

The CVD is known to produce CNTs of high purity and offers a yield between 20 - 100%. Even
though it possesses capable characteristics, the main problem with this method is the scalability

and reproducibility in the production of CNTs [15].

2.5 Plasma Enhanced Chemical Vapor Deposition(PECVD)

PECVD and CVD use same gaseous sources, the most significant difference is that the CVD
uses thermal energy to decompose the hydrocarbons, but in the PECVD the molecules are
triggered by electron impact in the plasma. The disintegration takes place in non equilibrium
plasma, which is often mentioned to as the glow discharge. The glow discharge is often
generated by a high frequency power supply. As in the CVD, a catalytic particle is required to
produce CNTs. The main purpose of using plasma is to reduce the activation energy which is
needed for the deposition process. The growth temperature for producing CNTSs in the PECVD
could be lowered significantly; relative low substrate temperatures down to 300 °C can be used
[16].
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Fig. 2.4 Schematic Diagram of PECVD
[C. Binns, Introduction to Nanoscience and Nanotechnology, New Jersey: John Wiley & Sons,
2010, pp. 121-127.]

Due to the electric field which is produced by the high-frequency supply that is used to
setup a time varying electric field between the plasma and the electrode, the CNTs are capable to
grow perpendicular and allied on a surface, much like grass or pillars. This grants the option of
creating pattern of catalysts, which means that it is possible to grow CNTs in selected regions on
the sample’s surface [17].

PECVD has become the method for the commercial growth of CNTs because of its
simplicity, Controllability and the relative low synthesis temperature. Some of the drawbacks
with the PECVD method today are that the preparation is quite cumbersome. For instance, the
process of growing CNTSs on stainless steel involves polishing, etching in hydrofluoric acid and
hydrogen (H)/ammonia (NH3) plasma pre-treatment to create the catalyst particles [18].

In addition, the evidence from most of Growth and properties of Carbon Nanotubes the
CNT growth by PECVD up to now operates at almost equal temperatures as CVD which indicate
the absence of the benefits by using plasma, and it is not really clear how the carbon diffusion
step through the catalyst particle could be promoted by the plasma assistance yet Various works
have been done to study the CNT growth of plasma, the subsequent effects of rf power density,
temperature, rate of flow of gas on the growth rate, and dimensions of subsequent CNTSs.

The core tasks of the plasma in CNT growth is of course to ionize the gas, as well as to
cause a dissociation and diffusion of hydrocarbons into the catalyst particles and etch any a:.C
that may deposited on top of the catalyst particle thereby providing a Growth and properties of
Carbon Nanotubes steady support of carbon atoms. The plasma is also likely to provide a heating

effect to the sample, since it is subsequently exposed to conduction from hot gases as well as ion



bombardment. The additional heating effect leads to that less heat needs to be generated by the

external heater [19].

Plasma

radicals @ ® ©® @® ® @ Sheath Typical parameters
: Gas: SiH, [Silane], for «-Si
oL Ll region SiH,/0,, for S0,

SI{OCEH ‘.l.,,[TEOS] 0, [19%/99%)]
Pressure; ~200 -1000 mT
Temperature: 100-800°C
Substrate Plasma density: ~107 - 10% cm®
Electron Temperature: ~5-10 eV

Fig. 2.5 Hlustration and details regarding PECVD
[M. J. Goeckner, "Aspect of Plasma Processing: A brief overview of plasma science in industry,"
UTD, [Online].Available:
http://www.utdallas.edu/~goeckner/plasma_sci_class/Plasma%20Process%203%20Types.pdf.]

2.5.1 Plasma

Solid phase form when the thermal energy in a material is too low such that rigid bonds
between the atoms can form. Liquid phase form when the thermal energy is too high to allow
rigid bonds, but still low enough so that atoms stick to each other, just like slimy marbles. Gas
phase form when the thermal energy is high enough, such that no atoms stick at all, then
individual atoms is set free to fill the enclosure [20]. A further increase in temperature makes the
molecules come apart into free ions and free electrons forming a fourth gaseous state of matter
which is known as plasma. The new feature of this state which distinguishes it from an ordinary
gas is that it conducts electricity. If there is enough energy to free weakly bound electrons, there
is also enough to promote more deeply bound electrons to excited states which is why almost all
plasmas glows in the dark, such as stars, fluorescent lights, flames, the northern and southern

lights, meteor trails [21].



2.5.2 Working of PECVD

To be able to understand the mechanism that is involved in the growth of CNTSs, the basic
processes that occur in the plasma must be understood. The direct current (DC) reactor is the
simplest case, where a DC voltage is applied across a space filled with low pressure gas. The
glow discharge that is initiated can be divided into three regions that are visible, and is arranged
from cathode to anode [22].

I.  cathode dark space
Il.  negative glow

I1l.  faraday dark space

The DC discharge is maintained by the processes at the cathode and in the dark space which
creates an electrical field. Due to this field, growth of vertically aligned carbon Nanotubes
(VACNTS) is possible as it forces the CNTs to align in the direction of the field as they grow.
The ions are accelerated by the applied voltage and some of them bombard the cathode which
causes generation of secondary electrons that are accelerated away from the cathode. The
collisions excite molecules, and energetic electrons ionize some of them, which is the reason for
the negative glow. The thickness of the dark space is related to the electron mean free path. The
current in it is primarily carried by ions, while the current in the negative glow is primarily
carried by electrons. Thus, the negative glow has a low impedance region and most of the
applied voltage drops over the dark space. Since it varies from a few hundred um to a few mm,
several hundred volts can be created in the electric field, such as in the order of 103 V/mm [23].
The radicals that are produced in the plasma and the supplied feed gas drifts to the
substrate Surface. The radicals does not chemically react with the substrate, instead they
combine to form Stable chemicals (solids). lons are accelerated across the sheath which delivers
energy that is driving the chemical reaction(s) between the radicals and the surface material.
Since hydrocarbon decomposition is better activated by molecule collisions (plasma) and is done
at a much faster rate than by thermal pyrolysis, lower processing temperature should be allowed
which makes the PECVD more beneficial than pure CVD methods. The activation energy for the
breakdown of reactive species and their subsequent interaction with other species to form a

deposit in the PECVD is provided by the high kinetic energy of electrons in the plasma [24].

10



The electron density in the radio frequency PECVD (RF-PECVD) is much higher than in
the direct current PECVD (DC-PECVD) since DC waste a lot of its input power on accelerating
the ions whereas the desire is to use the power efficiently for generation of reactive species.
Higher electron densities result in higher ionization rates since the electrons are responsible for
the ionization rate and for the formation of reactive free radicals. One major advantage with the
RF is therefore its efficient decomposition of gas molecules and a clear difference is the higher
number of H ions present in RF, that can enhance the activity of the metal catalysts by reduction
and increase in the wetting ability. In addition, RF can also facilitate etching of a:C [25].

It is the best suited plasma source for deposition on large areas as the plasma is very
stable and homogenous. Because of the higher density of reactive radicals and the stability, the
RF-PECVD seems to be preferred for growing CNTs at low temperatures. The trend in the
industry is to move away from DC reactors and towards higher frequency plasma reactors. The
effect of 180 °C in the PECVD appears to be comparable to that of 750 °C in the CVD [26].

The main tasks of the plasma in CNT growth is of course to ionize the gas, as well as to
cause a dissociation and diffusion of hydrocarbons into the catalyst particles (which also depends
on the Temperature) and etch any a:C that may deposited on top of the catalyst particle thereby
providing a steady support of carbon atoms. The plasma is also likely to provide a heating effect
to the sample, since it is subsequently exposed to conduction from hot gases as well as ion
bombardment. The additional heating effect leads to that less heat needs to be generated by the
external heater.

2.5.3 lon bombardment

There is uncertainty whether bombardment is favorable or not for growth of CNTs. Some
believes that bombardment during CNT growth can introduce lattice defects which cause
bending and alternations of its diameter. How serious these defects are depends on the synthesis
temperature. When temperatures above 600 °C have been used, no damage by ion bombardment
to the CNTs has Growth and properties of Carbon Nanotubes been recorded, but when lowered
below 500 °C the growth rate is significantly decreased, which is most likely because that the ion

etching rate exceeds the growth rate [27]

11



2.5.4 Catalyst Particles

Since the quality and the structure of CNTs depends greatly on the properties and the type of
catalyst material being used, it is essential to study the catalysts. A key factor for controlling the
diameter and the number of shells in a CNT is to gain control of the catalyst particle’s diameter,
since they are the basis of the grown CNTSs. This means that growing SWCNTSs requires a strict
diameter control, and what usually makes it easier to produce MWCNTs. The generally
considered proper sized of Nano-particles to initiate SWCNT growth is approximately 1 nm.

One of the challenging tasks with catalyst particles is that it is difficult to define a specific
relation between the size of them and the resulting diameter of the CNT. Such factors have to do
with the reduced size and subsequent exhaustion of catalyst material during growth. This is
believed to be because of to ion-beam sputtering, loss of catalyst material due to evaporation of
metal atoms at high temperatures and dissolution of carbon species which tends to change the
size of the particles during synthesizing. One of the major functions of the catalyst particle
during growth is to function as an etch mask, by protecting the core of the growing nanostructure
from physical and chemical etching [28]. Only moderate size particles ensures a suitable carbon
supply for nucleation and growth of SWCNTSs at a given carbon feet rate which is given in fig.
2.7.

O T

Carbon feeding
SWNT growing c)

Underfed

a)

Poisoned

Fig. 2.7 (a) Smaller particles are too active and dissolve too much carbon at the beginning. The
excess carbon will form a thin layer of graphite that cover the surface of the catalyst particle and
will cut the carbon supply to the particle, hence no SWCNT can grow. (b) Shows a moderate
sized particle where SWCNT growth occurs. (c) The larger particles cannot efficiently catalyze
the decomposition of carbon stocks which makes them unable to supply enough carbon to
nucleate the SWCN

[S.a. J. R. C.T. Wirth, "State of catalyst during carbon nanotube growth," Diamond & Related
Materials, vol. 18, pp. 940-945, 2009]

12



CHAPTER 3

Theoretical Model of Growth of CNT

3.1 Model

In this model, we study the evolution of the CNT with hemispherical tip on the catalyst—
substrate surface in the presence of reactive plasma containing electrons, positively charged ions
of methyl (CH3") represented as ions A and hydrogen ions (H") represented as ions B, neutral
atoms of type A methane (CH,), and neutral atoms of type B hydrogen (Hz). We are taking
Silicon (Si) as substrate and Nickel (Ni) as the catalyst. The reactive plasma of Ar*, H," , CH, is
taken and CH, acts as a main source of carbon. As catalyst-substrate surface is in contact with
the plasma, In this model, we consider sheath kinetics. The direction of electric field produced
due to the separation of charge within the sheath region is along the z-axis [29].

The continuity equation [30].

i—?+V.(nu) =K —-N
K and N are the left over terms due to the collision part of the Boltzmann equation
K=V;mn,
continuity equation modifies to
V.(nu) = Vijn,, (3.1)
where ne is electron number density, V;; is ionization frequency, n and u shows the number
density and fluid velocity of electrons, by taking the effect of CHs", CH, , Ar and H" ion

momentum balance equation

Mnju, % =en;E — Mn;Vju;. (3.2

Here M is the mass of ions in plasma, w;is the fluid velocity, n;is no density, Vj,is the collision

frequency and E is the electric field.

13



To find out the potential within the sheath we use Poisson’s equation

daz2

@ is the electrostatic potential, &;is the ji ion to electron density.

I.  Charging of CNT

This equation shows how the charge is developed on the CNT (i.e. , a hemispherical tip over
the cylindrical surface) due to diffusion of positively charged ions and accumulation of electrons
on the surface of CNT (hemispherical tip over the cylindrical surface). Following Tewari and

Sharma [31], we can write

dqQ
P Line + Lincs + Iipe + lipes = VeUec + lect)- (3.4)

Here Q is the charge over the CNT (i.e. , a hemispherical tip over the cylindrical surface)

where

8K, T,

els
l,.=A m. n,(x) exp (Qae + FTS)

2
It is the electron collection current at the surface of hemispherical tip, A:% is the area of the

hemispherical tip.

n,(x) :neoexp(le]('@(:)) is electron number density in plasma sheath, @(x) is electrostatic
Bls
potential
|x|
P(x) = Boexp(~7-)
d
and oc, = — @, is the negative potential at the surface and 4, is the debye length.
cntfBle
KBTe
A, =
a n.e?

14



ZnKBTe eVS‘ eUS
Loct = e (x)rcnth ( me ) €Xp (@ * KBTe)

I..¢ 1s electron collection current on the CNT cylindrical surface and V; surface potential on the
cylindrical surface of the CNT and h is the height of the cylindrical surface of CNT, me is the

mass of electron [32].

2nKgT; 2 | el el
s = 1y Qb (L = L2 exp (i) erfel fimlexp(— o
L

tj

eUs
o= )

It is the ion collection current on the cylindrical surface of CNT, Tjis the ion temperature, m;;is

the ion mass where j refers type of charge i.e. , type A or type B.

fye = A [Z2Dyn; (0 (1 - Qe exp (—12) exp (- £2)

It is the ion collection current to hemispherical tip of CNT, A= —* Rint is the area of the

hemispherical tip.

where n;; (x)=n;j, <1 — Z:f’(f)> shows ion density in plasma sheath,v;, is ion velocity at any

t¥io

2

point within the plasma and a; = ——
cntfB1i

when substrate bias potential increased CNT develops more negative charge on the surface this
would increase the thickness of plasma sheath and this increase the negative substrate bias and it

accelerates the positive ion species [32].

15



Il.  Growth rate equation of electron density

The equation shows the balance of electron number density in the plasma bulk on process of
ionization, recombination, and electron collection current coefficient of ionization of the

constituent neutral atoms due to external field is given by B;. Following Tewari and Sharma [31],

We can write
dne
;Lt = (ﬁAnA + ﬁBnB) - (aAneniA + aBneniB) - Venct(lec + Iect)- (35)

a;(T,) = ajo (B'Tﬂ)" is coefficient of recombination of positively charged ions and electrons.

n, is an electron number density n;, and n;gzare the ion no density of ions A and B respectively.

In the Eq. (3.5) first term shows the rate of gain in electron density per unit time due to
ionization of neutral atoms; the second term is the decaying rate of the electron density due to
electron—ion recombination. The last term is electron collection current at the surface of the CNT

(Hemispherical tip over the cylindrical surface) [33].
1.  Growth rate equation of positively charged ion density
The equation shows the balance of positively charged ions in plasma bulk due to ionization

of neutral atoms, recombination of ions and electrons, ion collection current at CNT surface,

their adsorption, desorption, and thermal dehydrogenation. Following Tewari and Sharma [31],

we can write
an;
d_;A: (,BAnA —Oy neniA) - ncnt(IiAc + IiAcs) — Qaia t+ Pdesorption (36)
an;
d;B: (,BBnB - aBneniB)'ncnt(Ich + Ichs) - (paiB+(pdesorption+<pth (3'7)

where adsorption flux on top of the catalyst substrate surface is ¢; j:L, Pi is the partial
fznminBTi

pressure of adsorbing species, @ zesorption = Pij¥exp(— K‘ELTi)is the desorption flux fromthe
BTij

catalyst-substrate surface, j refers to type of ions A or B, y is the thermal vibrational frequency,

E,; is the adsorption energy, ¢;; is the ion flux on the catalyst substrate surface [34].
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Oen=puyexp(— I‘ig—tT”)is the flux of type B ion (H") on report of thermal dehydrogenation. §e,, is
Bis

the activation energy of thermal dehydrogenation, ¢yis the hydrogen ion flux at catalyst-
substrate surface. The first term in Egs. (3.6) and (3.7) shows about the gain in ion density per
unit time on the basis of ionization of neutral atoms, the second term is electron-ion
recombination. The third term is ion collection current to the surface of the CNT (hemispherical
tip over the cylindrical surface). The fourth term is loss of ions on account of their adsorption to
the catalyst-substrate surface and fifth term is the gain of ion density due to the desorption ion of
ions from the catalyst-substrate surface into plasma. The last term in Eqg. (3.7) explains the

increase of hydrogen ion number density in plasma due to thermal dehydrogenation [35].
IV.  Growth rate equation of neutral atom

The equation shows the balance of neutral particles in plasma due to recombination of
electrons-ions, ionization of neutral molecules, ion and neutral collection current on the CNT

surface. Following Tewari and Sharma [31], we can write

d‘l’LA_

ar (¢4 NeNig — Pang) + Nene(1 = Via) Uiac + liacs) — NeneValac + Lacs) (3.8)
d
%z (aBneniB - ,BBnB) + ncnt(l - ViB)(Ich + Ichs) — NentVB (IBc + IBcs) (3-9)

where neutral collection current at the surface of Hemispherical tip of CNT is I;. and

2KpTy

mj

8KpTn _nriy - . . . _
L, =A —=n;, A= —2 is the area of hemispherical tip, Ijcs=n7cpnch
]

2

n; is the collection

current on the cylindrical surface of CNT.

via 1S the ion sticking coefficient and y, is the neutral atom sticking coefficient, T;, is the neutral
atom temperature, n; is the neutral atom density, and m; is the neutral atom mass. The first term
in Egs. (3.8) and (3.9) is 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 open of
the CNT. The last term is the accumulation of neutral atoms of species A and B on the surface of
the CNT [36].
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V.  Growth rate equation of the curved surface area of CNT

Following Tewari and Sharma [31], we can write

d(2rmh
Tent ( “ )— [{2n.ny exp(

) +20cPia¥a t 20ia t Pin0aasPis + Pcyme +

Dg2Ttrent I

{QDLA(]- - Ht) + PianOaasPH + (plAVeXp( SEt/KBT )}mlA] —2 iAcs + YcH3cs (3-10)

TTent

a2 d@2nrine)
( LEDEY P eXP( ) + QigY eXp( ) +@ip(1=0.) + @ip + Ocy (Pipya +

r©)
nip

SE;

(3.11)

Voyexp(—- ))}

VI.  Energy balance of Hemispherical CNT Tip.

d
E(mcnthTcnt) = Nect [Veggc + (1 = Ye)Vect (gesct KB) Tcnt] Kp[nce{vaTn +

Spct(1 = V) IT — Tene) + npeeOpee (T — Tene)] + [niAct(gisAs + IpA) + nBct(squs + IpB)] -

3 8KpTy 8KpTy
EKB[(l — Yai)Niace + NipeelTene — 4ma? {SU(Tfnt -TH+ [TlA mfl + ng ’ - ] Kp(Tene —
A mmp

Tn)}- (3.12)

Where m,, is the mass of the carbon nanotube, mc,: = (Vhemi sphericai tip +

Veytinarical surface)P» after expanding both the term we get m,,, = (; T ot T2 ).

&ic(2) = [(i ?x") Zx;;1KpT; shows the mean energy collected by ions at the surface of CNT.

This equation is divided in five parts, the first three term shows about the rate of energy
transferred to CNT surface due to sticking accretion and elastic collision by constituent species
of plasma. The last carried away by the 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 through radiation and conduction from the gas present.

where ngcy = OcyY, IS the number density, 6.y4is the total surface coverage of either C,H, or

CH, in this case, o, = ncy —2 of the ion flux carbon ions and vy, is the thermal velocity of C
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ions, 6E; is the thermal barrier, ¢;4 = n;4 %and (piB:niB% are the ion flux of type A and
iA iB

type B.

Equations (3.10) and (3.11) reflects how the development of the CNT on catalyst
nanoparticle takes place. The Eq. (3.11) deals with the height of CNT. The value of the height of
the cylindrical part of the CNT at time t is then served into Eq. (3.11) to determine the CNT
radius CNT (r.,,;).- Equation (3.11) precisely calculates the curved surface of the spherical CNT
tip. In Eq. (3.10), the first term in the first bracket defines the production of carbon atoms on the
catalyst surface due to thermal dissociation of methyl ions (with energy barrier §E;), second term
defines the ion induced dissociation of CH,. The third term signifies the decomposition of
positively charged ions of type A. The fourth term is the interface of ions with atomic hydrogen
from the plasma, fifth term is explanations for the incoming flux of carbon atoms per unit time
onto the catalyst particle. Similarly, the sixth term signifies the adsorption of type A ions to the
surface, seventh term is the interaction of adsorbed type A ions with atomic hydrogen from
plasma, and the eighth term is due to thermal dissociation of carbon source gas.

The I, 4. is explanations for the ion collection current on the growing cylindrical part of

the CNT. The term %r;”tdenotes the surface diffusion of species onto the catalyst surface
cntFp

across the catalyst nanoparticle per unit area mass density. Finally, the last term denotes the
sticking of neutral atoms of methane to the cylindrical surface of the CNT.

In Eq. (3.11), the first term signifies hydrogen atom diffusing into the catalyst-substrate
surface, the Second term is explanation for the incoming flux of hydrogen ion due to thermal
dehydrogenation of type A ions, third term is adsorption of type B ions to the surface. The fourth
term is the decomposition of positively charged ions of type B, fifth term is due to ion induced
dissociation of CHy,, sixth term is due to the incorporation of hydrogen ions due to thermal
dissociation of methyl ions. Equation (3.11) explains only for the nanoparticle tip radius as
bottom area is already determined by the catalyst nanoparticle because they are source of

nanoparticle growth h(t) is the height of CNT with time ¢.
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CHAPTER 4

4.1 Numerical Result and Discussion

This work shows theoretical model of CNT growth on the presence of catalyst surface in
reactive plasma. Reactive plasma comprises of numerous reactive species that frequently
transform into each other and new species as a consequence of numerical chemical reaction in
ionized form. Meanwhile throughout the nanostructure synthesis there are several processes
involved like dissociation, ionization, recombination etc., due to this, we consider reactive
plasma in our present model in its place of the multi component plasma.

In this model we assume that, the applied plasma power produces active species plasma,
which dissociates the catalyst particle into Nano-clusters required for CNTs nucleation and
growth. In a plasma medium, following processes takes place, specifically 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. Since, the substrate-catalyst surface is
in contact with the plasma, 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 electron and ion
collection current to the CNT surface due to plasma sheath has been consider in the present
model. The CNT considered in the present paper is SWCNT.

4.2 The Matlab ODE solvers used to solve simultaneous equation

dx;
E = fl(xlleJxS ,t)
dx,
E == fz(xl,xZ,x3, ey t)
dxs
W == f3(x1,x2,x3, vy t)
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The Matlab ODE solvers are accessed by calling a function of the form

[X, T]=ode solver name (@function name, time span,x,); where @function name=It handle to a
function which returns a vector of rates of change time span = a row vector of times at which the
solution is needed OR a vector of the form[start, end].

X, = avector of initial values

solver Implicit/explicit Accuracy

Ode45 Explicit 4™ order, medium accuracy

Ode23 Explicit 2"/3 order, low accuracy

0Odel13 Explicit Very accurate (13" Order)

Odel5s Implicit Anything from 1°-5" order

Ode23s Implicit Low accuracy (but may be more stable than ODE15s)
Ode23tb Implicit Low accuracy (but may be more stable than ODE15s)

We have simultaneous solve equation (3.4)-(3.11) which has been developed in theoretical
model, here for the solution of these differential equation we are using ode15s.

ODEZ15s should only be used for stiff problems. Because it is an implicit scheme, it will have to
solve (possibly large) sets of equations at each time step.

At each time step, ODE15s will solve a set of linear or non-linear equations, for which it will
require the Jacobian of F(t, x) . Since the routine was given no information on the Jacobian, it is
forced to calculate the full Jacobian, numerically.

After solving these ordinary differential equation we get the dependence of the height and radius
of the CNT on the plasma parameter (i.e., ion density of both type A and B ions and temperature
and pressure) by simultaneous solution of Egs.(3.1)—(3.11) at appropriate boundary conditions.
Att=0, Q =-1C, electron no density n,, = 1.12 x 10*°, ion number densityn;,, = 6.72 X
10°,n;5, = 4.48 x 107, neutral atom density n,, = 10° ngz, = 1015, initial height h=50 nm,

initial radius r,,; = 50 nm.
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Fig.1. It shows variation of charge w.r.t time on the surface of CNT

The above Fig. 1 shows the variation of charge on the CNT surface with increase in the
substrate potential. From this result we would know that as the substrate potential is increases
At (a) U; =-30V,(b) Us=-60 V, (c) U, = —120V,(d) U; = —180 V , the surface of the
CNT is more negatively charged.
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Fig. 2. It shows the variation of height of CNT for different ion density of and temperature of type A.
From the above fig. 2. We would know about the variation of height of CNT with the change
in temperature and ion no density At (a) n;40 = 1.2 X 10° cm™3,T;, = 1800 K (b) n;40 =
4.8 X 10%, T;p = 2000 K (C) nj49 = 5.6 X 10°, Ty = 2200 K.

As the temperature and ion number density increases the height of CNT is also increases.
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Fig. 3. It shows the variation of height of CNT with different substrate temperature.

When we increase the negative substrate potential on the surface of CNT negative more
charge is developed on surface.

At, (a) Ty = 1600 K , (b)T, = 1900 K, (¢) T, = 2200 K

Due to increase in substrate temperature rate of dissociation of methyl ion increased and
more deposition of carbon is takes place at the surface of CNT. It leads to increase in the

height of CNT with change in substrate potential.
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Fig. 4. It shows the variation of Radius of CNT tip for different ion density and temperature
of type B.

When the ion number density and temperature is changed then the variation in the radius of
CNT is taking place. At (a) n;go = 1.2 X 10%,T;, = 1800 K , (b) n;po = 5.6 x 101°, T}y =
2000 K, (C) n;o = 1.3 x 101, T;, = 2200 K.

It is attributable to the fact that the CNT tip is bombarded by hydrogen ions, which engraves
the CNT tip. At high temperature and density methane gas easily dissociate into carbon and
hydrogen ions, where carbon is responsible for the length of CNT while hydrogen shapes the
nanoparticle tip radius.

From the above fig. 4 we got to know that as the ion number density and temperature

increases the radius of the CNT hemispherical tip is decreases.
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CHAPTER 5

Conclusion

In this theoretical model, we are taking care of charging rate on the surface of the cylindrical
CNT with Hemispherical Tip. Kinetic equation of neutral atoms, ions and electron, growth rate
equation of the curved surface of CNT is also in the consideration due to diffusion and gradual
accumulation of additional layers of ions on catalyst nanoparticle addition is subjected to plasma
sheath is developed.

We are taking the radius of Ni catalyst fixed, which serve as the initial condition for the growth
of the nanotube. We came to know about the effect of ion density and temperature on the radius
and height of the CNT. The substrate bias effect on the charge of CNT and height of CNT is also
studied and result shows sufficient accuracy.

This work is useful for the manufacturing of the high aspect ratio carbon nanotube desirable for

the field emission device.
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