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ABSTRACT

This project puts forward a theoretical model to examine the growth of the carbon
nanotube (CNT) on top of catalyst substrate surface subjected to reactive plasma. Various
processes have been considered in this model, such as the charging rate of the CNT, kinetics of
electron, ions and neutral atoms. Also, the growth of the CNT due to diffusion and accumulation
of ions on the catalyst nanoparticles is taken into account. For characteristic glow discharge
plasma, numerical calculation on the impact of ion density, temperature and the substrate bias
over the growth rate of carbon nanotubes has been carried out. Through it, the change in radius,
height and the number density of hydrocarbon ions with time has been shown. Comparison has
been made between the two doped gases that are nitrogen and boron, and also with the undoped
condition. Along with it, the change in the concentration of the hydrocarbon ions in plasma along
the time is computed for three conditions (undoped, nitrogen doped and boron doped). The CNT
considered here has hemi-spherical tip as it provides better field emission which distinguish this
work from the work of Tewari and Sharma [31]. Different gases have been used in the process.
The mixture of gases includes hydrocarbon (CHj3), hydrogen (H,), nitrogen (N2) and boron (B). It
is obtained that the height of CNT increments with the number density of carbon ions and radius
of CNT reduces with hydrogen ion density. The nitrogen and boron acts as doping elements here.
It is found that nitrogen obstruct both the height as well as radius of CNT, whereas in boron, both
the radius and height increases in comparison to the nitrogen doping. The present work can serve
to the better comprehension of procedure parameters amid growth of hemispherical tip CNT

with cylindrical surface by a Plasma Enhanced Chemical Vapor Deposition (PECVD) method.
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CHAPTER |

1. INTRODUCTION

Carbon nanotubes have fascinated enthusiasm among researchers since they were
discovered. Due to their excellent physical and electronic properties, in addition with their
chemical inertness, make them promisingly helpful for applications as vast as electron-field
emitters, nanoelectrodes, material for scanning microscopy, electrochemical storage devices, fuel
cells, etc. They have high aspect ratio, high field emission characteristics, high surface area, and
excellent current stability.

Carbon nanotubes can be synthesized in various ways. Some of them are arc discharge
method, laser ablation method, chemical vapor deposition and so on. Here, in the present work
the growth of carbon nanotubes is done in the presence of plasma through Plasma Enhanced
Chemical Vapor Decomposition (PECVD) process. Plasma is considered as it is advantageous
over other methods. In plasma the incident particle has high energy due to ionization as
compared to neutral atoms in other processes. This increased energy provides high particle
reactivity, control of the surface reactivity. Hence the CNTs produced by this process have

improved structure, crystallinity and ordering [26].

In the presence of plasma a silicon substrate is taken in a stainless steel cylindrical
reactor. On this substrate a layer of catalyst is laid. Here the catalyst used is nickel. Then a
mixture of gases including hydrocarbon, hydrogen, nitrogen and boron is introduced in the
chamber. The plasma ionizes the various gases present in the chamber to form mixture of ions,
electrons, and neutral atoms. Hence multiple species are present which ionize, combine, and
dissociate continually to form new species through various chemical reactions. These active
species dissociate the catalyst particle to form nanoparticles on which the accretion of carbon

atom takes place and hence the carbon nanotubes grow.

A theoretical model is developed for the CNT growth in plasma having different gases.
The nitrogen and boron introduced act as the heteroatoms (i.e., doping elements) in the growth of
CNT. The model is explained through various processes such as the charging of CNT, balanced

equations of electron density, positively charged ions and neutral atoms. The growth rate
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equations are also considered here. The CNT presented in this model has hemi-spherical tip with

cylindrical curved surface.

Numerical simulation of the model is done and the comparison is shown through the
graphs plotted. Among the four gases present, hydrocarbon provides carbon atoms which
accretes on the catalyst nanonoparticle to develop CNT, hydrogen is used for the etching of CNT
and the effect of nitrogen and boron is that it impacts both the height and the radius of the carbon
nanotubes. When compared with each other both these gases have different effects on the
structure of CNT. These effects have been shown along with the undoped condition. Also, the
effect on the concentration of the hydrocarbon (CH3; taken here) is presented.
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CHAPTER |1

2. CARBON NANOTUBES (CNT)

2.1 Carbon Nanotubes (CNT)

Over the few decades, we have seen the discovery, progress and, in a few cases the
manufacturing and production of materials which can be said to come under a very small scale or
in other words are at nanolevels. These materials are produced on a large scale. Such
nanomaterials are comprised of inorganic or organic matter [1]. Carbon Nanotubes (CNTSs),
graphene, buckyballs, graphite and diamond are the structural arrangements of carbon atom.
These structural variations depend on the hybridization found in the arrangement. Graphene is
the arrangement of carbon atoms in planer form having sp? hybridization. CNTs are one-
dimensional cylinders having sp? hybridized atoms. They also contain some percentage of sp®
hybridized atoms which depends on radius of curvature of nanotubes. Nowadays carbon
nanotubes (CNTSs) and graphene have become one of the most intensively studied nanostructures
due to their prominent structural and electrical properties [2-4]. CNT is a hollow cylindrical one
dimensional carbon nanostructure. It has high electrical conductivity, large specific surface area,
excellent mechanical strength and flexibility. CNTs are very strong, even stronger than steel. If
we compare both we can say CNTs are 100 times stronger. Despite of its high strength they are
very light, one-sixth the weight of steel. Hence, these nanofibres can be used to fortify any
material [5]. Heat and electricity can conduct better by nanotubes than copper. To enhance the
conductivity CNTs are used in polymers. Due to strong bonding among the atoms CNTs are only
one of its kind and hence are very strong. Despite of its thinness (i.e. a few nanometers), it can be

as long as hundreds of microns.

Carbon nanotubes have different structures based on the changing in length, thickness, and
number of layers. How a grapheme sheet is rolled up to make CNT can affect their
characteristics, hence making it either metal or semiconductor. The graphite layer that forms the
nanotube seems as rolled-up chicken wire with a constant unbroken hexagonal mesh. On the

apex of these hexagons are carbon molecules.
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Graphene sheet

Carbon Nanotube model

Figl: Schematic of carbon nanotube made from rolled graphene sheet
[CNT technology overview - http://www.nanoscience.com/applications/education/overview/cnt-

technology-overview/]

2.2 Types of Carbon Nanotubes (CNT)
There are mainly two types of CNTS. They are:

(1) Single-walled carbon nanotube (SWNT) structure
(2) Multi-walled carbon nanotube (MWNT) structure

2.2.1 Single-walled carbon nanotube structure

There are three different shapes of single-walled carbon nanotubes. They are:

(1) Armchair
(2) Chiral and
(3) Zigzag
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Fig 2: Types of single-walled carbon nanotube

[Scarselli, M, P. Castrucci, and M. De Crescenzi. "Electronic and optoelectronic nano-devices
based on carbon nanotubes.” Journal of Physics: Condensed Matter ” 24.31 (2012): 313202]
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As the graphene is rolled up into a cylinder, that decides the shapes of the carbon nanotubes.
For example, we can imagine the rolling of sheet of a paper from its corners, hence it gives us
one of the shapes but when we roll the paper from its edges then it gives the other shape. A
figure of single walled nanotube is given below where the chiral vector (n,m) is defined.

a5

: ~w

a->

(72,0) zigzag

(72,72) armchair

Fig 3: SWCNT represented by a pair of indices (n,m) called the chiral vector

[Optical Investigation of Suspended Single Wall Carbon Nanotubes by David Lakatos, Budapest
University of Technology and Economics]

Nanotube’s electrical properties are directly affected by the structural design. The nanotube
is said to be metallic (i.e. highly conducting) when n-m is a multiple of 3, else it is a
semiconductor. Here among the three shapes, Armchair is always metallic whereas other shapes

make it a semiconductor.

2.2.2 Multi-walled carbon nanotube structure

Multi-walled nanotubes have two structure models. In the first model which is called Russian
Doll model, in which the carbon nanotube consists of concentric ring like structure having two
rings in which the outer nanotube has larger diameter than that of inner nanotube. In the second
model called as the Parchment model, instead of two grapheme sheets a single graphene sheet is
rolled multiple times around itself which resembles like a scroll of paper which has been rolled
up. The properties of multi-walled carbon nanotubes is similar to that of single-walled carbon
nanotube, but it has an advantage over single-walled carbon nanotubes, that is its outer layers of
nanotubes protects the inner layers from any outer chemical interactions. Also, these have higher

tensile strength than that of single-walled carbon nanotubes.
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2.3 Properties of Carbon nanotubes

The electrical, thermal, and mechanical properties of CNT’s are due to the atomic

arrangement of carbon atoms. Some of the properties are discussed below [6].

2.3.1 Electrical Conductivity

Metallic CNT are profoundly conductive materials. Chirality, the measure of twist of
graphene sheet, decides the conductivity of CNT interconnects. Contingent upon the chiral
indices, CNTs show either metallic or semiconducting properties. The electrical conductivity of
MWNTSs is very complex as their inter-wall communications non-consistently circulate the
current over individual tubes. In any case, a uniform distribution of current is seen across various
parts of metallic SWNT. Electrodes are put to determine the conductivity and resistivity of
various parts of SWNT rope. The calculated resistivity of the SWNT ropes is in the order of
10 Q cm at 27 °C, showing SWNT ropes to be the most conductive carbon fibres. It has been
accounted for that an individual SWNT may contain deformities that permits the SWNT to act as

a transistor.

2.3.2 Strength and Elasticity

Every carbon atom in a solitary sheet of graphite is associated by means of strong
chemical bond to three neighboring atoms. Accordingly, CNTs can show the most grounded
basal plane elastic modulus and subsequently are relied upon to be an extreme high quality fiber.
The elastic modulus of SWNTs is much higher than steel that makes them profoundly resistant.
Nanotube will bend when its tip is pressed; the nanotube comes back to its original state when
the force is removed. This property makes CNTs greatly valuable as probe tips for high
resolution scanning probe microscopy. Although, the present Young's modulus of SWNT is
around 1 TPa, yet a much higher estimation of 1.8 TPa has likewise been accounted for. For
various trial estimation procedures, the estimations of Young's modulus vary in the scope of 1.22
TPa — 1.26 TPa relying upon the size and chirality of the SWNTs. It has been seen that the
elastic modulus of MWNTSs is not emphatically subjected to the diameter. Principally, the moduli

of MWNTSs are corresponded to the measure of deformities in the nanotube walls.
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2.3.3 Thermal Conductivity and Expansion

CNTs can show superconductivity beneath 20 K (roughly —253 °C) due to the solid in-
plane C—C obligations of graphene. The solid C-C bond gives the extraordinary quality and
firmness against axial strains. Besides, the bigger interplane and zero in-plane thermal increment
of SWNTs results in high adaptability against non-hub strains. Because of their high thermal
conductivity and substantial in-plane development, CNTs show energizing prospects in
nanoscale molecular electronics, detecting and actuating devices, strengthening additive fibers in
functional composite materials, and so on. Recent estimations recommend that the CNT
implanted matrices are more grounded in contrast with exposed polymer lattices. In this way, it
is normal that the nanotube may likewise altogether enhance the thermo-mechanical and the

thermal properties of the composite materials.

2.3.4 Field Emission
Tunneling of electrons from metal tip to vacuum results in field emission phenomenon
due to use of strong electric field. Field discharge results from the high perspective proportion
and small diameter of CNTs. The field emitters are reasonable for the application in flat-panel
displays. For MWNTS, the field discharge properties happen because of the emission of electrons
and light. Without connected potential, the luminescence and light emission happens through the

electron field emission and visible part of the spectrum, respectively.

2.3.5 Aspect Ratio

High aspect ratio is one of the exciting properties of CNTs, to obtain similar electrical
conductivity; a lower CNT load is required. The high aspect ratio of CNTs has remarkable
electrical conductivity in contrast with the conventional additive materials, for example, choped

carbon fiber, carbon black, or stainless steel fiber.

2.3.6 Absorbent

Due to light weight, higher adaptability, high mechanical strength and predominant electrical

properties, carbon nanotubes and CNT composites have been flourishing as absorbing materials.
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Subsequently, CNTs develop out as perfect possibility for use in gas, air and water filtration. The
absorption frequency range of SWNT-polyurethane composites extends from 6.4-8.2 (1.8 GHz)
to 7.5-10.1 (2.6 GHz) and to 12.0-15.1 GHz (3.1 GHz). A considerable measure of research has
as of now been completed for replacing the activated charcoal with CNTs for certain ultrahigh
purity applications.

2.4 Production of CNTs

Various methods are utilized to deliver CNTs and fullerenes. In prior days, fullerenes were
manufactured by vaporizing graphite with a short-pulse, high-power laser strategy, while CNTs
were produced by carbon combustion and vapor deposition processes. Utilizing the prior
technique (plasma arcing) of creating CNTs in sensible amounts, an electric current was given
across two carbonaceous electrode in an inert gas. The plasma arcing strategy is principally used
to deliver fullerenes and CNTs from various carbonaceous materials, for example, graphite. The
CNTs are deposited on the electrode, while the fullerenes show up in the sediment. Plasma
arcing technique can likewise be applied within the presence of cobalt with 3% or more

concentration. Distinctive techniques for creation of CNTs are talked about underneath.

2.4.1 Arc Discharge Method

The most widely recognized and simplest approach to fabricate CNTSs is the carbon arc
discharge method. Utilizing this technique, a composite mixture of components is created that
isolates the CNTs from soot and the catalytic metals. Arc vaporization is utilized to create CNTs
by putting two carbon bars from end to end, isolated by an approximate separation of 1 mm, kept
in an enclosure. At low pressure, the enclosure is filled with inert gas. A high temperature release
between two electrode is made by applying a DC of 50 to 100 A. Due to the high temperature
discharge, the surface of the carbon electrode is vaporized and a small rod shaped electrode is

formed. The manufacture of CNTs in high yield fundamentally relies on upon the consistency of
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the plasma arc. CNTSs can also be produced by arc discharge method with liquid nitrogen.

j_ Anode

Mo

Gas inlet Vacuum

Fig 4: Laser Discharge Method
[H.W. Kroto, J.R. Heath, S.C.O’Brien, R.F. Curl, R.E. Smalley, Nature 318, 162-163 (1985)]

2.4.2 Laser Method

In 1996, a dual-pulsed laser was utilized as a part of synthesizing systems for manufacturing
CNTs with 70% transparency. Now-a-days, the laser vaporization procedure is utilized for
producing CNTSs. In this procedure, a graphite rod with 50:50 catalyst blends of cobalt and nickel
at 1200 °C in flowing argon is utilized to for preparing the sample. The uniform vaporization of
the objective can be accomplished by utilizing the initial laser vaporization pulse succeeds by a
second pulse. The quantity of deposition of carbon as residue is fundamentally minimized by the
utilization of these two progressive laser pulses. The bigger particles are broken by applying the
second laser pulse. The CNTs manufactured by this procedure are 10-20 nm in diameter and 100
pm or more long. The usual nanotube measurement and size distribution can shift for various
growth temperature, catalyst composition, and different procedure parameters. In the last few
years, the arc discharge and laser vaporization strategies are utilized to get top notch CNTs in
little amount. Nonetheless, both techniques experience the ill effects of the accompanying two

drawbacks:
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(1) The strategies utilize the evaporation of carbon source that takes after a unclear way to scale
up the generation with industrial standard and

(2) The CNTSs produced by vaporization strategy get blended with deposits of carbon. Hence, it
is very hard to purify, control, and gather CNTs for building nanotube gadget designs for

practical applications.

Reaction
chamber Furnace Water
cooled
collector

Graphite C deposits
target

Fig 5: Laser Ablation Method

[Nanostructured materials VIl Engineering week for an intelligent ecosystem, September 2014]

2.4.3 Chemical Vapor Deposition

From last two decades, carbon fibers and filaments are synthesized utilizing chemical vapor
deposition of hydrocarbons in addition to a metal catalyst. In this procedure, substantial quantity
of CNTs is synthesized by catalytic CVD of acetylene over cobalt and iron. Utilizing the
carbon/zeolite catalyst, fullerenes and groups of SWNTs can be synthesized along with the
MWNTSs. For the formation of SWNTs/MWNTSs from ethylene, a lot of research work has been
carried on that is supported by the catalysts such as iron, cobalt, and nickel. The late research
works have additionally shown the generation of SWNTs and DWNTs on molybdenum and
molybdenum-—iron alloy catalyst. A dainty alumina template with or without nickel catalyst is
accomplished utilizing the CVD of carbon with the pores. Ethylene can be utilized with reaction
temperatures of 545°C for Nickel catalyzed CVD and 900°C for an uncatalyzed procedure that
manufactures carbon nanostructures with open ends. Methane can likewise be utilized as carbon
source for synthesizing. High yields of SWNTs at 1,000°C are produced by -catalytic

decomposition of H2/CH, above cobalt, nickel, and iron. The use of H2/CH4 environment
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between a non-reducible oxide, for example, Al,O3 or MgAIl,O4 and one or more transition metal
oxides can create the composite powders containing uniformly scattered CNTs. Consequently,
higher extents of SWNTs and lower extents of MWNTSs can be accomplished utilizing the
decomposition of CH4 over the newly formed nanoparticles.

Reaction Heating

Water
Charl‘lnber y_coils cooled
(- N Y
() '\I‘ () ) O coll\lector
Outlet v C.H.a
ff \ Carrier Gas
/ - == - .
Quarz | O ) O\ O
tube
Substrate C deposits

Fig 6: Chemical VVapor Deposition Method

[Kumar, Mukul, and Yoshinori Ando. "Chemical vapor deposition of carbon nanotubes: a review
on growth mechanism and mass production.” Journal of nanoscience and nanotechnology 10.6
(2010): 3739-3758]

2.5 Using Plasma for synthesis of CNTs

Laser ablation, arc discharge and chemical vapor deposition (CVD) are the methods which
are generally used to synthesize CNTs. Among these, chemical vapor deposition (CVD) methods
offer the greatest potential for extensive scale and commercially viable synthesis of assembled
CNTs. CVD techniques have likewise been generally utilized as a part of ICs producing and in

this way existing facilities are appropriate for CNT growth.

Nevertheless, the synthesis of CNTs utilizing CVD technique requires undesirably high
temperature, which harms the electronic chip. A milder synthesis condition is required. Plasma-
enhanced chemical vapor deposition (PECVD) technique offers an answer for low temperature
production of CNTs. Similarly, PECVD strategies are additionally utilized as a part of ICs
fabricating for the development of oxide and nitride thin film and its change for CNT

development won't be a noteworthy issue. It is utilized to store materials like astounding Silicon
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dioxide and films can be deposited at low temperatures. Plasma is a key portion of this procedure

and this is the reason it is called plasma enhanced.

PECVD strategies incorporate free standing, individual and vertically aligned (VA) CNTs.
This one of a kind component recognizes PECVD from CVD and opens up the likelihood of
making nanodevices in light of single strand CNT. Change in catalyst support design, PECVD
reactor setup, plasma conditions and synthesis parameters altogether bring down the CNT
combination temperatures to 400-500°C. The PECVD strategies additionally offer the chance to

change the properties of CNTSs utilizing plasma and make new hybrid materials [7].

In PECVD, a cleaned substrate (essentially silicon) is coated with a metal that act as an
catalyst for CNT growth, for example, Ni, Fe, Co, utilizing different deposition techniques. The
coated specimens are put onto a heating plate in the center of the PECVD reactor, which is then
pumped down to a low base pressure (~1mTorr) to empty atmospheric gasses. At that point the
substrate is warmed to a temperature appeared to deliver carbon nanotubes (approx. 450 to
700°C). The carbon-containing and reacting gasses are brought into the chamber through a
system of mass flow controllers permitting to manage the flow rate and gas composition of the
mixture. Plasma is formed when a high voltage is applied across the electrode above the sample.
The decomposition of the gas is caused into its components because of the energy from heating
the substrate and the high voltage plasma. The definite development component of CNT
arrangement is not absolutely known, in any case it is likely that carbon from the precursor gas
disintegrates in the catalyst until it is supersaturated, and soon thereafter the carbon is
precipitated out of the catalyst in the form of carbon nanotube. The PECVD strategy takes into
consideration to control growth parameters to impact growth rate and diameter. The two most
vital components of this procedure are catalyst dependency and applied electric field. The
electric field orientation influences carbon nanotube growth alignment and CNTs which are

straight and perpendicular to the surface are produced.

As we are using plasma in this process we have various advantages. One among the
advantages is decomposition at low temperature which works awesome for materials which are
temperature sensitive or which changes their characteristics at high temperatures. In plasma a

specific amount of electrons are free due to partial ionization of gases, thus leaving atoms with
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positive and negative charges. In this manner, it responds extremely well to electromagnetic
fields. Plasma has diverse qualities of solids, fluids, and gasses and consequently plasma is
considered as discrete state of matter. Plasma does not have a fixed shape or volume unless it is
encased by a container. But, unlike a gas, it is enormously affected by a magnetic field.

Plasma Enhanced CVD System

inert Process
Gas Gas
il

RF Power

= - A —~ Waler
0| |
Vv | )

By-Products

Fig 7: Plasma Enhanced Chemical Vapor Deposition Method

[Chemical VVapor Deposition Reactors, Encyclopedia of chemical engineering equipment]

(http://encyclopedia.che.engin.umich.edu/Pages/Reactors/CVDReactors/CVDReactors.html)

The PECVD procedure utilizes an electrical energy to make a glow discharge which is
plasma; subsequently the energy is moved into a gas mixture. Plasma is accomplished by having
a Radio frequency in the AC range discharge in between two electrodes. The gases which are
present in the space between electrodes use RF energy to ionize and in this way changing the
different gasses that are in the PECVD chamber into reactive radicals, ions, neutral atoms and
molecules. The substrate can be maintained at low temperatures as the formation of reactive and
energetic species happens in the gas phase by collision. The wafers lie on a grounded aluminum
plate, which serves as the base electrode for setting up the plasma. The second electrode is
situated at close vicinity to the wafers. The PECVD procedure is generally utilized as a part of
the produces in depositing thin films on semiconductors with temperature-sensitive structures. It
can be utilized for deposit materials including Silicon Nitride, Silicon Oxide, Silicon Dioxide,
Silicon OxyNitride, Diamond like Carbon, Amorphous Silicon, and Poly Silicon. At low

pressure from a few hundred milliTorr to a few Torr, silicon dioxide can be produced by the
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combination of silane and oxygen. Silicon nitride can likewise be formed with silane and
ammonia in similar fashion. For the accumulation of Oxide, the thin film can be deposited from
tetraethylorthosilicate (TEOS) with plasma. Thin films can be deposited at high deposition rate
and good film stability in PECVD process which has low pressure environment and dual
frequency.

In comparison with other CVD process, one of the principle advantages of PECVD is that
the procedure can be carried out at low temperature while the deposition rate is practically
identical to other CVD process. PECVD usually operates at low temperature (100°C - 400°C).
The PECVD procedure utilizes both thermal energy and RF-induced glow discharge for
controlling chemical reaction. Electrons which are created by glow discharge collide with
reactant gases which dissociate them to initiate the reaction and hence are deposited as solid film
on the substrate. Less thermal energy is required by the system as a part of energy which is use to
start the chemical reaction is given by the glow discharge itself. In this manner, the temperature
can be kept at relatively low level contrasting with other CVD methods.

Some other benefit of the PECVD procedure is the great properties of the films being
deposited. The PECVD procedure can deposit a thin film with good dielectric properties. This is
essential to ICs manufacture as the transistor require a decent dielectric layer to keep up its
characteristics and execution. These films also have low mechanical stress. This can keep the
films being distorted and become non-uniform as a result of the uneven mechanical stress on it.
Great conformal step scope and superb consistency is provided by the PECVD procedure. The
films thickness over the step edge and level surface can be made uniform. This is an
extraordinary advantage of the PECVD when the manufacture procedure requires high step
coverage since a portion of the manufacture procedure may have a substrate with a few steps on
the surface. Despite the fact that the plasma framework makes a low temperature environment
for deposition, it has its own particular disadvantage to the fabrication procedure. The plasma
framework ionized the gasses and drives it to certain directions to deposit the material. The
plasma gasses will collide into the surface and the plasma could harm the films. Along these
lines, the gadgets may weaken amid the procedure. The other issue is that the plasma gas
dependably contains hydrogen in plasma nitrides. The hydrogen inside the plasma gas can react

with silicon or nitrogen to form Si-H and SiNH. This can influence numerous properties of the
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gadgets including UV absorption, stability, mechanical stress, electrical conductivity, and so on

[8].

2.6 Role of Heteroatoms (Doping Elements) on the growth of
CNT

Due to high aspect ratio, high chemical stability and thermal conductivity, carbon nanotubes
(CNTSs) show fabulous electron field emission properties. In comparison to the other existing
field emission devices, the field emission from CNT is viewed as the most encouraging
utilization of this nanostructure on the grounds that they give high values of current density.
Doping of CNTs is done by introducing an additional gas that can be nitrogen (N;), ammonia
(NHs), boron (B), argon (Ar), hydrogen (H,) etc. It is a viable approach to tailor the physical and
chemical properties of CNTs. When CNT is doped with certain element then its radius is
affected, also it affects the growth density of CNTs [9-14].

When a particular carrier gases is added to the PECVD reactor then it significantly changes
the growth rate and growth density of MWNTSs. This is founded by Kayastha et al. [9]. In
specific, when argon is added to acetylene (C;H>) then it increases the growth density of multi-
wall carbon nanotubes (MWNTSs) whereas, on adding hydrogen and nitrogen gases, the growth

density is decreased.

What are the effects on the structure and morphology of CNTs when ammonia and nitrogen
is added as carrier gases was investigated by Mi et al. [10]. They found that when CNTs were
grew in presence of ammonia then its diameter was larger in comparison to that in nitrogen gas.

Also, ammonia grown CNTSs had better alignment than that in nitrogen grown CNTSs.

Jung et al. [11] explored the growth parameters in different gas situations of nitrogen,
hydrogen, argon, ammonia, and their mixtures. It was additionally watched that in ammonia
environment highly improved CNT growth happens than in the mixture of nitrogen and

hydrogen environment.

16 |Page




The growth rate, growth density, and composition of MWNTSs can be changed in various
carrier gases; this was found by Yap et al. [12]. They examined the growth of CNT under various
conditions, for example,

(a) Pure acetylene,

(b) Acetylene and argon,

(c) Acetylene and hydrogen, and,
(d) Acetylene and nitrogen.

When argon was added, it diluted the acetylene and diminishes the quantity of acetylene
particles ractings on the iron (Fe) catalyst surface. The growth density of MWNTSs was reduced
by both nitrogen and hydrogen.

CNTs arrays has been grown on macro porous substrate by floating catalyst method in
the ammonia and nitrogen carrier gases for different time, is shown by Mi and Jia [13]. They

examined that the CNTs' grown in nitrogen had smaller diameters than that grown in ammonia.

Qian et al. [14] obtained the effect on size and circulation of carbon spheres when the
ratio of argon to hydrogen in the carrier gas decreases. They become smaller in such condition.

Likewise, pure argon supports carbon sphere’s growth, whereas pure hydrogen does not.

Malgas et al. [15] examined the impact on the morphology of CNT in the presence of
mixture ratios and N carrier gas. They found that carbon nanotubes with smaller diameters were

formed at the steady temperature of 750°C and at higher flow rates of nitrogen.

In the present thesis, | have attempted to show the probable causes for the diverse
observed behaviors of nitrogen and boron doping and its subsequent result on the growth of
CNT. I have attempted to clarify the conduct of doping by means of N, and B through a PECVD
procedure through the hydrocarbon’s number density and the number density of hydrogen

species made in doping gas environment and its repercussions on developing CNT.
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CHAPTER 111

3. THEORETICAL MODEL

Consider stainless steel reactor chamber having cylindrical shape and having a plasma source
was taken. Following Denysenko et al., [16], its inner diameter was taken as (2R) = 32 cm and
length (L) = 23 cm is taken into account. | have changed the number of hydrocarbons from that
of Denysenko et al. [16]. They have taken a vast number of probable hydrocarbons in their
theoretical modelling; however, | have limited the possible number of hydrocarbons here.
Numerous possible combinations of ions in hydrogen- argon plasma has been considered by
Sode et al. [17] such Ar*, H*, Hy", Hs", and ArH", yet this project considers CHs", H", H,, N2 and
B. Therefore, this project is hence relevant to the situations where higher hydrocarbons and

differed mixtures of ions in plasma are not considered.

Here | have used different notations for the different ions. For the hydrocarbons that is
the ions of methyl (CHs), they have been denoted by ‘A’; for the hydrogen ions such as H*, Ha,
the alphabet ‘B’ has been used to denote; and the carrier gas ions of nitrogen (N3) and boron (B)
has been denoted by ‘C’. A substrate of silicon (Si) has been considered here, over which a layer
of catalyst of nickel (Ni) is placed. The CH4 gas acts as the source of carbon, in the plasma

atmosphere considered here.

The throughout process is explained with the help of various equations which is given in

detail. 1 have considered equations for

(a) Sheath equations,

(b) Charging of carbon nanotubes,

(c) Growth rate equation for electron density,

(d) Growth rate equations for the positively charged ions (which in my case are CH3", H",
N," and BY),

(e) Growth rate equation for neutral atoms (i.e., CHs, H2, N2 and B),

(f) Rate equations for energy of catalyst particle and,

(9) Equations of growth rate of the curved surface area of carbon nanotubes.
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3.1 Sheath Equations

The sheath equations are given as follows, which are followed from Mehdipour et al. [18]

and Lieberman and Lichtenberg [19]:
(1) The continuity equation is as follow:

(A6+A6+k6)ﬂ( ) =
lax ] ay 9z AN U, ) = Vi,
(2) The ion momentum balance equation is given as:

dukx
My My Ujex =7 = = en E — myun vy, Uy,

(3) Poisson’s equation following Mehdipour et al. [18] is given as:

d*p(x)
dx2 = —4‘71'2 quknk

where Kk refers to either

Q) Electrons (e); or
(ii)  CHs" and H" ions; or

(iii) Nz and B ions.
The description of various symbols is given below:
m;, = mass of the species Kk,
n; = number densities of the species k,
n, = number density of electrons,
uy, = fluid velocity of the particle k,
@ (x) = sheath potential,
v, = ionization frequency,

v, = collision frequency with the neutrals,

(31D

- (3.2)

(33)
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qx = charge of the species k,
8, = k-thion to electron number density ratio,

YkO, = 1, and 0<6x<1 because the electron density is higher in plasma bulk than in the sheath,

and
e = charge of electron.

The plasma sheath width [31] is given by:

V3 2U
— S \3/4
A = 3 AaGo . (34)
where
Ay = :3:3 is the Debye length of the plasma

U, = substrate bias,
k= Boltzmann’s constant, and
T, = electron temperature.

In the present theoretical model, the ion-neutral collisions have been considered, and
these collisions accomplish importance at higher pressure. On the other hand, my model did not
embrace pressure impacts into record, but rather it has been accounted that with the increasing

neutral pressure, the sheath width decreases.

3.2 Charging of CNT

The equation portrays the charge created on the whole CNT (i.e., hemispherical tip set
over cylindrical surface), because of gradual addition of electrons and accumulation and
diffusion of positively charged particles on the surface of the CNT (i.e., hemi-spherical tip over

cylindrical surface).
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dQ

where

Q = charge over entire CNT, (i.e., hemi-spherical tip and cylindrical surface),

)

Jects = €electron collection current at the surface of the hemi-spherical CNT tip,

1

2 =

_ mrgnr (kpTe\?
]ects - 2 (TL'me> ne(x) exp (Q‘Se +

m, = mass of electron,

92
~ renr kpT,!
renyt = hemispherical CNT tip radius,

T, = substrate or catalyst temperature,

ne (x) = Neg eXp( kyT,
e

n, (x) = electron density in plasma sheath,

@(x) = @, exp <_Z> ,

¢ (x) = electrostatic potential,
@, = negative potential at the surface,

U, = sticking coefficient of electrons,

1
anBTe>? ( eV,
exp kT,

]ectcys =n, (x)rCNThCNT (
e

eU;
kgT,

|e|<.0(x)>

el

* kBTs

)

Jecteys = €lectron collection current on the cylindrical surface of the CNT,

I, = surface potential on the cylindrical surface of the CNT,

hent = height of cylindrical surface of the CNT,

E = ]iActs + ]iActcys +]cht5 + ]chtcys + ]iCcts + ]iCctcys — He (]ects + ]ectcys ) ’oe (35)

..(3.6)

. (3.7)

.. (3.8)

..(3.9)
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N| =

ZﬂkBTl') 2 ( eI/S )

Jiketeys = N () 1enrhent
Y ik
L

N =

ev; ev; E, eUs
+ exp (kBT-) erfc (kBT-> exp (— kBT)exp (— kBT) ..(3.10)

Jiketeys = ion collection current on the cylindrical surface of CNT,
T; = ion temperature,
my, = mass of ions (k refers to either A, B or C positively charged ions as explained earlier),

E}, = energy barrier for bulk diffusion,

-1/2
2ep(x)
i = n; 1- , . (3.11
Ny (X) Niko < Mk viz > ( )
n;, (x) = ion density in plasma sheath [20],
v; = ion velocity at any point within the plasma, and
1
5 1
_ WIéNT (SkBTi>2 B (_ E, ) (_ eUS)
Jiets = —5 ) e GO = Q8ilexp (== Jexp (— 1 - (3.12)

Jikets = 1on collection current on the hemi-spherical CNT.

eZ

S = ——
' TentkpTe

3.3 Growth rate equation of electron density

The equation depicts the parity of electron number density in the plasma in view of
dissociative ionization, recombination with ions, electron collection current, and loss of electron
due to collision to the reactor walls. Following Tewari and Sharma [31], | can write

dn
dTe = (Bang + Benp + Pcnc) — (anenia + Spnenig + Scnenyc)

— UeNeNT (]ects +]ectcys ) (313)
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B, = coefficient of dissociative ionization because of external field of the constituent neutral
atoms,
300)k

5.(T,) = 5, ( - .. (3.14)

&, = coefficient of recombination of electrons and positively charged ions,
n, = number density of electrons,

ny = number density of neutral atom A (hydrocarbon),

ng = number density of neutral atom B (hydrogen),

n¢ = number density of neutral atom C (nitrogen and boron),

n;4 = number density of ion A (hydrocarbon),

n;g = number density of ion B (hydrogen),

n;c = number density of ion C (nitrogen and boron),

neyr = number density of CNT, and

k = constant (=-1.2) [21].

In equation (3.13) each term is accounted due to some process described below,

Ist term = rate of gain in electron density per unit time due to dissociative ionization of neutral
atoms,

IInd term = decaying rate of the electron density because of the electron—ion recombination, and
I11rd term = electron collection current at the surface of the CNT (hemi-spherical tip placed over

the cylindrical surface).

3.4 Growth rate equation of positively charged ion density

Because of dissociative ionization of neutral atoms, recombination of electrons and ions,
particle collection current at CNT surface, their adsorption, desorption, and thermal
dehydrogenation, the following equations portray the balancing of positively charged ions in
plasma. Following Tewari and Sharma [31],

dn'A
d;_ = Bany — 6NNy — Nenr (]iActs + Jiacteys ) — Paia T Pdesorp.ia T z Rymync ... (3.15)
;
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+ z Rinpnyc
7

e Bene — Scnenic — nenr (Jicess + Jiccteys ) = Paic + Pdesorp .ic

+ Z Riynyn;c + Z Ripnpnyc
i 7

where

OP v
(2mmy kBTi)l/z

Paik =

@aik = adsorption flux over the catalyst substrate surface,
dP = partial pressure of adsorbing species [22],

v = thermal vibrational frequency,

E,
Pdesorp .ik = Nk UV €XP (_ kBT)
i

Pdesorp ik = desorption flux of ions from the catalyst —substrate surface,

E, = adsorption energy [22],

EaTH)

Pt = NyV €Xp (_ kT
N

@, = flux of type B ion (hydrogen) due to thermal dehydrogenation,
E,ry = activation energy of thermal dehydrogenation,

ny = hydrogen ion number density on the catalyst- substrate surface,
R;; = rate of reaction (=1.05x10*°cm®/s) [23], and

R;, = rate of reaction (=2.7x10*°cm®/s) [24].

dr - Beng — 8pnenig — nenr (Jigees + JiBcteys ) — Qaip + Pdesorp iB T Pen

..(3.16)

. (3.17)

..(3.18)

..(3.19)

..(3.20)

24| Page




In equations (3.15) - (3.17) each term is accounted due to some process described below:

Ist term = gain in ion density per unit time due to ionization of neutral atoms,

IInd term = electron-ion recombination,

I1lrd term = ion collection current on the surface of the CNT (hemi-spherical tip over the
cylindrical surface),

IVth term = loss of ions due to their adsorption on the catalyst —substrate surface,

Vth term = gain of ion density because of the desorption of ions into plasma from the catalyst-
substrate surface, and

Last term = gain in ion number density because of neutral/ion reactions [16].

In equation (3.16),
@, term = increase of hydrogen ion number density in plasma due to thermal dehydrogenation.

3.5 Growth rate equation of neutral atoms

In case of recombination of electrons and ions, dissociative ionization of neutral molecules,
ion and neutral collection current over the CNT surface, the following equations explains the

balance of neutral particles in plasma. Following Tewari and Sharma [31],

dnA
ar Sanenia — Bana + nenr (1 — pia) (Jiaces + Jiacteys ) — nenrita Jaces + Jacteys )
_ZRilnAniC (321)
B
dnB
a Spnenip — Bpng + neyr (1 — .UiB)(]chts + JiBcteys ) — NenTUB (]Bcts + JBcteys )
_ZRiZaniC (322)
B
dnc
dr Scnenic — Bene + nenr (1= pic) Uicees + Jiceeeys ) = Nenriic Ucees + Jeeteys )
- z Riyngn;c — Z Rppngnyc , ..(3.23)
i B
where
2 1/2
nréyr (8kgT,
Juets == ( nmk") n .. (3.24)

25| Page




Jrets = neutral collection current on the surface of the hemi-spherical CNT tip,

ZkBTn)l/zn
k

]kctcys = 7TTCNThCNT ( (325)

Jreteys = neutral collection current on the cylindrical surface of CNT,
Ui = ion sticking coefficient (=1),

w,. = neutral atom sticking coefficient (=1),

T, = neutral atom temperature,

n; = neutral atom density, and

m;, = neutral atom mass.

In equations (3.21) - (3.23) each term is accounted due to some process described below:
Ist term = gain in neutral atom density per unit time because of electron—ion recombination,
IInd term = decrease in neutral density because of dissociative ionization,
[1ird term = gain in neutral density because of neutralization of the particles collected on the
surface of the CNT,
IVth term = accretion of neutral atoms of species A and B at the surface of the CNT [21], and

Vth term = loss in number density because of neutral and ion reactions [16].

3.6 Rate equation for energy of catalyst particle

Following Tewari and Sharma [31]
d
T'f power = Cst E (mcat)
= []iActcat (EmiAc + EcatA) +]L'Bctcat (Emch + EcatB) +]iCctcat (EmiCc + EcatC )]

3k
- _B [(1 — Uy )]iActcat + (1 - .uBi)]chtcat + (1 - .uCi)]iCctcat ]Ts (326)
2

where

2

— 3
Mege = § T cat PNi

m,; = mass of catalyst particle,
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r.q: = radius of catalyst particle,
pni = Mass density of catalyst particle,

C, = specific heat of the catalyst particle (= 0.44 KJ/Kg °C),

E.otnrEcatp» Ecarc = 10nization energies of atom A (CHs3), B (Hy) and C (either N, or B),
respectively [21],

Here, both the substrate and catalyst temperature is assumed to be same.

(@2 = Qu)
Emike (Q) = ((m) - Q.uki) kpTi . (3.27)

Enike (Q) = mean energy collected by the ions ‘k” (wher k refers to ion A, B or C) at the surface

of the catalyst particle [30] and,

()
u.: e ——
w rcathTik

(8kBT~

) el - Qe xep(~ Yo (~2)  a29)

— 2
]ikctcat = TMTcqt

ik
Jiketear = 10N collection current at the surface of catalyst particle.

While solving equation (3.26), the values considered are rf power= 100 W. At 7 = 0,
putting  my, = 6.72 x 10%cm~3,n;p, = 4.48 x 10°cm™3,T,, = 2100K, T, = 773 K,E, =
1.6 eV,U;, = =50V and .4, = 50 nm in expression for Jiactcat » Jipctcar @9 Jicctcar » WE €an

fmd ]iActcato J]chtcato and ]iCthato '

Again pUtting the Values Of ]iActcato !]L'Bctcato and ]iCctcato along Wlth EmiAc = Lpmipc =
Epice =13.2eV, E.yeq = 11.87 €V, E, ;5 = 13.7 €V, E,qic = 12.21 eV in equation (3.26), the

radius of catalyst particle can be calculated.

The terms on the right hand side of equation (3.26) can be explained as the rate of energy
transmitted to the catalyst particle because of ion accumulated at the surface of the catalyst

particle due to ionization of the neutral atoms (A, B and C) present in the plasma along with the
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mean energy accumulated by the ions on the catalyst surface and because of adherence of the
ions to the catalyst particle site. The value of the radius for the catalyst particle at time 7 is taken
as the initial radius of the carbon nanotube.

3.7 Growth rate equation of the curved surface area of CNT

Following Tewari and Sharma [21]

d(2mheyr)

E 10 ;

= ({ZnCHV exp (— = ) + 25cHPiaXy + 2014 + Pialatt P + %}mc
kBTs

PiAOuHPH Ery Ds2mreny 1
+{g0- +t—+; exp(——)}m- )x <
“ v “ kB TS “ T[rCzNT Pni ]iActcys
+ //‘CH47TTCZNT]CH4thys + :u'CT[TCZNT]CCtC}/S (329)

d(ﬂr(,ZNT) E, Eqrn
—Qgr |¥iBexp (— ) + ppvexp (‘ 2 ) + (1 —=S)+ @

kBTs kBTs
OE; henr ()
+ Scu <(Pi3xr + v,V exp (‘ 2 711 ))} + 1T N cets ..(3.30)
Bls Nip

where

Ney = ScuVs

ncy = number density or concentration of CH (CH denotes CHzspecies) [18],
Scy = surface coverages of CH3 species [18],
v, = number of adsorption sites per unit area [25],

Ery = energy due to thermal dissociation [25],
1/2

kpT;
Pik = Nik ( )
ik
@ = ion flux of type k specis (k is either A or B),
x, =249 X 1072 + 3.29 x 1072E;
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x, = Ratio of kinetic energy associated with the motion of hydrocarbon ions impinging on the
substrate to dissociation energy of CH; [18],

E; =ion energy in eV (<100),

o,y = Cross section for the reactions of atomic hydrogen with adsorbed particles [18],

_ NeyVine
(pC 4
¢, = ion flux of carbon ions,

8T.

mm,

Vthc =

Vine = thermal velocity of carbon ions, T, = temperature of carbon ions, m,. = mass of carbon
ions,

_ Ny Vinn
() 1

@y = ion flux of hydrogen ion,

8T,
mTmy

Ving =

Viny = thermal velocity of hydrogen ions, Ty = temperature of hydrogen ions, my = mass of

hydrogen ion,

Eq
Ds = D,,exp (— kT )
S

D, = surface diffusion coefficient [25],

D,, = va? = constant, a, = interatomic distance between carbon atoms,
E; = Energy barrier for diffusion of carbon (C) on the catalyst [25],

pyi = Density of nickel (Ni),

tcn, = sticking coefficient of CH,,

S, = total surface coverage [18], and

& E;= energy due to thermal decomposition of hydrocarbon ions [25].

From equations (3.29) and (3.30) the growth of the CNT over the catalyst nanoparticles
can be traced. Eq. (3.29) gives the height of the cylindrical CNT surface (hcyr) in Which the
development of cylindrical part of the CNT and the estimation of the height of the cylindrical
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shaped CNT surface at a given time t is then put into Eq. (3.30) to find the radius of hemi-
spherical CNT tip (rcyr). Equation (3.30) particularly computes the curved surface region of the
hemi-spherical CNT tip. It determines just for the nanoparticle tip radius as base region is

previously computed by the catalyst nanoparticle as they start nanoparticle growth on them.
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CHAPTER IV
4. RESULTS

In this work, | have examined the impact of two carrier gasses (e.g. Nitrogen and Boron)
on the growth of carbon nanotubes through the Plasma Enhanced Chemical Vapor
Deposition (PECVD) procedure. In a PECVD procedure, the feedstock gas (e.g., CHs) is
dissociated when power is applied and the dissociated species cross through the plasma
sheath subsequent to the decomposition of a hydrocarbon gas at the surface of the catalyst
and mass diffusion of carbon into the catalyst particle till it saturates finally, to form CNTSs.

Mostly, ions from plasma accretes inhomogeneously at CNTs developing as a forest as
cited in Burmaka et al. [27]. Hence, in the present model, the inhomogeneous accumulation
of ions on CNT growing in plasma medium aided by the catalyst is assumed.

There are three gases introduced in a PECVD chamber. These gases are hydrocarbon gas,
carrier gas (acts as doping element), and hydrogen gas. In the present study, | have examined
the impacts of doping elements on the growth of hemispherical tip CNT with cylindrical
surface in plasma medium. The doping gasses are nitrogen (N) and boron (B).

The computations have been formed to examine the reliance of hydrocarbon number
density, the height of cylindrical carbon nanotube surface, and radius of the hemi-spherical
CNT tip by simultaneously solving equations (3.1) — (3.30) at proper boundary conditions via
numerical calculation. The graph obtained are merged together to compare the results of
these cases i.e., undoped and doped (N, and B).

The boundary conditions which are taken initially for the calculations are at 7 = 0, ion
number density (n;4) = 6.72 x 10° cm®, (n;5) = 4.48 x 10° cm™ and (n;c) = 5.6 x 10° cm?,
neutral atom density (n4,= nz,= n¢,) = 1 X 10 cm™, electron number density (n,o) = 1.2 X
10" cm™, electron temperature (T,,) = 1.2 eV, ion temperature (T,,) = 2150 K, neutral
temperature (T,,) = 2040 K, mass of ion ‘A’ (m;,) = 15 amu for CH3" ion, mass of ion ‘B’
(m;g) = 1 amu for H” ion, mass of ion ‘C” (m;¢) = 28 amu for N, and 10.8 amu for B*, mass
of carbon (m,) = 12 amu,coefficient of recombination of electrons and ions (84,=65,=6¢,) =
1.12 x 107" cm®/s, radius of CNT (r,,) = 50 nm and density of Ni (py;) = 8.908 g/cm®.

Some of the other parameters used in the calculations are substrate temperature (T,) =

773 K, thermal energy barrier on the catalyst surface (Ery) = 1.3 eV, energy barrier for bulk
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diffusion (E,) = 1.6 eV, energy due to dehydrogenation of CH3 (E,ry) = 1.7 eV, adsorption
energy (E,) = 2.9 eV, thermal vibrational frequency (v) = 10" Hz, number of adsorption
sites per unit area (v,) = 1.3 x 10™ cm™, inter atomic distance between carbon atoms (a,) =
0.34 nm, energy barrier for diffusion of carbon on catalyst (E;) = 0.3 eV, cross section for
the reactions of atomic hydrogen with adsorbed particles (o,5) = 6.8 x 10™® cm? partial
pressure of adsorbing species (§P) = 2 Pa, CNT number density (ncyr) = 10° cm™, number
density of CH ion (n¢y) = 7 x 10 cm™, number density of carbon (n.) = 21 x 10* cm?,
and number density of hydrogen (ny) = 21 x 10" cm?,

The change in the number density of hydrocarbons (in cm™) can be seen in Fig. 8 for
undoped, nitrogen doped and boron doped. We can see from the graph that with time the
number density of hydrocarbon ions decreases. Also the decrease is more in the case of
nitrogen doping, whereas in case of boron, the decrease is less compared to both the undoped
condition and that when nitrogen is used as dopant material. The hydrocarbon concentration
when no heteroatoms are used is similar with the boron doped case but still the decrease is

more here than boron doping yet lesser than that of nitrogen doping situation.
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gl _

8 .

;M ™

F=N

N W

.

\__\‘\
\—K—-J Nitrogsn dop=d
D 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800 900 1000
time in seconds

Fig.8: Time evolution of number density of hydrocarbon (in cm™) for undoped, boron

nurnber density of hydrocarbon in per cm3

doped and nitrogen doped materials.
The variation of height (in m) and radius (in m) can be seen in Fig.9 and Fig.10. Here

also the comparison is done among the three conditions. The height and radius obtained for
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the nitrogen gas environment is lesser compared to the other two. This can be explained as a

huge number of CN radicals are formed when nitrogen is used. These radicals are volatile in

nature at room temperatures and hence due to this they reduce the carbon flux which is

directed to the catalyst particle thus producing lesser height as well as radius of the carbon
nanotubes [28]. In case of boron the height and radius obtained are larger than in nitrogen
and undoped condition. No such radicals are formed here and hence both the height and

radius are larger. Whereas in undoped condition, no such gases are present hence the radius

and height are larger than that in the case of nitrogen yet smaller in comparison to boron.

height in meter
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15 T T T T T T T T T
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Fig.9: Time evolution of height (in m) of hemispherical tip CNT for different carrier

gases N, and B, and also for undoped materials.
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Fig.10: Time evolution of radius (in m) of hemispherical tip CNT for different

carrier gases N, and B, and also for undoped materials.
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CHAPTER V
5. CONCLUSION

The effect of two heteroatoms which are nitrogen and boron gases on the growth of the
carbon nanotube is examined by a Plasma Enhanced Chemical Vapor Deposition (PECVD)
procedure. For this, a theoretical model has been developed. A comparison is made for the
change in height, radius and number density of hydrocarbons for the two dopant material along
with the time when no heteroatoms are present for hemispherical tip CNT with cylindrical
surface. The initial number density of neutral atoms of hydrocarbon, hydrogen and the carrier
gas are assumed to be equal at 1 x 10* cm™. Also, the ion temperature as well as the neutral
temperature for hydrocarbons, hydrogen and carrier gases are assumed to be equal at 2100 K and
2000 K, respectively. The results obtained for boron is better than that of nitrogen and undoped

condition.

At the point when nitrogen is taken as a dopant material, there is decrement in both height
and radius of the carbon nanotube. The reason for this decrease of radius and height in the N,
environment is that a huge number of CN radicals are formed in this environment. These radicals
are volatile in nature at room temperature. Hence, this causes reduction of the carbon flux
directed towards the catalyst particle, which in return causes the reduction in height and radius.
But in case of boron no such radicals are formed due to which there is no hinderance in the
carbon flux directed to the catalyst particle, thus the height and radius increases. Same happens
when there is no dopant material. But when it is compared to the boron case then it is slightly
lower than it for both radius and height. In boron rather than hindering the flux of carbon it aids
to it. The same can be quoted in case of the number density of the hydrocarbon elements. Hence

it can be concluded that the growth parameters are affected by the presence of a heteroatoms.
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