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ABSTRACT

Carbon nanotubes are allotropes of carbon with cylindrical nano
structure. The structure of a nanotube is similar to graphite, with a
difference that the sheets are rolled to form a tube and capped at least one
end. CNTs have found applications in field emission displays, nanoscale
electronic devices, biosensors and hydrogen storage medium. There are
various techniques through which CNTs can be synthesized but CNT
synthesized in a plasma medium are known to be vertically aligned at low
growth temperatures. The present thesis is a rigorous and detailed study
of parameters affecting CNT growth in plasma and the consequent field

emissions from them.

In the research work, we have developed a theoretical model describing
the growth of CNT in plasma with and without catalyst, separately. The
model detailing CNT growth in plasma without catalyst is extended to
study the effect of plasma parameters, plasma compositions, different
plasma mediums, and negative ions on the growth of CNT and the results
obtained have been extended to present an estimate of the behavior of
field enhancement factor of CNT. The broad outcomes of the research are
that the plasma parameters (electron density and temperature , ion density
and temperature), relative density of negative ions, fractional
concentration of light positive ion, decreases the radius of CNT and since
the field enhancement factor is inversely proportional to radius , it can be
estimated that field enhancement factor would increase with all the above
parameters. The CNT growth on a catalyst-substrate surface in a plasma
environment is a complex process and therefore a model is developed

underlining the numerous complex growth processes in a plasma



environment. The impact of plasma parameters, plasma power, substrate
bias, substrate temperatures, different carrier gases and their flow rates on
the height and radius of CNT is thoroughly studied. The outcomes of
present research can be extended to improve field emission from the

CNTs at low temperatures.
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CHAPTER 1
INTRODUCTION

1.1: Motivation

Carbon Nanotube (CNT) was seen as early as 1978, by Abrahamson et al.
[1] while working with standard carbon arc. In 1978, they published an
article describing, “a thick mat of fine fibers has been found on the
surface of the graphite and carbon anode of the low current arc operated
in nitrogen” [2]. But, due to research environment during those times
their work went unnoticed until in 1985, when a new form of carbon
named buckminister fullerene (C60) or the “buckyball”, was reported by
Kroto et al. [3]. But, it was Iijima [4] in 1991 who was the first to present
CNT with diameter up to 3-10 nm and the length up to 1pum.

1.1.1: Structure of CNT

CNTs consist of graphene sheet rolled up in tube of a few nanometers
diameter and length of many microns. The structure of a nanotube is
similar to graphite, with a difference that the sheets are rolled to form a
tube and capped at least one end. Each layer of graphene constitutes
carbon atoms arranged in hexagons to form a honeycomb structure. The
carbon bonding in graphite is spz. Carbon has atomic number 6 with
electronic configuration of 1s* 2s* 2p®. The 1s® orbital contains strongly
bound electrons and the four valence electrons occupy the 2s and 2p
orbitals. The covalent bonds in carbon materials arises due to 2s, 2py, 2py
,and 2p, orbitals. The three possible hybridizations that can occur in C are

sp, sp> and sp’. In CNT, the hybridization of carbon is sp> and the sp



bonding state gives rise to chain structure. In sp® hybridization, the 2s
orbital mixes with the three 2p orbitals i.e., 2py,2py ,and 2p, forming three

sp° orbitals with one p orbital remaining.

IR

Is 2s  2px 2py 2p,

Carbon atom

IR

Is sp® sp® sp> 2p,

sp” hybridized carbon

Fig. 1: Illustrates the orbitals of the carbon atom and sp2 hybridized carbon

These sp” orbitals form the strong sigma (o) bonds between the carbon
atoms in graphite planes while the p, provide the weak Vander-wall
bonds in between the planes. The graphite layers when viewed
perpendicularly gives a honeycomb pattern of graphite. If these patterns
are wrapped back on top of themselves such that their edges are joined
and one of their end is open and the other is closed, then tubes of graphite

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



- D
sp2 orbital

U Graphene sheet

Carbon nanotube

Fig. 2. Depicts the formation of CNT

1.2 : Classification of CNTs on the number of sheets rolled up and
the direction of rolling of sheets
1.2.1: Depending on the number of sheets rolled up:
a. Single-Walled Carbon Nanotubes (SWCNTs):

Bethune ef al. [5] at IBM and lijima [6] at NEC, Japan were the first to
prepare SWCNTs by metal catalyzed direct current arc using graphite



electrodes under a helium atmosphere. Most SWCNTSs have a diameter
close to 1 nanometer (1Inm =10 m), with a tube length that can be many

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

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

b. Multi-Walled Carbon Nanotubes (MWCNTs):

Multi-walled carbon nanotubes (MWCNTSs) as shown in Fig.4 consist of
a number of layers of graphene rolled as concentric cylinders. The
interlayer distance between two graphene layers in MWCNTs is 0.34 nm.

The diameter of MWCNTs can range upto hundreds of nanometers.

Fig. 4. Displays an image of MWCNT [8§]



1.2.2: Depending on the way of folding

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

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

hexagon is given by vector R as
R=nx + my,

The vector R that denotes the position of a hexagon is called as a ‘chiral
vector’. A tube which is obtained by rolling the sheet along the chiral

vector R (n,m) is called a chiral tube. The chiral angle ‘6’ is the angle

between the x-axis and chiral vector R and is used to denote the folding.
In order to uniquely define different types of tubes, chiral angle between
0< 0<m/6 is sufficient. A chiral tube is identical to its mirror images and

achiral tube is not identical to its mirror images.

a. Zigzag CNT:

These are formed for 6=0 and chirality (n,0) i.e., by folding graphene
sheets parallel to the x-axis. The name zig-zag owes to the zigzag
arrangement of carbon atoms. They are ‘achiral’ tubes i.e., they are not
similar to their mirror images.

b. Armchair CNT:

These are formed for 0 = /6 and chirality (n, n). They are also ‘achiral’.

c. Helical CNT:

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

are ‘chiral’.



Fig.5.11lustrates the arrangement of atoms in Zigzag and Armchair CNT in a

graphene sheet [9]

+ STRIP OF A GRAPHENE SHEET ROLLED INTO A TUBE

s
:
g

(m,m)/ ARM CHAIR

Fig. 6. Illustrates the Zigzag, Chiral and Arm chair CNT [10]



1.3: Properties of Carbon Nanotubes
1.3.1: Mechanical Properties of CNT

Carbon nanotubes are the strongest and stiffest materials known. The
immense strength is the result of covalent sp” bonds formed between the
individual carbon atoms. The stiffness of a material is measured in terms
of its Young’s modulus which is defined as the ratio of the stress (force
per unit area) along an axis to the strain (ratio of deformation over initial
length) along that axis in the range of stress in which Hooke's
law holds[11]. CNTs are known to have the largest Young’s modulus of
nearly 1.8 TPa. Moreover, the maximum stress that a material can
withstand 1s given by its tensile strength, which is a measurement of
the force required to pull something such as rope, wire, or a structural
beam to the point where it breaks. A comparison of Young’s modulus,
tensile strength, and density of diamond, graphite, different types of
CNTs, and stainless steel 1s tabulated in Table 1.

. Material | Young’s Tensile Density (g/cm3)

No. Modulus Strength

(in T Pa) (in G Pa)
1. Diamond | 1.05[12] and 0 | 0.8-1.4 3.52
7-1.2[13] [13]
2. Graphite | 1.6 in Plane 0.01-0.08 |2.26
[14] [13]
3. SWCNT | 1[13] and 50-200 1.55 for SWCNT
1.8[15] [13] bundle [19]

4. MWCNT | 0.7-1.8 [14] 11-63[16] | 2.5 for 10 walls with
outer diameter of
20nm[20]

5. Stainless | 0.186 [17]- 0.38[17]— |7.85

Steel 0.214[18] 1.55[18]

Table 1. Comparison of physical properties of different materials




1.3.2: Electrical Properties:

A mean free path of ~ 2 um, with a resistivity of 10° Q cm for electrons
in metallic tubes has been measured [21] which is better than the
conductivity of copper (Cu) at room temperature. The highest current
density measured in metallic SWCNT is ~ 10° A/em® [22]. The
semiconducting SWNTs exhibit high hole mobility (p-type) of ~ 2 x 10*
cm’/ Vs, which is comparable to the in-plane mobility of graphene
(3 x 10* cm? Vs) and better than silicon (Si) (1.5 x 103 cm? Vs for
electron mobility and 4.5 x 102 cm?’Vs for hole mobility).
The resistivity for 350 nm long cross- section MWCNTs with 20nm
diameter prepared through arc discharge method was calculated to be
9 x 10~* Q cm and resistance was 10kQ[23]. The resistivity of SWCNTs
grown through arc-discharge method is 10 Q cm [24].

1.3.3: Electronic Properties:

The electronic properties of CNTs are highly dependent on their
diameters and the direction in which the graphene sheet is rolled up to
form nanotubes [25]. The armchair nanotubes are reported to be metallic
whereas zig-zag nanotubes are semiconducting [26].

1.3.4: Thermal Properties:

The thermal properties of nanotubes are associated with its specific heat
and thermal conductivity. The CNTs are known to be exceedingly good
conductors of heat better than diamond. Hone et al. [27] have reported the
specific heat of SWNT bundles with average diameter
of 1.25 nm from 300 to 4K. Above 4K, the experimental curve was in
accordance with theoretical curve for single walled CNTs but deviated
remarkably from graphene and graphite curves upto 100K. Lasjaunias et

al. [28] measured specific heat to 0.1K for SWNT bundles. They further



elucidated that for CNTs the bundling of graphene sheet into tubes
reduced the low-energy phonon density of states. Mizel et al. [29]
reported that for SWNT, the specific heat changed its dependence on
temperature (T) from T"? to linear T. Moreover, as the size of SWNT
bundles was increased, the linear variation of specific heat with
temperature decreases whereas at high temperatures, specific heat showed
a mixed 2D-3D behavior due to weak intertube interaction. Y1 et al. [30]
revealed the linear dependence of specific heat of MWNTs for a
temperature range of 10K to 300K. The thermal conductivity (k) of
carbon based material is through atomic vibrations. The sp> bond makes
diamond good thermal conductors but the presence of sp> bonds in CNTs
bestows them with high thermal conductivity. Berber ef al. [31] reported
the thermal conductivity of CNTs to be 6600W/mK at room temperature.
The thermal conductivity of bulk samples of CNTs aligned by high
magnetic fields was greater than 200W/mK whereas for unaligned
samples it was one order smaller than diamond. Llaguno et al. [32],
showed a linear dependence of (k) with temperature for CNTs with
average diameter of 1.2nm and 1.4 nm at low temperatures. For 1.4 nm
diameter samples, at 35K k/T increases whereas for 1.2 nm the increase
of k/T is at 40K. Kim et al. [33] measured the thermal conductivity of
MWNTs as 3000W/mK at room temperature.

1.3.5: Magnetic Properties:

CNTs exibhit weak magnetism but the exact reasons behind weak
magnetism are not fully known. Cespedes et al. [34] calculated the
average room temperature magnetization to be 0.1 Bohr magnetons per

carbon atom and found that CNTs were magnetized when placed in



contact with the magnetic material by the transfer of spin from the
magnetic substrate to the nanotube.

1.4: Applications of CNT:

1.4.1: Electron Field Emission Property:

Field emission is the extraction of electron from a solid surface by
tunneling through a potential barrier, which is approximately equal to the
work function of the material, ¢ .

According to Fowler and Nordheim [35], the emitted current (I) depend
exponentially on the applied field (E) and work function (¢) as:

1 3
| q3 E2 a0 —8r (2me)2 ¢2 v(y) ,
87 h ¢ t2(y) 3hqkE

where o is the emission site area (in cm®) ,h is the Planck’s constant, m,
: . . A
is the electron mass, q is the electronic charge, y = f, and v(y) and t(y)

are the Nordheim elliptic functions. A straight line obtained between In
(J/E?) and (1/E) is called Fowler -Nordheim plot.

The local electric field strongly depends on the shape of a surface and
can be significantly enhanced at the apex of sharp features. An important
parameter known as the geometric field-enhancement factor () expresses

this influence

g ta
El’l’l

where

10



E, is the actual electric field at the tip of CNT and E,, is the macroscopic
electric field.

Kokkorakis et al. [36, 37] calculated the field enhancement factor of the
open and closed CNTs through simulation, and showed that § depends on
h/p, where h is the height of the carbon nanotube and p the radius of its
cap. Miller [38] solved analytically the field enhancement factor of the
floated sphere case using the image method, as f = [,(1-h/d) , where h
is the height of the sphere center and d is the anode-cathode distance.
Wang et al. [39] calculated the field enhancement factor when the anode-

cathode distance d is much larger than the height 2 of CNT using a
floating sphere method as [ = % + 3.5, h being the height and p the
radius of CNT. Wang et al. [40] also calculated § for the CNT array as
B =%+ 35—W , where W = (% K ) is the function of intertube

distance R and represents the coulomb field interaction between the

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

screening effect among CNTs as, f =1+ (@ - 1), where s is the

screening effect parameter.

1.4.1.1: Flat Panel Display:

The fabrication of flat panel display from CNTs is an important
application of CNT as it consumes low power with high brightness, fast
response rate, and a wider temperature range of operation. Choi et al. [42]
fabricated one such flat panel display from SWCNT as illustrated in
Fig.7. It consists of nanotube-epoxy stripes on the cathode glass plate and
phosphor coated Indium-Tin-Oxide (ITO) stripes on anode plate. A 230V
is required to generate a display of 76 pmA/mm? at 30 pm anode-cathode
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distance. A pulse of £150V is switched among anode and cathode stripes

in order to obtain image.

phosphor

[——> Spacer

2.4 mm
200 wm ’J-u‘ ’J-u‘ ’J-LH ’J-u‘ — 5 Carbon nanotube/
Patterened metal

Fig. 7. SWNT flat panel display

1.4.1.2: Transistors:

CNTFET (Carbon Nanotube Field Effect Transistors) consists of channel
made by a single-semiconducting CNT and the "gate" is separated from
the channel by a thin insulator film placed on a nanotube. Fig.8 illustrates
one such CNT transistors. It consist of semiconducting CNT of Inm
diameter separating two metal electrodes at the top and a silicon (Si)
surface coated with silicon dioxide(Si0,)[43,44].When an electric field is
applied to the silicon through the gate , electrodes turn on and off the
flow of currents across the CNT by controlling the movement of charge

carriers onto it.
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The CNTFET are reported to have high transconductance, high carrier
velocity and the p-CNTFET produces ~1500 A/m of the on current per
unit width at a gate overdrive of 0.6 V while p-MOSFET produces ~500

A/m at the same gate voltage.

Fig. 8. Schematic of carbon nanotube transistor
1.4.2: Hydrogen Storage:

The faster growing demand of alternative sources of energy in
comparison to rapid depleting fossils fuels can be met with hydrogen.
Hydrogen is a versatile energy source that is easy to produce with high
utilization efficiency and more importantly it is environment compatible.
However, one of the problems with hydrogen is its storage as liquid

hydrogen is expensive and compressed hydrogen is dangerous.

CNT have an ability to absorb high-density hydrogen at room
temperature and atmospheric pressure. Dillon er al. [45] found that
hydrogen is absorbed by SWCNT via the interaction of chemical bonds
of hydrogen with the Vander-wall forces of SWCNT. They showed that
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hydrogen condensed to density of 5-10 wt% inside narrow SWCNT of 12
A. Chen et al. [46] have reported thatCNT doped with lithium (L1) and
potassium (K) had a high uptake of 20 wt% and 14 wt% ,respectively

under ambient conditions.

1.5 : Synthesis Methods of CNT

CNTs can be synthesized through various techniques. Some of those
techniques are detailed below.

1.5.1 : Arc Discharge Method:

In an electric arc-discharge method [47], the arc is produced in helium
atmosphere between two electrodes in a reactor. Both the cathode and
anode rods are made of graphite. The anode is filled with mixture of
metallic catalyst and graphite powder. When a high current is passed
through an anode and cathode, the plasma of helium gas created by high
currents, evaporates the carbon atoms. This method produces large
quantity of SWCNTs along with MWCNTs and fullerenes. Due to high
growth temperature, the technique produces crystalline CNTs with high
yield but it is difficult to produce aligned CNTs. Bethune et al.[48] have
generated SWCNT in the form of soot when a graphite rod used as an

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

Gas in

Graphite Electrodes

Arc

to vaccum

Water in ater out Carbon Nanotube

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

In this technique, a laser beam is focused onto a metal-graphite-
composite target of diameter 6-7mm[49].The target is made of a graphite
metal composite with 0.5 atomic percent of nickel (Ni) and cobalt (Co).
During the laser ablation method, the furnace is heated to a temperature
of 1200 °C and the laser beam ablates the graphite target. A flow of inert
gas is introduced in the furnace to carry the grown nanotubes to the cold
finger. This technique produces high quality single walled carbon
nanotube (SWCNT).

L

Cooled collector

SWCNT deposit
Graphite target
Laser

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

1.5.3: Chemical Vapor Deposition (CVD) Method:

In CVD, since heat is the main source for process reactions to occur, it is
often referred to as thermal CVD (T-CVD) [50]. The temperature ranges
from 400 °C to 1000 °C for production of nanostructures in T-CVD. In
catalytic CVD (C-CVD), the catalyst helps in the decomposition of vapor
species at the catalyst particle surface. C-TCVD has recently been used to

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

form nanostructures [53].

The following steps were proposed by Baker et al.[54] to occur during
growth of nanostructures through CVD:

1)The hydrocarbon gas (acetylene or methane) first decomposes and then
adsorps on the metal catalyst surface.

2)The carbon species diffuses through catalyst particle and precipitates
on the rear face to form the body of the filament. In this case, diffusion is
the rate determining step.

3)An excess accumulation of carbon occurs on the front surface since the
supply of carbon onto the front face is faster in order to prevent physical
blocking of the active surface. In this case, carbon forms the skin around
the main filament body.

4) This process continues until the tip of the metal catalyst particle is
deactivated. The deactivation or “poisoning” of catalyst particle occurs
due to the carbon formed around the catalyst particle and prevents the
hydrocarbon gas from further reaching the catalyst particle and thereby

finally terminating the growth.
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Fig. 11. Schematic of chemical vapor deposition (CVD) technique to
grow CNT

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

a) Tip-type growth modes: In this mode, the catalyst is detached from
the substrate and goes at the tip of the growing nanostructure.
b) Base-type growth modes: In this, catalyst-particle remains at the
base of the substrate.
The reason for two different types of growth modes has been proposed by
Baker ef al. [55]. According to Baker ef al. [55], two growth mechanism
occurs due to the interaction of catalyst with the substrate. The interaction
is characterized by the contact angle of the catalyst with the support
surface at a given growth temperature. A large contact angle corresponds
to a weak interaction, while a small angle is indicative of strong
interaction. It has been reported that nickel (Ni) on silicon-dioxide (Si0,)

has a large contact angle at 700 °C i.e., a weak interaction between the
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substrate and catalyst such that CNT precipitation across the catalyst
surface pulls the catalyst particle up and the tip-type growth of CNT is
observed [56]. Whereas when cobalt(Co) or iron (Fe) were deposited on
silicon(Si) [57-59] ,a small contact angle between the substrate and
catalyst indicates strong interaction such that CNT precipitation across
the catalyst surface cannot overcome the strong interaction between the
catalyst and substrate and catalyst particle remains at the base and base-

type growth was observed.

L O
~ e N

Growth Terminates

Tip-type growth

Fig. 12. Representation for tip-type growth of CNT
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Base-type growth

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

1.5.4: Plasma Enhanced Chemical Vapor Deposition (PECVD)
Method:

PECVD uses gaseous sources as in CVD but in CVD, thermal energy is
used to activate the gas [53]. In PECVD, electron impact processes are
the main source for activation of gas. In PECVD, since electron
undergoes collisions, at lower pressures the electron temperature is higher
than the gas temperature hence the entire system is not heated to higher
temperatures as in conventional CVD.

In PECVD, there is a discharge chamber in which hydrocarbon gas
(C,H,/CH,), carrier gas (Ar, NH3;), etching gas (H,) is introduced by mass
flow controllers. A catalyst is placed over substrate. The different input
power sources such as direct-current (dc PECVD), hot-filament dc (HF-
dc PECVD), magnetron type radio frequency (rf PECVD), inductively
coupled plasma(ICP- PECVD), microwave (M-PECVD), electron
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cyclotron resonance (ECR- PECVD), hollow cathode glow discharge
(HCGD), and corona discharge plasma etc. are used to initiate
dissociation of gases[53].

1.5.4.1: Direct-current plasma-enhanced chemical-vapor deposition
(dc- PECVD):

In de-PECVD, a conductive substrate is placed over a heater, which acts
as a cathode, and the gas showerhead for introducing gas into the
chamber, serves as anode [53, 60-66]. Merkulov et al [50] have
successfully prepared vertically aligned carbon nanofibres(VACNF)
using dc-PECVD. Different techniques like evaporation, sputtering,
electrode plating are used for preparing catalyst. In this technique, the
vacuum chamber is evacuated to desired pressures before introducing
ammonia (NH3) gas. The catalyst nanoparticle is formed as a result of
pretreatment by ammonia plasma, which acts as necessary seeds for
growth of VACNFs. One major drawback of this technique is the
requirement of conductive substrate [53].

1.5.4.2:Radio-frequency plasma-enhanced chemical-vapor deposition
(rf-PECVD):

In order to overcome the limitations of dc PECVD, the reactors with
substrate placed over one of the electrode with an rf-source coupled to the
plasma is used. Hirata et al. [67] have grown nanostructures by using
magnetron-type rf plasma by using a magnetic field up to 340 G. The
nanostructures grown were similar to VACNF grown by dc PECVD. Two
different types of rf -PECVD used are capacitively coupled rf - PECVD
and inductively coupled rf -PECVD. Using IC-PECVD, carbon
nanofibres and nanotubes by Delzeit ef al. [68], free standing VACNFs
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by Caughman et al. [69] , Honda et al. [70] and Lee et al. [71] , have
been synthesized.

1.5.4.3: Microwave plasma-enhanced chemical-vapor deposition
(MPECVD):

High frequency fields up to 2.45GHz are used in this technique. The
highly energetic electrons with larger number density, created in
MPECVD increases the dissociation of gases in the chamber. The
technique produces atomic hydrogen, which etches away the amorphous
carbon and helps in the formation of nanostructures [53]. Using this
technique, dense forest of VACNF have been synthesized by Bower ef al.
[58, 72]. The parameters used are frequency =2.45GHz, pressure=0.3
Torr, substrate bias=1000V, temperature= 825°C, the ratio of gas flow
rate of acetylene to ammonia is 10% to 30%.

Srivastava et al. [73] have used a 700 W, 2.45 GHz power source to
synthesize high density and uniformly distributed carbon nano-petals on
nickel (Ni) coated Si substrates by MPECVD technique at relatively low
temperature over an area of 20x20 mm’ using argon (Ar) and methane
(CH4) mixture as precursor gases. The schematic of the MPECVD

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

I. Processes in a plasma environment during carbon nanostructure
growth

During the growth of nanostructures by PECVD process, an important
process 1s the formation of plasma sheath. The plasma sheath is defined
as a layer in plasma with greater density of positive ions compared to its
bulk counterpart, to balance the negative charge on the surface of material
with which it is in contact with.

After the plasma sheath is formed some of the processes that occur are
dissociation of gases within the chamber due to applied power,
dissociation of catalyst particle into nanoparticles due to applied plasma

power , advent of excited species to the catalyst nanoparticle surface ,

22



sputtering of ions on the catalyst surface, removal of undissociated
molecule from catalyst surface, incorporation of carbon particles into the
growing graphene layer on the surface as a result of diffusion and
dissolution of carbon particles into catalyst nanoparticle and finally the

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

Plasma Sheath

@ —»Ion

@ — Electron
@ — Neutral

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

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

following processes occur: [74]

i)

Electrons being more mobile than ions reach the surface faster
and after some time, a negative electric potential with respect to
plasma bulk is created which further repels the electrons advent
towards the surface but attracts the positive ions to the surface.
As more and more electrons deposit on the surface, potential
further decreases thereby resulting in a stronger ion flux to the
surface and much reduced electron flux.

The net current flowing through the substrate becomes zero at
the floating wall potential.

As a result of this, an electric field that is directed from plasma
bulk to the surface arises, which now accelerates the positive
ions towards the substrate and repels the electrons from the
surface.

Finally, a charge-separating region in the plasma, called as
“plasma sheath” is created in a very narrow region of the

substrate.
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Fig. 16. Representation of plasma sheath

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

Lichtenberg [75] , F.F. Chen [76] gives the plasma sheath width A as,

m; = Ion mass ,
U= Initial velocity of ion ,

u = Final velocity of ion,
@¢(x)= Electrostatic potential ,
Moy = Initial number density of ions

n; (x) = Number density of ions at a position x,
£y = Permitivity,

e= Electronic Charge,

A D= Debye length,

A =Plasma sheath width,

A. From Conservation of Energy:
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C. Poisson’s Equation:
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Assume that the number density of electrons is very small as compared to

the 1ons 1.e., n.<<nj;
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This up 1s known as Bohm velocity.

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

conservation energy and flux conservation reduces to
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Jy= en(u(x) ™)
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Solving for J, 0 which is the ion current in the sheath

Jn( _ 2
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m.
l

Now, Poisson’s equation is
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Substituting n; (x)from Eq.(8) Poisson's eq. becomes
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Multiply Eq.(9) by % and integrate from 0 to x,we get
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Taking negative square root, since% is negative and again integrating

from 0 to x , we get
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Let ¢ = —VO and x = A (plasma sheath width), we getJ | as
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Now, substituting for J 0= “histip and u B= Bohm Velocity =

\[2 28V0
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II1. Substrates and Catalysts:

kT
B¢ inJ,,
m;

Substrates play a very important role in the growth of carbon-based
nanostructures by PECVD technique. It acts as a medium between the
nanostructure and catalyst. The temperature of the substrate is a crucial
parameter during PECVD growth of nanostructures. Mainly silicon (Si)
and silicon dioxide (SiO,) are used as substrates. The catalyst helps in
breaking bonds and in adsorbing carbon at its surface. The carbon
diffuses into catalyst nanoparticle to form carbon nanostructures [77].
Nickel (Ni), iron (Fe), cobalt (Co) etc., are used as catalyst. A brief
description of the combination of catalyst and substrate, technique and

resulting nanostructure is tabulated in Table 2.

nanostructures using PECVD

29

S. No. | Substrate Catalyst Technique Resulting
Nanostructures
1. Si Co MPECVD CNF[58]
2. Si Co ,Fe, Ni MPECVD VACNF][78]
3. Si Co, Ni MPECVD VACNEF[79]
4. SiO,on Si | Fe PECVD VACNF[56]
5. Si Fe, Ni MPECVD CNF[80]
6. Si Fe-Ni-Cr, Ni | MPECVD CNF[81]
7. Si Co MPECVD CNF[82]
Table 2. Shows various combinations of substrate-catalyst to produce




IV. Process parameters during PECVD growth of carbon
nanostructures:
a) Type of hydrocarbon gas:
Acetylene (C,H,) and methane (CH,4) are commonly used hydrocarbon
gas during the growth of carbon nanotubes by PECVD process. The
hydrocarbon gas is the source of carbon, necessary for the growth of
CNTs. CNT fabrication using acetylene as a feed gas has been done by
Loffler et al. [83] , Dubosc et al. [84] , Han ef al. [85], Kim et al. [86]
whereas CNT fabrication using methane as feed gas has been achieved
by Honda et al. [87], Choi et al. [88].
The advantages of acetylene as a feed gas over methane are:

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

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

better.

3) CNTs at comparatively low temperature are obtained when acetylene

is used as a hydrocarbon source gas.

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

1) The methane gas adsorbs on the catalyst particle at higher temperatures
compared to acetylene.
2) Since only high purity methane is acceptable for this synthesis and
methane of high purity is relatively expensive.
b) Etching gas:
Hydrogen (H;) and ammonia (NHj3) are the commonly used etching gases
in the growth of carbon nanotubes. The etching process of ammonia and
hydrogen can be either to fragment the catalyst film into nanoparticles
and in removing the amorphous carbon from the CNTs to shape CNT
tips. The role of hydrogen in the etching of CNT has been described by
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Choi et al. [88], Chen et al. [89], Zhang et al. [90], Lin et al. [91],
Wang et al. [92] among others. Lin et al. [91] have reported that the
etching of amorphous carbon by atomic hydrogen is promoted by high
energy ions. Srivastava et al. [93] have reported that the oxide films
without the H, plasma pretreatment or treated for lesser time resulted in
CNT films with high percentage of carbonaceous particles and with
embedded particles/ nanorods distributed discontinuously in the cavity of
the nanotubes.

Ammonia (NHj;) is also used in etching either the catalyst particle or the
CNTs. Chhowalla et al. [56] have reported that NH; was required to
fragment the thick catalyst layer. Teo et al. [94] have reported that by
suitably adjusting the acetylene (C,H,) to ammonia (NH;) gas ratios, the
undesirable surface carbon on the non-patterned areas of the substrate
was eliminated. Kim ef al. [95] have established the balance between
the thickness of catalysts and the NHj etching time as one of the most
important parameters in growing CNTs by PECVD.

¢) Plasma Power:

Plasma power plays a crucial role during the growth of CNTs. The
electric field within the plasma sheath increases as plasma power is
increased. This enhanced sheath electric field can be used in the
alignment of CNTs. Because with increase in plasma power the gas
ionizes more that creates more energetic plasma species. These highly
energetic plasma species bombards the catalyst particle such that initially
nano catalyst particles and later CNTs of smaller diameter are created.
The role of plasma power has been well described by many studies. There
can be many power sources like, inductively coupled power

supply[68],radio frequency power supply [96], high frequency dc power
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supply[97], microwave power supply [72,98], electron-cyclotron power
supply[99] etc.

The plasma power has been widely used to obtain sharp tips of CNTs. To
cite a few of them, Srivastava et al [73] have grown petal like
nanostructured thin films and pointed that at higher microwave power ,
carbon petals of relatively smaller sizes were obtained. Loffler ef al. [83]
have increased the plasma power during PECVD process to sharpen the
tips of CNTs. Abdi ef al. [100] established that as plasma power was
increased, size of Ni particle decreased which then resulted in CNTs of
smaller diameters. Choi et al. [101] have established that the growth rate
and the density of CNTs increase with the reduction of the rf power
density.

d ) Substrate temperature:

Substrate temperature is identified as an important parameter in
controlling the growth of CNTs by PECVD process. There have been
works where an external heating source is used for attaining desired
substrate temperatures for nanostructure growth. PECVD has an
advantage of removing the use of external heating source because the
ions bombarding the surface are sufficient for raising the substrate
temperatures to desired values required for nano structure growth. The
increase in substrate temperature increases the growth rate of CNTs and
that has been reported by Loffler ef al. [83], Han ef al. [102], Baratunde
et al. [103], Lee et al. [104], and others. Mehdipour et al. [105] have
reported that the growth rate as a function of substrate temperature

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

A varied number of carrier gases like argon (Ar), ammonia (NHj3),
nitrogen (N;), and hydrogen (H,) are used in the growth of CNTs.
Different gases behave differently during the growth of CNTs and have
varied effects on the growth profiles of CNTs. The growth rate of CNT
increases in Ar gas environment has been observed by Toussi ef al. [106]
, Kayastha ef al. [107] , whereas H, decreases the growth of CNT has
been reported by Kayastha et al. [107] , Yap et al. [108], Reynolds ef al.
[109]. Ammonia provides a better growth environment for CNTs than N,
is suggested by Mi ef al. [110]and Mi and Jia [111]

The flow rate of the gas also affects the growth of CNT. It is reported
[109,112] that as the flow rate of carrier gas increases, the growth rate of
CNT also increases corresponding to the particular carrier gas.

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

I

= is the inflow for species j. J; is the gas

(cm_?’) 4.4x1017 ] ;[sccm]
|74

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

the volume of the chamber(in cm’) [112] .

-3 n;v
(an ) = - sump is the outflow for species j [112] . Vpump 1s the

0;

pumping rate in cm’/s . n; is the number density of species j in cm”.

f) Plasma parameters

The electron density (n.) and temperature (T.), ion density (n;) and
temperature (T;) are regarded as the plasma parameters. The plasma
parameters immensely affects the nanostructure growth.

Srivastava et al. [73] have synthesized carbon films via MPECVD and
they found that the increase in the microwave power causes more

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

33



relatively higher energy and at this higher density, increased nucleation of
graphitic clusters occurs that leads to the formation of carbon petals of
relatively smaller size. Lee et al. [113] have revealed that the plasma
treatment can modify the surface morphology and enhance the field
emission characteristics of the CNTs.

Denysenko et al. [114] have shown that at low substrate temperatures
(>1000 K), the atomic hydrogen and ion fluxes from the plasma can
strongly affect the nanotubes growth. Levchenko ef al. [115] have
suggested that the plasma-aided process is a very efficient tool to control
the nanotube aspect ratio, in comparison to the neutral flux deposition
primarily because of the controllable deposition of ionic building blocks
(BBs) and increased influx directly onto the nanotube lateral surfaces.

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

Since from the above discussions it is amply clear that plasma has huge
influence on the growth of CNT therefore plasma and the associated
parameters can be modeled to obtain desired shapes and structures of
CNT. Now, there are a large number of arecas where CNT finds
applications like in flat panel displays, field effect transistors, solar cells,
hydrogen storage, drug delivery etc. but the present thesis aims to study
the field emission characteristics of CNT. Although, the field emission
occurs in vacuum but since plasma affects the CNT growth it is safe to
say that plasma does play a role in field emission from CNT. There are
studies that highlight the effect of plasma treatment on the field emissions
from CNT. Different plasma treatments have different effects on the field
emissions from CNT like carbon tetra fluoride (CF,) plasma treatment
hamper the field emission from CNT films [116], an external rf plasma

irradiation of argon (Ar) gas to well- aligned MWCNTSs enhances the
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field emission current[117], plasma treated CNT films were reported with
superior field emission FE behavior[118], among CNTs treated with the
H,, Ar and CF, ,the field emission was highest for CNTs treated with H,
plasma [113].

The work in the present thesis is evaluation of the dependence of growth
profile (namely the radius and height ) of CNT on the plasma parameters
for CNT grown with and without catalyst and then through the results
obtained finding a rough estimate of the variation of field enhancement

factor with plasma parameters.

1.7: Objectives and organization of thesis

Since from the above discussion it is evident that the growth of CNT in
plasma is a complex process and the catalyst plays a vital role during the
growth of CNT.

The inclusion of catalyst into the discussion provides a better insight into
the processes that occur during the growth of CNT in a plasma medium.
The formation of plasma sheath, adsorption , desorption of plasma
species on  catalyst-substrate  surfaces, thermal dissociation
,dehydrogenation ,bulk and surface diffusion of the growth species on
catalyst-substrate surfaces and various other processes needs to be studied
for the growth of CNT in a plasma medium. The objectives of the
present thesis therefore are to study the effect of plasma parameters and
catalyst on the growth and subsequent estimation of field emission
properties of carbon nanotubes. The thesis is organized to provide a
comprehensive and rigorous study on the growth of CNT in a plasma
medium and effects of plasma parameters and catalyst on the CNT

growth and consequently the field emission properties of CNT.
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Chapter 1 reviews as to what is CNT, its types, properties of CNT and
the various techniques through which it can be synthesized. The
processes and various parameters in the PECVD technique are discussed

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

Chapter 2 discuses the growth of CNT by condensation in plasma. The
chapter discusses various processes in plasma during the growth of CNT
by condensation. A theoretical model is developed in this regard
comprising equations for kinetics and energy balance of the plasma

species, and the growth rate equation of CNT.

Chapter 3 describes the growth of spherical CNT tip and cylindrical
CNT surfaces, separately using the model developed in Chapter 2. The
number density and energy balance equations for plasma species are
solved to study the dependence of radius of CNT on plasma parameters
(electron density and temperature, ion density and temperature). By
obtaining the dependence of radius of spherical CNT tip and cylindrical
CNT surfaces on plasma parameters, the consequent variation in the field

enhancement factor of the CNT is also estimated.

Chapter 4 describes the effect of negative ions on the growth of CNT in
a plasma medium through condensation process. In this respect, the
number density balance of plasma species and negative ions and their
energy balance are solved to find the dependence of radius of CNT on the
relative density of negative ions. The dependence of field emission factor

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

Chapter 5 discusses the growth of CNT by condensation in different
plasma mediums. The parameters corresponding to different plasma

mediums are fed into plasma kinetics and growth equations to study the
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evolution of radius of spherical CNT tip placed over cylindrical surfaces
in different plasmas. The field enhancement factor for CNTs obtained in

different plasma medium is also analyzed.

Chapter 6 describes the effect of plasma compositions on the growth and
field emission properties of carbon nanotubes. Two types of positive ions
with heavy to light ion ratio of 11.5 are considered in the plasma. The
number density balance and growth rate equation in the presence of both
light and heavy positive ions are solved and the fractional light ion
concentration is varied to study its effects on radius of spherical CNT tip

and field emission behavior of CNTs is estimated.

Chapter 7 includes the modeling of CNT growth on a catalyst —substrate
surface in reactive plasma medium. A theoretical model for the growth of
CNT assisted by catalyst in the plasma is developed. The model
developed includes the possible processes that occur during the CNT
growth. The plasma sheath kinetics, adsorption, desorption,
dehydrogenation, thermal dissociation, diffusion, accretion and other
processes are incorporated to develop the model. The model possibly
underlines the mechanism behind the CNT growth in an environment
where hydrocarbon, etching ,and carrier gases produces numerous species
in plasma via varied complex processes that traverse through plasma
sheath to deposit on the catalyst-substrate surfaces to grow carbon
nanotubes. A detailed study on the effect of plasma density and
temperature, plasma power, and substrate bias on the growth profiles of

the CNT is presented.

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

CNT with conical tip in a plasma medium. In the present chapter, the role
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of substrate temperature on the growth of CNT is reviewed and the
substrate temperature is varied to understand its repercussions on the
growth of CNT through the model developed in Chapter 7. The potential
for the conical CNT tip is calculated and used in the growth model. The
variation of height of cylindrical CNT surface and radius of conical CNT
tip with substrate temperature is plotted for different plasma density and
temperature and the possible reasons behind the observed effects is

particularized.

Chapter 9 details the effect of different carrier gases and their flow rates
on the growth attributes of CNT. The three different types of carrier gases
are considered and their inflow and outflow rates into and from the
chamber, respectively are included in the model along with the processes
that transpires during the growth of CNT on a catalyst-substrate surface
in a plasma environment. The flow rates of all the three carrier gases are
varied individually to investigate their ramifications on the number
density of hydrocarbon and hydrogen ions to eventually outline the
consequences of flow rates on the growth profiles of CNT in different

carrier gas environments.

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

carried out in the present thesis.
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CHAPTER 2

MODELING CARBON NANOTUBE GROWTH WITHOUT
CATALYST

2.1: Brief outline of the work in the chapter

The present chapter focuses on developing a theoretical model for the
growth of carbon nanotube (CNT) without catalyst. A theoretical model
comprising charge neutrality, kinetics of electrons, positively charged
ions, and neutral atoms and their energy balance, for the CNT growth
without catalyst is developed.

2.2: Introduction

The growth mechanism of CNT in plasma environment has been an
important field of research in recent years. CNT of different shapes and
sizes have been synthesized in a plasma environment. Different
parameters such as the growth temperature, density of participating
species, plasma compositions, electric fields, etc., are reported to impact
CNT growth.

Earlier studies on CNT have attributed different reasons to CNT growth.
Pulse current electrochemical deposition is reported by Tu et al.[1] to be
an effective technique for preparing nickel (Ni) nanoparticles with
different nucleation site densities. Harris [2] reasoned that the precursor
for multi-walled and single- walled tubes was a fullerene type soot
material that contains the seed for nanotube growth.

The radius of the embryonic dust grains decreases with the number
density of dust particles was investigated by Sodha et al. [3] in their
theoretical model. Moreover, Sodha et al. [4] also reported that the
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generation and accretion of electrons in a complex plasmas with

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

[—; V;] the value of the thermionic emission{nLhJ is higher in the case of
B "0

spherical particles than cylindrical ones.

The effect of electric field on the anode sheath for the growth of aligned
CNTs in glow discharge plasma is investigated and it has been reported
that the nanotubes grow in those regions where electric field is enhanced
due to depletion of positive ions in anode sheath [5]. Shoji et al. [6] have
shown that the size of spherical carbon particle in methane (CH,4) plasma
is determined by the balance of electric field and gravitational force
acting on growing carbon particles in plasma boundary.

Nagai et al. [7] have reported that the particle radius initially increases
with time and then approaches a saturation value in methane/argon (CH,/
Ar) columnar plasma. The effect of plasma composition during plasma-
enhanced chemical vapor deposition (PECVD) growth of CNTs has been
studied by Bell ef al. [8] and they observed that ammonia (NH3) gas in
plasma suppresses acetylene (C,H, ) decomposition and encourages CNT
formation and C,H, is the dominant precursor in the growth of CNT.
Moreover, Kim et al. [9] have shown enhanced growth of CNT in
nitrogen(N,) and ammonia (NHj3;) environment and reasoned that
nitrogen incorporation into the CNT wall and its cap, decreases the
activation energies required for nucleation and growth of the tubular
graphitic layer.

The field emission properties of carbon nanotubes are another important
area of research. The current density of 10 mA/cm’ from single walled

carbon nanotubes (SWNTs) have been obtained with operating voltages
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that are much lesser than other field emitters [10]. The field emission
properties of CNT are affected by various factors such as plasma
parameters, substitutional atoms, dimensional effects, and anode-cathode
distance, etc., [11-13].

Srivastava ef al.[11] have synthesized carbon films via microwave plasma
enhanced chemical vapor deposition (MPECVD) using a mixture of
methane and argon(Ar) gases on nickel (Ni) coated and silicon (Si)
substrates and found that the increase in microwave power causes more
ionization of the gas, which increases the density of plasma species of
relatively higher energy. Moreover, increased nucleation of graphitic
clusters is expected to occur, and this leads to formation of carbon petals
of relatively smaller size and higher density at increased microwave
power.

Zhang et al. [12] have studied the effect of substitutional atoms in the tip
on the field emission properties of capped carbon nanotubes and found
that carbon nanotube substituted with nitrogen could have improved field
emission properties, as the substituted tube has lower work function and
unsaturated dangling bonds at the tip.

Nilsson ef al. [13] have studied the field emission from patterned CNT
films and revealed a strong dependence of the field emission on the
density and the morphology of the carbon nanotube. The low and high
density films yield low current because of low emitter density and
screening effects, respectively.

Xu. et al. [14] have investigated the geometrical field enhancement
factor f of individual nanotubes by in-situ transmission electron
microscopy and a linear dependence of £ on the distance d between the

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

=

(MWCNTs) decreases with CNT radius as S o r 2.

More importantly, Botti et al. [15] have prepared self-assembled CNTs
without a catalyst via the low-velocity spraying of carbon particles on a
heated silicon substrate. In this case, they have revealed that with the
proper choice of deposition temperature, well aligned CNT are self-
assembled from the nanosized carbon particles without a catalyst.

2.3: Theoretical Model

We consider the plasma containing electrons, positively charged ions of
type A and B, and neutral atoms of type A and B. The type A refers to
carbon whereas type B can be hydrogen, argon, ammonia, nitrogen, neon
etc., depending on the type of plasma considered. The positively charged
ions are assumed to be singly ionized. There are four ways for the
growth of the CNTs in a complex plasma environment without the
catalyst, e.g., cluster formation, nucleation, coagulation, and growth of
embryonic nanotubes by condensation. All the four steps are important,
but the present work is limited to growth of embryonic nanotubes by
condensation in complex plasma. In the present section, we develop a
theoretical model incorporating the charge neutrality equation, charging
of CNT and the number balance of the plasma species i.e., electrons, ions
and neutrals. Since the temperature of the plasma species is also an
important factor for the growth of the CNT, the present model includes
the energy balance of the plasma species.

The kinetics involved in the formation of embryonic CNT is not included
in the present work and the work is limited to investigating the effect of
plasma parameter (i.e., electron density and temperature, ion density and

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

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

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

surface transfer their charge and are neutralized.

The processes that are assumed in the present model are:

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

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

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

within the plasma is always maintained.

4. The initial charge on carbon nanotube is considered to be negative
such that positive ions would accrete on its surface.

5. The positive ions from the plasma sticks and accretes on the surface of
CNT. The ions that accretes on the surface of CNT get neutralized and
are converted to neutrals.

6. The initial radius of the embryonic CNT is calculated either by
equating the total ion and electron collection current on its surface or
through the surface potential on the CNT surface.

7. The collision of electrons with neutrals and ions and with the CNT
within the plasma is also considered but it is assumed that the ionized
state of the participating species after the collision remains unchanged.
Only the energy transfer among the species is assumed to occur during

the collision.

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

considered.
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A. Charge neutrality equation

According to charge neutrality condition, within the plasma the positive
charge is equal to the net negative charge such that the plasma as a whole
is considered electrically neutral. Eq. (1) therefore equates the net

negative and positive charge in the plasma.
cht+niA+niB:ne’ (1)
where

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

n.,= the number density of the CNT (in cm™),

n;,= number density of ion A(in cm™),
n;= number density of ion B(in cm™),

n.= number density of electron(in cm™).

B. Charging of the CNTs

Initially the CNT is assumed to be negatively charged such that over a
period, the accretion of ions to the CNT decreases the initial negative
charge and CNT gets positively charged during growth. Therefore, both
the ion and electron currents at the surface of the CNT contribute to the
charge developing on the CNT surface. Now, the positive 1ons collected
on the CNT surface are neutralized on the CNT surface by transferring
their charge. Therefore, the positive ion collection currents would
increase the positive charge on CNT surface whereas electron current
would depreciate positive charge on CNT surface.

Let Z is the amount of charge over the entire CNT surface, then the time
evolution of charge on the entire CNT surface can be expressed through

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

CNT.

a_, . 2
77 idet TiBer T Vel ect - 2)

Nect» Niact and njgee are the electron and ion collection currents on the
CNT. The expression for electrons and collection currents are dependent
on the surface on which electrons and ions are collected. They are
described in detail for spherical and cylindrical surface in Chapter 3. The

units of the collection currents is sec . Ye 1s the sticking coefficient of

constituent electrons at the surface of CNT and is dimensionless. 7 is the
time (in sec).

C. Growth rate equation of electron density

It is assumed that the dissociative ionization of neutrals produces ions and
electrons hence it increases the number density of electrons in the plasma
, Whereas recombination of electrons and ions to produce neutrals would
decrease the electron number density in plasma. Thus, Eq. (3) describes

the growth rate of electron density in the plasma.

dr ('BAnA +ﬁB"B)_(aAneniA +aBnenz'B)_7€nct"ect’ 3)

where

ﬂj is the coefficient of ionization of the constituent neutral atoms due to

external agency (in sec), and a . (T,)=a .

k
f ]0£@J cm3 /sec is the

T,
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coefficient of recombination of electrons and positively charged ions
[16],
-1.2

K =-12isaconstant, & 40 =Cpq =1 <1077 [ﬁ} and j refers to
e

either type A species (i.e., carbon) or type B species (i.e., hydrogen,
argon, ammonia , nitrogen, neon) as the case may be.

The first term in Eq.(3) is the rate of gain in electron density per unit
time due to ionization of neutral atoms and second term is the decrease in
the electron density due to electron—ion recombination and the third term
is the loss in electron density because of the electron collection current at
the surface of CNT.

D. Growth rate equation of positively charged ion density
For the positive ions within the plasma , the process considered are that
the dissociative ionization of neutrals produces ions and electrons
,thereby the ion's number density increases, the recombination of ions
and electrons to produce neutrals decreases ion number density in
plasma. Moreover, the ions collected on the surface of the CNT would

decrease their number density in plasma.

dn, 4

ar =B gl T e g g (4)
dn;p

77 =Pl —apleltip MMy - )

The first term in Egs.(4) and (5) is the gain in ion density per unit time
on account of ionization of neutral atoms, the second term is the decrease
in ion density due to electron-ion recombination, and the third term
denotes the loss in ion density due to 1on collection current at the surface

of CNT.
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E. Growth rate equation of neutral atoms

The Eqgs. (6) and (7) describes the number density balance of neutral
atoms in plasma assuming that recombination of ions and electron
produces neutrals and the neutral number density thus increases whereas
dissociative 1ionization of neutrals to produce ions and -electrons
decreases their number density in the plasma bulk. Also, the ions that are
collected on the CNT surface gets neutralized and hence increases the
neutral atoms density in plasma .The neutral collection current would

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

(7).
dn y
To = el =B yn g (173 s = et” A (6)
dn
7 ~pleMip~Pplptieipe - (7

Y 4 is the sticking coefficient of neutrals on CNT surface and Y Ais the sticking coefficient of

ions on CNT surface, both ¥ 4 and VAt dimensionless.
The first term in Eqs. (6) and (7) is the gain in neutral atom density per

unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to their ionization, the third term is the
gain in neutral density due to neutralization of the ions collected at the
surface of CNT . The last term in Eq. (6) is the accretion of neutral atoms
of species A on the surface of the CNT.

F. Growth rate equation of the mass of CNT

The accretion of neutral and ionic species of type A (i.e., carbon) is
assumed to be responsible for the growth of CNT. The Eq. (8) describes
the growth rate of mass of CNT (with constant density) over a period of

time.
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dm ., _

ir (747 47 et ¥ Mia i 4et) (8)

where

The first and second term in Eq.(8) are the gain in the mass of the CNT
due to collection of atomic and ionic species A (i.e., carbon),
respectively. The m, is the mass of CNT and is equal to product of the

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

= i7ra3 P,y 1s the mass of the CNT for a spherical CNT tip , a is the radius of

Met 3

spherical CNT tip , and p,,, is the density of spherical CNT tip, m,., ey = 7r Petey

is the mass of the CNT for a cylindrical CNT surface , r is the radius of cylindrical
CNT surface , / is the length of cylindrical CNT surface and p ., cy is the density of

cylindrical CNT surface.

m, 1s the mass of neutral carbon atom, m;, is the mass of ionic species
of carbon (type A). The unit of m. , my ,and m;, is gm (gram) and 7 is
the time in second (sec). 74 and 74 are the sticking coefficients of
neutral and ionic species of carbon (type A),respectively and are
dimensionless.

G. Energy balance equation of electrons

The ionization of neutrals to produce electrons and ions increases the
energy of electrons whereas the recombination of electrons and ions to
produce neutrals decreases the energy of electrons. The accretion of
electrons on the CNT surface and the collision of electrons with CNT
surface depreciates the energy of electrons. Since the temperature of

electrons is more than the temperature of neutral and ions , the collision
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of electrons with either neutrals or with ions would decrease the electron

energy.
d (3
%(EnekBTej
(,B +ppn ék nn.  +a )T gh
A" 4% 4 BBB 2 4" 4 T 4B " iB NetMect \VeCec
Sect (1=7e ) {560 ( j }} ( jVeA5eA+VeB5B}(T ~Tn)re
5
i

5i)Te =T )re

3
_(EkBj ( eAlaeAz VeBi
©)
where

§n kpT, 1s the thermal energy of electrons ,

2"¢e B

T,, is the temperature of neutral atoms (inK), 7' ¢ 1s the temperature

of CNT (in K), £ 1s the mean energy of electrons due to ionization of

neutral atoms and (in eV ) and for neutral atom of type A €5 is

expressed as ,

3k
£ ngTJr (aA(zjniA)[{veAMeAx(Te—Tn)} (Vs Spui<(Te=T) |

and for neutral atom of type B €5 is expressed as

3 3k

gB:EkBTeJr2(063(Tel;><ni3)[{veBXéeBx(Te_T”)} { ><5631 (T Tl)ﬂ

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

2
the surface of CNT [16] and for spherical CNT tip glh "(Z)=e5.(Z)- [ J
a
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and for cylindrical surface gé@ (Z)=k B T,

ev.
2_ S
[kBTeJ

esc(Z)=2k BT o 1s the mean energy of electrons collected by CNT(in

eV)[16],
1

n. 2
v .=v .| —L Te. is the electron collision frequency( in sec™) due
TG0 o | Teo

D —

to elastic collisions with neutral atoms [17] and Yei0 = (8.3x10°)zr jzn jOT 0

n 2
V.=V . JU | e is the electron collision frequency( in sec™)
TG0 n 0 | Teg

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

0 220TeO

VejiO: 5.5 3 In T |
T 2 n.. 3
e( ij0

5ej ~ 2[’”—‘3] is the fraction of excess energy of an electron lost in a
J

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

5eji ~ 2[m—e] is the fraction of excess energy of an electron lost in a
Ji

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

Opet ® 2£m—ej is the fraction of excess energy of an electron lost in a
ct
collision with a CNT [3] and is dimensionless,

m; is the mass of a neutral atom (in gm),
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mjl.is the mass of an ion(in gm),

my is the mass of electron (in gm),

i is the mean radii of the atomic and the ionic species,

n .is the number density of neutral atoms (in cm™),

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

Vv .

~99 s the electron collision frequency due to collisions with atoms/ ions
Veji0

in the absence of CNT and is dimensionless,

0 is the initial number density of electrons (in cm™),

nj 0 is the initial number density of neutral atoms (in cm™).

The first term in Eq.(9) is the power gained per unit volume by electrons
due to ionization of neutral atoms, the second term 1is the energy loss
per unit volume per unit time due to recombination with positively
charged ions in plasma, and the third term is the energy loss per unit
volume per unit time due to the sticking accretion and elastic collisions of
electron at the surface of the CNT. The fourth term is the energy loss per
unit volume per unit time due to elastic electron — neutral collisions and
the fifth term is the energy loss per unit volume per unit time due to
elastic electron- ion collision.

The LHS of Eq.(9) can be written as
3 dl,\ (3 dn,
2% e (Wj*(z"BJTe (%j

Substituting the value of 6i,&from Eq. (3) in the above Eq., we get
T
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3 3
] ﬂA A+ﬂB B) KZkB]Te( AnenA+aBnenB) [ZkB]Te%”ct”ect

3 Ih
(B2 4+ Pyiptp) [2"3]( A g )Ty ey el + gy (1-72)
3 3
{‘%c ct}} (2kBj[VeA§eA+VeBé BJ(T -T,) e—KEkBj

(VeAi5eAi +VeBi5eBi )(Te _Ti)ne’

On rearranging the above equation, we get
3 dT, 3
[ > kBJ”e[ dr ] {(’BAHAEA +'BBntB)_(§kB](ﬂAnA +ﬂB”B)Te} :

et"ect {76 {géhc G kBJ } +5ect( {880 @ kBJTct}}_[%kBj
0

[V eaPonVenon | (Te=Ta )+ (VouiBoi *VemiOomi) Te =T e -
(10)

H. Energy balance equation for positively charged ions

The ionization of neutrals to produce electrons and ions increases the ion
energy whereas the recombination of electrons and ions to produce
neutrals decreases the energy of ions. The accretion of ions on the CNT
surface depreciates the energy of ions. Since the temperature of ion is less
than the temperature of electron, the collision of electrons with ions
would increase the ion energy whereas since the ion temperature is more
than the neutral temperature, the collision of ions with neutrals decreases
the 1on energy. Because both species of ions are assumed to be at the
same temperature, the ion—ion collisions do not contribute to the energy

balance.
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d[3

E[E(”m +niB)kBTz}

:(,Bng + B pE )+§k n(v O . +V .0 )x(T—T)
A" 4%5i4 T PB"B%iB) T\ 2%B |"'e\Vedini T eBi%Bi ) \Te T i
3 ! /

‘(5 kp J(“A”e”m ragn |1 =g (”iAct“’iAc " ”chzgch)‘

@ kBj[(ViAAaiAA *Vi4B%i4B )niA " (ViBA§iBA * ViBB5iBB)”iBJ( i

(11)

where

3 . :
E(ni YRl B)k BTi is the thermal energy of ions ,

[ (2) 1s the mean energy of positively charged ions (at large distance
ijc
from the surface of the CNT) collected by the CNT [16] (in eV), for

spherical CNT tip /. (Z)= 2-Za, kT
yes 1-Za, | B'1

™

whereas for cylindrical CNT surface
1 1

1
27k T. |2 2 2
/ _ Bli 4 eV eV eV eV
& (D)=kpTn..rl (—][ ] + 2—{ exp erfc
ve By { my; } V7 )| kpT; kpT; kpT; kpT;

,V; is the surface potential of cylindrical CNT.

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

ionization of neutral atoms[16] and for ion A and B are expressed as
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3k
8iA:%kB7}A+2(aA(TSXniA)[{ zAAX5 (TI_T”)} { eAzX5eAz (Te—I;.)H

3 3k
¢ip=2%plip* 2(aB(Tj>< ng) [{ViBB <G (T =T )} Ve * G *(Te _Ti)”
1

n. m.T.+m..T,

' n
Vg =V..y J 1 Y is the collision frequency (in
g a0 m T +my T
J "i0 i n0

sec’' ofa j type of ion with ;' ion of neutral atom[17],

I P o | :
o= 2)(or g2 2 [HT;Q {gq} ,
ij 3 (m +m .,j by J
y
2ml..
5..=|——Y | is the fraction of the excess energy of a j type

ijj' rm..
J (m] ml])

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

atom and is dimensionless,

TiO and TnO are the initial temperatures of positively charged ion and

neutral, respectively [17] (in K).

The first term in Eq.(11) is the energy gained per unit volume per unit
time by the positively charged ions due to the ionization of neutral
atoms, the second term is the energy gained per unit volume per unit
time due to the elastic collision of ions with electrons, the third term is
the energy loss per unit volume per unit time due to electron —ion
recombination , the fourth term is the energy loss per unit volume per unit

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

elastic collision with neutral species.

The LHS of Eq.(11) can be written as
3 WANE d(m+ mip)
(EkBj(niA +niB)(E}+(§kBJTi —dr

o d (n YR, B)
Substituting the value of ld—l from Eqs.(4) and (5) after
T

multiplying by (%kBj Tz in above Eq. , we get

(%kBj(niA * niB)[%J

_ 3 3 3
=~ 5T (B 4+ Brg )+ Sk pTi (@ arett g @ prienig |+ 3K pTier (M geq e )+
3
(B4 404" Py5%5) {5 kB)”e Veai%eai * Vepideni)(Te=T;)
3 / !
- (EkB j(aAneniA g )= (niActgiAc “iBet®iBe ) B
s

[% kBJ[(ViAA@AA V489 ViaSipa+Vinsdin)is (1)

On rearranging, we get
3 dT;
(EkB](niA +"iB)[d_fj -
+ (3% + AnESR S v .o
(ﬁAnAgiA ﬂB”BgiB) >*B ('BA”A ﬂBnB) il 2%B ”e(VeAi edi T VeBi eBi)

«(Te=T;)=neq {[niAct[gz?Ac _@kB]Ti}“”cht HBc ‘@"BJTim‘(%k jx

9 % 5. )5 |(T;=Tn)

[(ViAAéiAA *ViaB%i4B )niA * (ViBA iBATViBB

(12)
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I. Energy balance equation for neutral atoms

The ionization of neutrals to produce electrons and ions decreases the
neutral atoms energy whereas the recombination of electrons and ions to
produce neutrals increases the energy of neutral. The accretion of neutral
on the CNT surface depreciates the energy of neutral. Since the
temperature of neutral is less than the temperature of electron and ion, the
collision of neutral with ions and electrons would increase the neutral
energy. The neutralization of ions incident on the CNT surface would
increase the energy of neutrals. The neutral dissipates some part of the

energy to the surrounding.

c;er( 4+ 7)kp T}

{ Al T OB, B)(Te”})*( Aeliglpa BnenlB[pBH
{ VeAgeAJrVeBgeB)( -7 )+[(ViAA§iAA+ViAB5iAB)niA+

(zBA 4 VinBOBB)" B} (%-7 )}} @kBJ”ct[(l_%A)”iAct+”chJTct
_{(EkBJn {Act{yATn+5Act(1—yA)(Tn—Tct)} Mg iOpes (Tn=To )}}
_(%kBj(ﬂAnA+'BBnB)T”_Ediss’

(13)

where

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

E Jiss :(E A, diss+E B, dissj’ E]., diss 1S the energy dissipated per unit

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

the neutral atomic species and the ambient temperature.

(T. —Taj
=F S 7 , The constant £ is obtained by
Jdiss  jdissO| (7 _r JdissO
jo é
imposing the ambient condition of the complex plasma system in Eq.(13)

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

2m .
5. =|—— | isthe fraction of excess energy of an atom lost in a

Jjet
(mj o

collision with the CNT and is dimensionless, and 7, is the ambient
temperature (in K).

The first term in Eq. (13) is the power gained per unit volume by the
neutral species due to recombination of electrons and positively charged
ions, the second term is the rate of power gained per unit volume by
neutral atoms in elastic collision with electrons and positively charged
ions. The third term is the energy gained per unit volume per second due
to formation of neutrals at the surface of the CNT due to ion and electron
accretion. The fourth term refers to the thermal energy lost per unit
volume per unit time by neutral atoms accretion on and collision with
CNT tip. The fifth term is the energy lost per unit volume per unit time
due to ionization of neutral atoms. The last term is the energy dissipation
rate per unit volume by neutral atoms to the surrounding atmosphere.

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

d
%(”A*”B)kB (%}%kBTn %
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d(nA—i-n

dr

Substituting the value of B )

from Eqs.(6) and (7) and multiplying by
3
5 k BT n
in Eq.(13) ,we get
dT,,

E(n +n )k —= | =
2\"4 " "B)"B| dr |
ST + kT (B on 4 Bany ) ok Ton((1- ;
2"B n(“A”e”iA "‘B”e”iB) 2"B n( A4 B”B) 2"B n”ct(( 7/iA)niAct ”cht)
3 3
T3 KBTner? 4" gr *KE"BJ(“A%”:’A g p)(Te+T;)+
3
+(aAnenl.AIpA +aBneniBlpBﬂ+{[§k3j[ne(VeA5eA +VeB5eB)(Te—Tn)+
3
(Vi Vian%as ) ia Vi aBipa+Vinsisn )i <1 T ”}*(5 kBj
3

et [(1_7iA)niAct +ncht}TCt _(EkBanf {nAct [7AT” +§Act (l_yA)(T” _Tct)}

3
1 eOper (T =T )J_(EkBj(ﬂAnA P ) Tn=E gy

o 0.

On rearranging above equation, we obtain

3 dr,

gk (ann +ann n )(T+T—T)+annl +apn n.,l
2"B\"A"e’iA “BeiB)\'¢ i n A€"iA pA “B'e’iB pB
NEP n(v S 4V 0 )(T—T)+[(v O. V. O )n +
2°B)|"¢\"ed"ed "eB eB)\'€ "n iAA”iAA  "iABTiAB)iA

3

5iBA+ViBB5iBB)niB}X(Ti_T”)}'_(EkBanf[(l_yiA)niAct+ncht}(Tct_Tn)

3
_(EkBjnct [nActé‘Act (1_7/1 )X(Tn ~Ty) + "BetOBet (Tn Ty )}_Ediss'

(ViBA

(14)
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J. Energy balance for CNT
The processes such as electron, ion, and neutral accretion on the CNT
surface affect the energy of CNT and some part of CNT energy is lost to

the surrounding through conduction and radiation processes.

%(mctcpTct) - {nect {Ve T A {gsec _(% kBJTCtH }
_{[%kBj{(nAct [7/ATn +6 4. (l_yA)(Tn _Tctﬂ)+(nBct530l (T _TC’))}}JF

s s 3 B
{”mct[g ide ™! ij+ncht(g iBe ™1 pBﬂ}_{Ek j[(l 7iA)”iAct+”chJTct}

1 1
8k, T, )2 8k, T, \2
4 -4 B'n Bn
—J Area gO-(Tct_Ta)JrnA{ J +nB[ ] kB(T

-T,
ct
ﬁmA ﬁmB

n)} . a5)

where

gisjc (Z) 1s the mean energy collected by ions at the surface of CNT[16](in
eV),

Cp is the specific heat of the material of the CNT at constant pressure ( in
ergs/gm K),

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

o is the Stefan —Boltzmann constant ( in erg sec™ cm” K™,

Area refers to the total surface area of CNT and for spherical CNT tip of
CNT Area= 4742 and for cylindrical surface area = 27r(r+1[) , where a
is the radius of spherical CNT tip and r is the radius and / is the length of
cylindrical CNT surface.

The first three terms in Eq.(15) are the rate of energy transferred to the
CNT due to sticking accretion and elastic collision by constituent species

of complex plasma. The fourth term is the energy carried away by the
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neutral species (generated by the recombination of the accreted ions and
electrons) from the CNT per unit volume per unit time. The last term is
the rate of energy dissipation of the CNT through radiation and
conduction to the host gas[18].

2.4: APPLICABILITY OF THE PRESENT MODEL

The theoretical model so developed can be employed to study the growth
of carbon nanotube in a plasma environment. The effect of plasma
environment i.e., the density and temperature of the plasma species (i.e.,
electrons and ions), the different plasma mediums, various plasma
compositions i.e., light and heavy ions , effect of negative ions, on the
growth of carbon nanotube can be studied through the present model. The
results obtained from the present model can be extended to realize the

practical applications of the CNT.
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CHAPTER 3

ROLE OF PLASMA PARAMETERS ON GROWTH OF
SPHERICAL CNT TIP AND CYLINDRICAL CNT SURFACES
(WITHOUT CATALYST) AND THEIR FIELD EMISSION
PROPERTIES.

3.1: Brief outline of the work in the chapter

The present chapter focuses on the effect of plasma parameters (i.e.,
electron density and temperature, ion density and temperature) on the
growth of spherical carbon nanotube (CNT) tip and cylindrical CNT
surfaces, separately and estimation of field enhancement factor of CNT
from the results obtained.

3.2: Introduction

Carbon nanotubes (CNTs) are being extensively studied because of their
excellent properties e.g., mechanical properties, high chemical stability,
thermal conductivity, large aspect ratio (i.e., ratio of height of CNT to
radius of CNT), etc. The growth of CNT in plasma is an active field of
research and plasma parameters impacts CNT growth.

In the plasma assisted growth of CNTs, parameters specific to the glow
discharge must be considered. The voltage, current, power, and resultant
field distributions within the discharge, plays a vital role in shaping the
outcome of the growth process. The plasma is used for both the
deposition of thin conformal films and for etching, depending on the
choice of conditions. [1]

Low temperature plasmas are an extensive and multifaceted tool for

material processing such as thin film deposition, etching, surface
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activation and functionalization, and plasma polymerization[2,3]. This
low temperature operation is possible owing to the activation of the gas
by the energetic electrons, while the gas itself remains at temperatures at
or slightly above room temperature [4]. Indeed, in low temperature
plasma, the electrons cause ionization, excitation, and dissociation. The
dissociation reactions lead to the formation of highly reactive radicals.
The 1onization process creates ions and electrons that are accelerated by
the applied electric field. These ions and electrons can subsequently
participate in various reactions, including dissociation reactions, leading
to the formation of more radicals. Finally, also the excited atoms and
molecules, which are generally more reactive than the ground-state
species, contribute to the enhanced reactivity of the processing gas,
thereby omitting the need for high temperatures to achieve chemical
reactions [5].

Srivastava ef al. [6] have synthesized carbon films via microwave plasma
enhanced chemical vapor deposition (MPECVD) using a mixture of
methane(CH,4) and argon (Ar) gases on nickel (Ni) coated silicon(Si)
substrates and found that increase in microwave power causes more
ionization of the gas, which increases the density of plasma species of
relatively higher energy. Moreover, increased nucleation of graphitic
clusters is expected to occur, and this leads to formation of carbon petals
of relatively smaller size and higher density at increased microwave
power.

Pal ef al. [7] have grown arrays of aligned CNT on silicon substrate in
the anode sheath of glow discharge and found that nanotubes grow in
those regions where electric field is enhanced due to depletion of positive

1ons in anode sheath.
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Levchenko et al. [8] have found that the distribution of the ion current
along the nanotip lateral surface is strongly nonuniform and can be
controlled by the plasma density. Their results suggest that the plasma
parameters are important factors that enables to efficiently manipulate the
microscopic ion fluxes onto the substrate and nanotip surfaces, eventually
leading to the possibility of the efficient carbon nanotip growth control.
Levchenko et al. [9] have suggested that the plasma-aided process, in
contrast to the neutral flux deposition, is an efficient tool to control the
nanotip aspect ratio. The nanotip aspect ratio can be controlled by
adjusting the plasma parameters such as the degree of ionization, plasma
density, and electron temperature, etc.

Levchenko et al. [10] have pointed out that by using the plasma
extracted ion fluxes, the CNTs can be uniformly coated and treated along
the entire length. Manipulating the plasma parameters makes it possible
to direct the ion flux to preselected areas on the nanotube surfaces. This
effect can also be used for deterministic synthesis of dense CNT arrays in
low-temperature plasmas.

The field emission properties of carbon nanotubes are also another
important area of research, because they give very high values of the
current density as compared to the already existing field emission
devices. The field emission properties of CNT and the effect of various
factors such as plasma parameters [11], substitutional atoms[12],
dimensional effects[13], anode-cathode distance[14] etc.,, on field
emission from CNT have also been extensively studied. Lee et al. [11]
have investigated the effect of plasma treatment on the surface

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

Jang et al. [15] have fabricated the CNT through direct current plasma-
enhanced chemical vapor deposition (dc-PECVD) using different
ammonia (NH;) pre-treatment plasma currents and have analyzed the
field emission behavior of well-aligned carbon nanotubes. The field
emission properties of the multi-walled carbon nanotubes (MWCNTs)
exhibit a strong dependence on the morphology parameters such as the
length, radius, and density of nanotubes.

Kyung ef al. [16] have studied the growth and field emission properties of
MWCNTs by using atmospheric pressure PECVD and investigated the
structural and electrical characteristics for its possible applications as
field emitters in field emission display devices (FED). The results show
the turn-on field to be 2.92V/um, and the emission field at ImA/cm” to be
5.325 V/um, which is appropriate for FED emitters.

Wang et al. [17] have grown vertically aligned CNT films with diameters
smaller than 5 nm and have investigated the electron field emission
properties of the films by variable distance field emission and
temperature-dependent field electron emission microscopy (T-FEEM).
The films showed an emission site density of ~104/cm’ and a threshold
field of 2.8 V/ um. The results showed the strong dependence of size of
CNT on its field emission properties.

In the present chapter, we investigate the effect of plasma parameters on
the growth of spherical CNT tip and cylindrical CNT surfaces, separately
using the model developed in Chapter 2. An estimate of the field
enhancement factor from spherical CNT tip and cylindrical carbon

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

Following the consideration in the previous chapter of a plasma
containing electrons, positively charged ions of type A(carbon) and
B(neon), neutral atoms of type A(carbon) and B(neon), the growth of
CNT (spherical CNT tip and cylindrical CNT surface, separately) by
condensation of embryonic nanotubes in plasma is investigated. The
equations for growth of spherical tip of CNT and cylindrical CNT
surfaces are presented separately.

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

the accretion of electrons and positively charged ions on the CNT, i.e.,
electron collection current on the CNT(ngy) i1s equal to total ion

collection at CNT (njacts™iBcts)

"ects ="idcts T "iBets (1)
where
1
8k BT e

_ 2 2 - -
Nypps =700 [ e ] Np €XP [Z ae] is the electron collection current at

2
the surface of spherical CNT tip [18] (in sec™') and Qp :[ ¢ ]

akBTe
1
D) 8kBT. 2 . . .
n.. . =mga“|—L1L n..[l—Za.} is the ion collection current of a
ycts ﬂmij U l

spherical CNT [18](in sec™) where j refers to either A (carbon) ion or B

o2

ak pT;

(neon) ion and a; :( J , Z 1s the amount of charge on the

CNT(dimensionless).
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Substituting the values of nec and njjes (for both A (carbon) and (neon))

in Eq.(1) we get,

1 1 1
ra® 8kBTe 2n exp 222 = ra? SkiTl 2n. 1- 222 +ra® % 2n. 1- ze°
zm, € ak T, m. Al ak T mp B\ ak T ’

(2)
or
1 1 1
ngTe 2 Ze2 8kBTi 2 Ze2 SkBTl. 2 Ze2
ng €Xp = oy 1- + n.p 1- ,
m, ak BT e . 4 l ak BY;. . p l ak BTi
3)
or

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

charged, and initial radius of CNT is ay,

1 1 1
_— ne — = n. n. )
Me agkple ] \my) M| agkpTi] \mp) B agkpl;
“4)
1 1 1
Ne| — | €Xp| — = — | +4+n —t ,
Me agkple agkply ) Almy ) Blmpg
)

Now, the initial radius [19] of cylindrical CNT surface (r,) can be
estimated through the surface potential on cylindrical CNT
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A
__2e1,,d
Ve= llogro :

(6)

where

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

[ = length of the cylindrical CNT (in pm),
2 _ -2, ,2

A T Ae +il. ,

A y is the Debye length of the plasma,

T
Ao| = Loz is the electron Debye length for the electrons present
47meoe

T.
in the plasma, A.| = 1—02 is the ion Debye length for ions present
4rn. e

i0

in the plasma,

0 is the ion number density (in cm™),

N,0= the number density of electron (in cm™),

T c0= the electron temperature (in eV),

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

1o= the initial radius of cylindrical CNT surface (in nm),

k B= Boltzmann’s constant(in ergs/K),
TiO = the ion temperature (in K),
ny= the number density of ion A (in cm'3),

m = the mass of ion A(in gms),
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np= the number density of ion B (in cm™),
m.p= the mass of ion B (in gms), and

e= the electronic charge(in StatC).

The processes assumed for the growth of CNT in plasma are same as
discussed in Chapter 2 .

A. Charge on CNT

Following the charge neutrality condition i.e., treating the plasma as
electrically neutral. Egs. (7) and (8) equates the net negative and positive

charge in the plasma for spherical tip and cylindrical surfaces,

respectively.
ZSnCt+niA+niB:n€’ (7)
chnct . tnp=ne )

7~ amount of charge on spherical CNT tip ( dimensionless),
Z.~ amount of charge on cylindrical CNT surface (dimensionless),

n.,= the number density of the CNT(in cm™).

B. Charging of CNT

Let Zs 1s the amount of charge over the spherical CNT tip, Z. is the
amount of charge on cylindrical CNT surface, then the time evolution of
charge on the entire CNT surface can be expressed through Egs. (9) and
(10) for spherical CNT tip and cylindrical CNT surface , respectively.
The Egs. (9) and (10) describes the charge developed on the CNT due to
accretion of electrons and positively charged ions on the surface of the

CNT.

dZ,
dridcts TiBets ~7es Mects ©)
iz,
dzidetey T "iBetey ~Vecy Mectey - (10)
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where

1

58k BT e |2 , ,

a) n,. =7rd . neexp| Za, | is the electron collection current
. . . -1 62
at the surface of spherical CNT tip [18] (insec”) and ¢, = .
ak BT e

2 SkBT- 2 . . .

b) n.. . =ma“|—LL| n. [I—Za.} is the ion collection current on a
ycts m ] l

i

2
spherical CNT tip [18] (in sec™") and ai:[ © J

akBTi
2rk,T, )
V4 2 V
= B¢ s | :
c) nectcy_”e”l { m, j exp kBTe] is the electron collection

current at the surface of cylindrical CNT [19] (in sec’) .

1 1 1
27k T |2 2 2
_ Bi 2 | el
d) Miictey nijrl{ o ] ;{kBTJ Fexp| T}fc [k T}

Y
is the ion collection current of a cylindrical CNT [19] (in sec™) , j

refers to either A(carbon) or B(neon) positively charged ion,
Ves and Yecy are the sticking coefficient of constituent electron at the
surface of the spherical CNT tip and cylindrical CNT surface,
respectively and are dimensionless.

The first and second term in Eqs.(9) and (10) denotes charge developed
the CNT due to ion collection currents of type A(carbon) and B(neon)
on spherical CNT tip and cylindrical CNT surface, respectively and third
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term denotes the denotes charge developed on spherical CNT tip and

cylindrical CNT surface, because of electron collection current.

C. Balance equation for electron, ion and neutral number densities
for spherical CNT tip

a) Number density balance for electrons

As discussed earlier in Chapter 2, the number density balance equation

of electrons 1s developed considering that within the plasma the neutrals

ionizes to produce ions ,electrons and the electron and ion recombines to

form neutrals. The electron collection current to CNT also affects the

electron number density.

dne
dr (ﬂAnA +Pghg ) ‘(“A”e”iA +taplehp ) ~Zes"ctMects (1)

where

Yii and ﬁB are the coefficients of ionization of the constituent neutral

atoms of A(carbon) and B(neon) due to external agency (in sec), and

k k
300 3 (300} 3

a  (T.)=«a — | em’/sec and a, (T, )=« —— | cm’/sec are

A( e) A(){ Te ] B( 6) B0 Te

the coefficients of recombination of electrons and positively charged ions

[18] of A(carbon) and B(neon),respectively where k£=-1.2 is a constant

-1.2

1
8k T, \2 7,
andnectszﬂa2[ ”f”ie J Mg €Xp| — -

, _ _ -7|_1
@ 40 =Apo ="e*10 {T_}
e0

is the electron collection current at the surface of spherical CNT tip [18]

(in sec’") and n. is the CNT number density (in cm™).
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The first term in Eq.(11) is the rate of gain in electron density per unit
time due to ionization of neutral atoms and second term is the decrease in
the electron density due to electron—ion recombination and the third term
is the loss in electron density because of the electron collection current on
the spherical CNT tip.

b) Number density balance for ions

The number density balance equation of ions is established assuming that
within the plasma, the ionization of neutrals produces ions, electrons, and
the electron and ion recombines to form neutrals. Some of the ions

accrete on CNT tip.

dn; 4

g7 =P A g AN g T e g s (12)
dn;g

7r = Pplp Mg Mg g > (13)
where

1 5 1 )
8k T.\2 8k T.\2
niACZS - 72'a2 [ 7[}5 l J nlA l:l B aie T ’nl'BCZS - 7z'a2 { 7275 l J nlB 1= aie T
iA Bl B Bl

are the ion collection currents at the surface of spherical CNT tip
[18](in sec™), ns and ng are the neutral atom number density (in cm™).
The first term in Egs. (12) and (13) is the gain in ion density per unit time
on account of ionization of neutral atoms, the second term is the decrease
in ion density due to electron-ion recombination, and the third term
denotes the loss in ion density due to 1on collection current on spherical

CNT tip.
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¢) Number density balance for neutrals
The processes such as recombination of electrons and ions, ionization of
neutrals , accretion of neutrals and ions on the CNT surface are accounted

in the balance equation of neutral atom density.

A _ _ _

To = ety =B yn gty (1 Vit Mgt et 4" dets (14)
dn B

gp = Opheip —Bphpt i ip o (15)
where

. .. 8kBTn 2n . 22 8kBTn 2n
Acts m A’ “Bcts m B
A B
are the neutral collection currents at the surface of spherical CNT tip [18]
(in sec™).
is the sticking coefficient of carbon neutrals on spherical CNT tip and Yy is

V4
the sticking coefficient of carbon ions on spherical CNT tip, both y 4 and V4 e

dimensionless.

The first term in Eqgs. (14) and (15) is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to their ionization, the third term is the
gain in neutral density due to neutralization of the ions collected on
spherical CNT tip. The last term in Eq. (14) is the accretion of neutral
atoms of species A(carbon) on spherical CNT tip.

D. Balance equation for electron, ion and neutral number densities

for cylindrical CNT surface
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a) Number density balance for electrons

Assuming the processes as discussed earlier for electron number balance
, Eq.(16) describes number density balance equation for electrons for the
growth of cylindrical CNT surface.

dn

e _ _ —
E‘(ﬂA”A + P ) (@ gren g+ arenig |~ Tecyeitectcys (16)

where

1
2k T, \2 eV
— .l B¢ s
Rectcy = e [ my J GXP{ ksl

is the electron collection current

on the cylindrical CNT surface [19] (in sec™).

The first term in Eq.(16) is the rate of gain in electron density per unit
time due to ionization of neutral atoms and second term is the decrease in
the electron density due to electron—ion recombination and the third term
is the loss in electron density because of the electron collection current on
the cylindrical CNT surface.

b) Number density balance for ions
Assuming the processes as discussed earlier for ion number balance, Egs.
(17) and (18) describes number density balance equation for ions for the

growth of cylindrical CNT surface.

id _ _ ~
dr _ﬂAnA @ 4leiy anniActcy’ (17)
dn;p
dr _'BBnB aBneniB_annchtcy’ (18)
where

1 1 1

27k T.\2 2 2

idctey ~ A L BZJ }{;V;J +expk ;}e”fc [:;]
4 "ig 7\ Xp'i Bli Bli
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1 1
"iBetey T niBrl[zﬁkBTi }2 \/2_ [:V; Jz " exp[:V;
Y mp 7\ *pl; Bli

2
|
Bi

are the ion collection currents at the cylindrical CNT surface [19](in sec’
" for A(carbon) and B (neon),respectively.

The first term in Egs. (17) and (18) is the gain in ion density per unit time
on account of ionization of neutral atoms, the second term is the decrease
in ion density due to electron-ion recombination, and the third term
denotes the loss in 1on density due to ion collection current on cylindrical
CNT surface.

¢) Number density balance for neutrals

Assuming the processes as discussed earlier for number balance of
neutrals, Egs.(19) and (20) describes number density balance equation of

neutrals for the growth of cylindrical CNT surface.

dn

R _ _ _
dr fA4"eig B4+ e (1 7iA)niActcy et? 4" Actey’ (19)
dnB
ar ‘BB _'BBnB +nClnchtcy’ (20)
where 1 1

2k, T, \2 2k, T, \2

— Bn _ B'n
nActCy—mﬂl{ n, J oy nBctcy_ﬂr{ e ] ng

are the neutral collection currents at the cylindrical CNT surface [19](in
sec’),n4 and ng are the neutral atom number density (in cm™).

The first term in Egs. (19) and (20) is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the

decrease in neutral density due to their ionization, the third term is the
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gain in neutral density due to neutralization of the ions collected at the

surface of CNT. The last term in Eq. (19) is the accretion of neutral atoms

of species A (carbon) on the cylindrical CNT surface.

E. Growth rates for the mass of spherical CNT tip and cylindrical
CNT surface

The accretion of ions and neutrals of carbon are considered as the main

growth process for both spherical CNT tip and cylindrical CNT surface.

dm

cls _
T =M g7 ges ikt @D
dm
ctey
“dr (’"A7 A Actey TMid” iAniActcyj’ (22)
where
M s =§7Z'a3 P g 18 the mass of the CNT for a spherical CNT tip , a is the

radius of spherical CNT tip , and p,., is the density of spherical CNT tip,

Meey = xrll Petcy is the mass of the CNT for a cylindrical CNT surface ,

r 1s the radius of cylindrical CNT surface , / is the length of cylindrical
CNT surface and p,., ey is the density of cylindrical CNT surface.

The first and second term in Eqgs.(21) and (22) are the gain in the mass of
the spherical CNT tip and cylindrical CNT surface, respectively due to
collection of atomic and ionic species A (i.e., carbon), respectively.

F. Energy balance equation of electrons, ions and electrons and
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spherical CNT tip for spherical CNT tip case
Following the same approach as in chapter 2, the energy balance equation
of electrons, 1ons and electrons for spherical CNT tip case can be written
as
a) Energy balance for electrons
The energy balance of electrons is accounted based on the dissociative
ionization process of neutrals, the electron collection current on the CNT
and their collisions with CNT and the collision of electrons with neutrals

and ions.
3 dT, 3
[EkBjne[d_re]: {(ﬂAnAgA+ﬁBntB)—[§kBj(ﬂAnA+ﬁBnB)Te}—nCtnectS
3 3
{%sggcls_(szJTe}r%cts (1_7es){ggcs_(§kB]Tct}}

3 3
‘(5 kBJ[VeAéeA Vo0, (Te=Ta)e _(5 kB]{(VeAigeAi +Vopi%epi)

(Te=T; )| e (23)

where

3 .
Enek gl 18 the thermal energy of electrons ,

n. 1s the number density of electrons(in cm’3),Te 1s the electron
temperature (in eV), T, is the CNT temperature (in K), and T, is the

neutral temperature (in K).

2
lh _ .S | Ze
Fecs(2)=Eecs(Z) { a J 1s the mean energy of electrons(in eV) at a

large distance from the surface of spherical CNT tip [18],

E505(2)=2k BT o 1s the mean energy of electrons (in eV) collected by

spherical CNT tip [18],
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n 7. )2 { n J{ T Jz
_ A e — B e
vV =V —A1=%] andv ,=V —2 || ==
A A0 B B0
“ e {"AOJ[TeOJ o e are the
electron collision frequency (in sec) due to elastic collisions with neutral

atoms A(carbon) and B(neon), respectively [20] , and
1 1

_ 5 2 2 _ 5 2 2
VeAO—(8.3><10 )7Z'I”A nAOTeO and VeBO—(8.3><10 )7Z'I”B nBOTeO ,

3 3
vV .=V . Tid || Te. 2 andv ,,.=v . i || Te 2 are the
edi " eAi0 40 Te 0 eBi  "eBi0 50 TeO

electron collision frequency (in sec”) due to elastic collisions with

positively charged ion of type A(carbon) and type B(neon)[18],

respectively.
n 220T n 220T
_ el el _ el el
Vo 1i0= 5.5 % In % and V.Bi0 = 5.5 % In % ,
Teo™ ) M0 Teo™) B0
m, m, .
5e 4= 2[—} and 56 B~ 2[”1_} are the fraction of excess energy of an

"4 B
electron lost in a collision with the neutral atom A(carbon) and B(neon),

respectively[18] and are dimensionless,

s ~2|Me |and 5 ,.~2| e | are the fraction of excess energy of
eAi m eBi m g
i i

an electron lost in a collision with a positively charged ion A(carbon)

and B(neon), respectively [18] and are dimensionless,
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Oprts ® 2[m—e] is the fraction of excess energy of an electron lost in a

cts
collision with a CNT [18] and is dimensionless where,

ols =§7ra3 Pt 1s the mass of the CNT for a spherical CNT tip , a is the

radius of spherical CNT tip , and p,.,. is the density of spherical CNT tip.

m

The first term in Eq.(23) is the power gained per unit volume by electrons
due to ionization of neutral atoms, the second term is the energy loss per
unit volume per unit time due to the sticking accretion and elastic
collisions of electron at the spherical CNT tip, the third term is the energy
loss per unit volume per unit time due to elastic electron - atom collisions.
The fourth term is the energy loss per unit volume per unit time due to
elastic electron- ion collision.

b) Energy balance for ions

The energy balance equation for ions is formed based on the dissociative
ionization of neutrals, collisions with neutrals and electrons and their

collection on the CNT surface.

[%kBj(niA +niB)(%} -

3 3
{(ﬁAnAgiA +ﬂBnB€iB)_[§kBj('BAnA +'BBnB)Tz} { 2 kBj”e VeiBenti *Vepidesi)

{Te=1;) = {”z‘Acts |:€£ACS ‘(%kBjTiD+[”chzs HBCS _(%kBjTiD}_{(% kBjX

[(ViAAéiAA 080 Vs aOimat ViBBgiBB)niB}(Z} ~Tn )} (24)

where

3 . .
E(ni YR, B)k BTi is the thermal energy of ions ,
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n;x and n;g are the number density of positively charged ions of type
A(carbon) and type B(neon), respectively(in cm™),T;is the ion

temperature (in K), T, is the temperature of neutral (in K).

ZAl

IZA

ZBz
IZB

k T. are the

Z2)= kTanng()

zA cs

mean energy (in eV) of positively charged ions, A(carbon) and
B(neon),respectively (at large distance from the surface of the CNT)
collected by the spherical CNT tip [18] .

& 1s the mean energy(in eV) of positively charged ions produced by the

ionization of neutral atoms [18] and for ion A(carbon) and B(neon) are

expressed as

3k
%Azng]}A*z(aA(zjniA)[{ Viaa O (T}~ Veai o1 )

3 3kp
e =2k T+ [ %8 5o x(T:~Ty) %8 5 x(T, T”
B B'iB ;BB °iBB Bi i
1 2 l 2(aB(T€)XniB) { 1 } { epl }
1 1
n T.+m. T, |2 n T.+m. T, |?
Vida =Vid40 4 A i ViaB =ViABO £ e e
i i ) L
40 ( ATO—i-mlAT O) Bo ( BT0+m1ATO)
1 1
n To4m T, |? n mpT.+m. T, |?
ViB4 =ViBAO 4 —A1_i ViBB ~ViBB0 5 Bi B~
b l o
BB 0 | (mgTig +migT) B g0 ) (mpTio +migT0)

are the collision frequencies(in sec™’) of a j type of ion with j'ion of

neutral atom[18],and
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1
L (8 (Mk )é(r ir )2 "40™A|[( Lo ), Tuo | 2
iA40 ~| 3 B/ Via™ 4 (m m ) mig) \my )|
idT"4))-
1 npynm I %
8 > 2| _"B0"B 7o [T
_(8 7 10 n0
Vi 4BO (3)(27%3) (rl.A+rB) (m o ) mz’A}i{mBH ,
iAT"B) )
1 n  ~m i %
8 5 21 "40"4 7i0 |, T;
_(8 2 10 |4 1n0
YiBAO @(2”"3) Cig*7y) (mg+m ) |\ MiB +["1AH ’
l i

1
1 _ 1
8 5 2| _"B0™B _||( Tio |, (Tu0) 2
=2 2 _ O b ||| 40 |4 1n0
ViBBO @(2’”‘3) Uig*7p) (g ) 78 g ||
l ,

2m;p

Oop = —iB
BA | (m g+ mip)

2m, 2m. 2m,
5 o=l——id |5 |_"TiB |5 _|__"Tid |
AL Gn gy [IBB - Gmg i) [IAB ] (mp )
are the fraction of the excess energy of a j type positively charged ion,

lost in a collision with neutral ;' kind of neutral atom and are
dimensionless. where j and ;' can be same (i.e., both carbon) or be

different (i.e., one carbon and other neon)

The first term in Eq.(24) is the energy gained by ions per unit volume
per unit time due to the 1ionization of neutral atoms, the second term is
the energy gained per unit volume per unit time due to the elastic
collision of ions with electrons, the third term is the energy loss per unit
volume per unit time due to the sticking accretion of ions at the surface of
the CNT. The last term is the energy lost per unit volume per unit time

due to elastic collision with neutral species.
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¢) Energy balance for neutrals

The energy balance of neutrals is based on the recombination of electrons
and 1ons, collision of neutrals with electrons and ions, neutralization of
1ons collected on the surface of CNT, and neutral collection current on

spherical CNT tip.
dT,
B)kB(d_Tn]:
Sk e +a T,+T.-T, )+ I
2"B ( "4 BneniB)( et n) @ eyl a2 g pp

4
N 2k Vre(vo 8 g VopBop ) Te=T) |4 [ 255 Vit dBoaaia Vi 5O ia)
2kp eB%B 2%8 \Via4%a4"i4 ViaBOiB" 4
3
2

[\ NOS)
S
AN
+
S

+ _kBj(ViBA(siBAniB viss®iss"ip) )|

+{(%k3jnct [(l_yiA)”iActs chts}(T 1 )}

3
a {[5 kB J et [nActséActs (1 74 ) 8 (T” T ) * nBctsé‘Bcts (T” Tt )}} B Ediss' (25)

Ip y and / B are the ionization energy (in eV) of the constituent atomic

species of type A (carbon) and type B(neon),respectively,

E Jiss :(E Adiss +E B, dissj’ E]., diss 1S the energy dissipated per unit
volume per unit time by neutral atoms into the surrounding atmosphere
and is assumed to be equal to the difference between the temperature of

the neutral atomic species and the ambient temperature.
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(T.—Taj
E =F J ) (in eV) , constant £ is obtained
Jdiss  jdissO| (7 _r JdissO
jo 4
by imposing the ambient condition of the complex plasma system in

Eq.(25) for both constituent neutral species[18] ,7,, is the ambient

temperature.

zm—A and 6, = 2m—B are the fraction of

o =
Acts ts
(mA+mcts) (mB+mcts)
excess energy of a neutral A( carbon) and B(neon), respectively lostin a
collision with spherical CNT tip [18] and are dimensionless.
and

:iﬁa3 Py 18 the mass of the CNT for a spherical CNT tip , a is the

mcts 3

radius of spherical CNT tip , and p,.,. is the density of spherical CNT tip,

The first term in Eq.(25) is the power gained per unit volume by the
neutral species due to recombination of electrons and positively charged
ions, the second term is the rate of power gained per unit volume by
neutral atoms in elastic collision with electrons and positively charged
ions. The third term is the energy gained per unit volume per second due
to formation of neutrals at the surface of the CNT due to ion and electron
accretion. The fourth term refers to the thermal energy lost per unit

volume per unit time by neutral atoms accretion on and collision with
CNT tip. The last term 1s the energy dissipation rate per unit volume by

neutral atoms to the surrounding atmosphere.
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d) Energy balance for spherical CNT tip
The energy balance of CNT tip is formed based on electron, neutral and

1on collection currents on CNT surface and the radiation and conduction

to the host gas.
4w CT S =y )8, NS [k T
dr(mcts p ct) Nocts | Ves € ecs ( _7/€S) ects| € ecs ~ 2"B ) ct
{( k J " dcts yA nt A ts ( )( ):I) ( Bcts Bcts(T” Tct))}}+
/
zActs (8 zAcs chts chs } {[ ) iActs chts}TCt }
1
8k T}, 8k T, )2
l4za {m - T4 +n ( B ] [ J kp . (26)
m
A
-Za T 2-Za Ap:
zAcs( )= —’ kT; and ngc (Z2)= Z—al kpT, are the
Bi

mean energy of positively charged ions (in eV), A(carbon) and
B(neon),respectively (at large distance from the surface of the CNT)
collected by the spherical CNT tip [18].

Cp is the specific heat of the material of the CNT at constant pressure (in
ergs/gm K),
€ is the emissivity of the material of the CNT and is dimensionless,

o is the Stefan —Boltzmann constant= 5.672x10” erg sec™ cm” K™,

The first three terms in Eq. (26) are the rate of energy transferred to the
CNT tip due to sticking accretion and elastic collision by constituent
species of complex plasma. The fourth term is the energy carried away by
the neutral species (generated by the recombination of the accreted ions

and electrons) from the spherical CNT tip per unit volume per unit time.
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The last term is the rate of energy dissipation of the spherical CNT tip

through radiation and conduction to the host gas [21].

G. Energy balance equation of electrons, ions and electrons and
cylindrical CNT surface for growth of cylindrical CNT surface

Following the same method as in chapter 2, the energy balance equation

of electrons, ions and electrons for cylindrical CNT surface case can be

written as

a) Energy balance for electrons

The energy balance of electrons is accounted based on the dissociative

lonization process of neutrals, the electron collection current on the CNT

and its collision with CNT and the collision of electrons with neutrals and

ions.

(%kB)”e{iz_Tf]: {(ﬂAnASA+,BBntB)—(%kBJ(ﬂAnA+ﬂBnB)Te}—nctnectcy

{y ecy“eccy _(EkBjTe} ectey (1~ eey ){sﬁccy _(EkB jTC’ }}_(Eklf j

Veoa*Venos ) Te =T Vo iBoi *Vepiopi) e =T | e 27)

where
5éccy (Z2)=k BT e {2 —[%H is the mean energy of electrons (in eV) at
B

a large distance from the surface of cylindrical CNT surface[19].

ggccy (Z2) =2k T, is the mean energy of electrons(in eV) collected by
cylindrical CNT surface[19].

m

~ e
5ectcy ~2 { m

J is the fraction of excess energy of an electron lost in
ctcy

a collision with cylindrical CNT surface [19]and is dimensionless.
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Megey = 7rll Petey is the mass of the CNT for a cylindrical CNT surface , r is the

radius of cylindrical CNT surface , / is the length of cylindrical CNT surface and

Petey is the density of cylindrical CNT surface.

The other symbols used in Eq.(27) are explained earlier in the section F
for energy balance of electrons for spherical CNT tip case.

The first term in Eq.(27) is the power gained per unit volume by electrons
due to ionization of neutral atoms, the second term is the energy loss per
unit volume per unit time due to the sticking accretion and elastic
collisions of electron on the cylindrical CNT surface, the third term is the
energy loss per unit volume per unit time due to elastic electron - atom
collisions and elastic electron- ion collision.

b) Energy balance for ions

3 dT.
(EkB )(niA B )[d_;] -
{(ﬁAnAgiA +'BBntiB)_[% kBj(ﬂAnA " ﬂB”B)Ti}L(% kBj”e VeaiPeai+Veni%eni)

A(Te=T;)=neq {(niActcy HAccy _(%kBJTiD +[”chzcy HBccy _(%kBjTiD} ‘(%k jx

[(ViAAb}AA 5%t VigOmat ViBB‘SiBB)”iBJ(Ti ~Ty) (28)
where
1 1 1 ~ _ i 17]
27k, T, )2 V. )2 v. 2 1% v, |2
gz{Accy(Z)ZkBT}niArl —— (ij s 2| | exp| = enfe| | —
oy Vr )\ kgT; kpT; | %pT; | kpT;
1 1 1 ~ _ i 17]
2k T2 2 2 2
gngccy(Z):kBTiniBrl b1 (ij s " i|2-| exp i erfc i
g Ja )| kpT; kpl; | kpT; | kpT;

are the mean energy of ions(in eV) at a large distance from the surface

of cylindrical CNT surface[19] of A (carbon) and B(neon), respectively.
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The other symbols used in Eq.(28) are explained earlier in the section F
for energy balance of ions for spherical CNT tip case.

The first term in Eq.(28) 1is the energy gained by ions per unit volume
per unit time due to the ionization of neutral atoms , the second term is
the energy gained per unit volume per unit time due to the elastic
collision of ions with electrons, the third term is the energy loss per unit
volume per unit time due to the sticking accretion of ions at the
cylindrical CNT surface. The last term is the energy lost per unit volume
per unit time due to elastic collision of ions with neutral species.

¢) Energy balance for neutrals
3 dT,
5(”A+”B)k3 (d_fnj:
3k + T, +T T, I+ 1
5B ( 44 “B”e”B)( ) @ 4% 4" pa T YB""iB" pB
k 5 N To—T,) |+ [ 2k 5 5
eA O%dVeB eB)( n) [t 5k (ViAA i44"i4 *ViAB iAan’A)
3 3
+(§"Bj ViB4%iBA"iB *iBBiBB" ZB)(T -1 )}} {(EkBanl‘[(l_yiA)niActcy

chlcy}(Tct )} {(2 Bj [ Actcy§Actcy (l_yA)X(T” _Tct)+nBctcy

5Bctcy (Tn Ty )}} ~Eiss (29)
where
2m 2m
o = 4 , 0 = B are the fraction of
Actey 4 Bctcy "o +m
My~ Metey B " Mectey

excess energy of a neutral A(carbon) and B(neon),respectively lost in a
collision with cylindrical CNT surface [19].
The other symbols used in Eq.(29) are explained earlier in the section F

for energy balance of neutrals in spherical CNT tip case .
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The first term in Eq.(29) is the power gained per unit volume by the
neutral species due to recombination of electrons and positively charged
ions, the second term is the rate of power gained per unit volume by
neutral atoms in elastic collision with electrons and positively charged
ions. The third term is the energy gained per unit volume per second due
to formation of neutrals at the surface of the CNT due to ion and electron
accretion. The fourth term refers to the thermal energy lost per unit
volume per unit time by neutral atoms due to their accretion on and
collision with cylindrical CNT surface. The last term is the energy
dissipation rate per unit volume by neutral atoms to the surrounding
atmosphere.

d) Energy balance for cylindrical CNT surface

d K S 3
d_r(mctcycp Tct) { ectcy [7%)/ € €CCy+(1_7€Cy)5ectcy [g eccy‘(EkBchtﬂ }

{ { Actcy 4 AT -‘_é‘Actcy(1 T” TCl j Bctcy Bctcy (T Tt ))}}+
¢ )
zActcy zAccy pA chtcy chcy pB Yiq zActcy
l 1
4 4 8k T, 2 8k T,
chtcy }Tct 27r(r+1) gO'(T -1, +n kB(Tct_Tnﬂ'
(30)
where
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2k T, 2 2 2 2
gz(Bccy(Z):kBTiniBrl = [%j ke . 12 : . exp ke . erfe {ISA
mp 7 )\ kpT; Bli | kpT; | Bl

are the mean energy of ions(in eV) at a large distance from the surface

of cylindrical CNT surface[19] of A (carbon) and b(neon), respectively.
Cp is the specific heat of the material of the CNT at constant pressure (in
ergs/gm K),

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

o is the Stefan —Boltzmann constant= 5.672x10” erg sec”' cm™ K™,

The first three terms in Eq. (30) are the rate of energy transferred to the
CNT surface due to sticking accretion and elastic collision by constituent
species of complex plasma. The fourth term is the energy carried away by
the neutral species (generated by the recombination of the accreted ions
and electrons) from the cylindrical CNT surface per unit volume per unit
time. The last term is the rate of energy dissipation of the cylindrical CNT
surface through radiation and conduction to the host gas [21].

3.4: Results and Discussions

The calculations have been carried out to study the dependence of radius

of spherical CNT tip and cylindrical CNT surface, individually on the

plasma parameters, i.e., electron density (7,), electron temperature (T.),
ion density(n,), ion temperature (T;) and CNT number density( 7,.,).

The plasma is composed of two types of ions, A (carbon) and B (neon)
,electrons and neutrals of A(carbon) and B(neon) . The neutral carbon and

neon atom ionizes to produce carbon and neon ions and electrons. The
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electron and ions of neon and carbon combines to produce neon and
carbon neutrals, respectively. The process that contributes to growth is
the accretion of neutral atoms and positively charged ions of carbon on
the CNT.

The 1nitial radius of spherical CNT tip (ag) and cylindrical CNT surface
(ro) 1is calculated from Egs. (5) and (6), respectively. We have
simultaneously solved equations for charging of CNT, kinetics and
energy balance of electrons, ions, neutrals and of spherical CNT tip and
cylindrical CNT surface, separately to evaluate the evolution of radius of

CNT with time for different plasma parameters.

A. Results for spherical CNT tip

The boundary conditions, at 7 =0 for case of spherical CNT tip are
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CNT number density(n cz‘) = 106cm'3,i0n density of carbon(type A)(nl. 40" 0.6neo),

ion density of neon(typeB) npo = 0.4n_ . ,neutral atom density of carbon and

e’

neon( ) =5x 101 lcm_3 ,electron number density ( n, ) = 101 2 cm'3,

"40~"B0 0
electron temperature(T eO) =0.6eV,ion temperature(Tl.O) =2400K ,neutral

temperature (T 10

(ml. A) ~ mass of neutral carbon atom(m

) =CNT temperature(T cl) =2000K,mass of carbon ion

A) =12amu,mass of neon ion

(ml. B) ~mass of neon atom(m ): 20amu,coefficient of recombination of

B

carbon and neon with electron( ) =10~ em3 / sec,emissivity

“40~“Bo
of carbon (& ) =0.6,sticking coefficients of carbon ion or carbon atom

o\ . B 6 D
( Viy=v A) 1,specific heat of carbon (C p) =7x10"ergs/gm K,ionization
energy of carbon(lp Aj =11.26eV,ionization energy of neon (Ip B) =

10eV, mean energy of electron due to ionization of carbon atom(g A) =

6.2eV,mean energy of electron due to ionization of neon atom(g B)
=10.7eV,mean energy of carbon ion due to ionization of carbon atom

(51. A) =7.3eV,mean energy of neon ion due to ionization of neon atom

(gl. B) =12.2eV energy dissipated by carbon( =42.9eV,energy

gA,disst

dissipated by neon( j =19.6eV,constant (x)=—1.2, radius of

gB,dissO
CNT (a0)= 0.7nm and density of CNT(pCt) = 4.2g/cm3.
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FIG.1. Shows the variation of the normalized radius a/a, of spherical CNT tip
for different CNT number density.

In Fig. 1 the variation of normalized radius a/a, of spherical CNT tip
with time for different CNT number density (i.e., Noy= 10°cm™ , 10" em™,
10° cm™) and for other parameters as mentioned above, is illustrated.
From Fig. 1 it can be seen that the normalized radius of CNT first
increases with time and then attains a saturation value. It also shows the

decrease of normalized radius a/a, with CNT number density 7., (in cm’
%). This happens because for larger values of CNT number density(n ct)’

the number of positively charged ions and neutral atoms available for
accretion decreases. Since it is the accretion of neutral atoms and
positively charged ions on the CNT, which leads to its growth, the

decrease in their number density leads to decrease in radius of CNT.
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Fig. 2: Shows the variation of the normalized radius a/a, of spherical CNT tip
for different electron number densities and electron temperatures.

In Fig. 2 the variation of normalized radius a/a, of spherical CNT tip
with time for different electron number densities and electron

temperatures (e.g., neo=109 cm™ and T.=0.3eV, n0= 10" ¢cm™ and

T.=0.4eV, n, -10" cm™ and Tep=0.5eV) is shown. Fig. 2 illustrates that

0
the normalized CNT radius a/a, first increases with time and then attains
a saturation value. It can also be seen that the normalized radius a/a,
decreases with electron density and temperatures. The decrease of a/a,
with electron density and temperatures is because with increase in
electron densities and temperatures more and more neutral atoms ionizes

to produce positively charged ions and electrons. Since the accretion of
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neutral atoms on the CNT leads to its growth, the decrease in their
number density because of increase in the electron density and

temperature leads to decrease in radius of the CNT.
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FIG. 3. Shows the variation of the normalized radius a/a, of spherical

CNT tip for different ion number densities and ion temperatures

In Fig. 3 the variation of the normalized a/a, of spherical CNT tip with
time for different ion number densities and ion temperatures (e.g., n,=10°
cm”and T;;=2400K, 7,=10"" cm”and T;=2600K, »n,=10"" cm” and
Tip=2800K) 1s displayed . From Fig. 3 it can be seen that the CNT radius
first increases with time and then attains a saturation value. The CNT

radius decreases with ion density 0 (in cm™) and temperature T; (in K)

can be seen. This happens because by increasing the ion density and

temperatures, more and more neutral atoms ionize to produce positively
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charged ions and electrons. Since it is the accretion of neutral atoms on
the CNT, which leads to its growth, therefore by increasing the positively

charged 1on density and temperature the radius of the CNT decreases.

1.0 H
0.8 4
« neo=109 cm?, Te=0.3eV
2 0.6
£
c 10
0.4 - < 0 =10"cm > T,=0.4eV
02 ) neo=1011cm"3, Teo=0.5¢V
OO T T T T ] T ] T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Time T(in sec)
FIG.4. Shows the dependence of ionic number density of type A in plasma

for different electron number densities and electron temperatures .

In Fig. 4 the variation of normalized ionic density of type A in plasma
with time for different electron number densities and temperatures (e.g.,

~10° cm” and Te=0.3eV, n,= 10" cm™ and T.=0.4eV, n, -10"

20

3

0 0

cm” and T.=0.5eV) is shown. It can be seen from Fig. 4 that with
increasing electron density and temperature, the positively charged ion of

A type decays faster.
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FIG. 5. Shows the variation of the normalized radius with time on the
sticking coefficient of the atomic species for a, b, ¢, d corresponding to

Y 4= 0.1, 0.3, 0.5 and 1.0, respectively.

In Fig. 5 the variation of the normalized radius a/a,of spherical CNT tip

for different value of the sticking coefficients of atomic species(i.e., ¥ 4=

0.1,0.3, 0.5 & 1.0) is displayed. It can be seen from Fig. 5 that steady

state is achieved faster for larger sticking coefficients of atomic species.

B. Results for cylindrical CNT surface
The boundary conditions, at =0 for case of cylindrical CNT

surface are
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CNT number density(n ct) = 104cm'3,i0n density of carbon(type A)(nl. 40" O.6neo),

ion density of neon(typeB) npo= 0.4n__ ,neutral atom density of carbon and

e(’
neon(n 10=" BO) =5 ><1014cm_3,electron number density(neo) = 106 cm'3 ,

electron temperature (T 20 0

(T " O) =CNT temperature(T ct) =2000K ,surface potential (Vq)= -2x 104 StatV,

) =0.4eV,ion temperature(Tl. ) =2200K ,neutral temperature
mass of carbon ion(ml. A) ~mass of neutral carbon atom(m A) =12amu,mass of

neon ion (ml. B) ~mass of neon atom(m B) =20amu,coefficient of recombinationof
carbon and neon with electron (a 0= BO) =10 cm3 sec,emissivity of carbon

(¢ )=0.6,sticking coefficients of carbon ion or carbon atom( Yig =7 4 )=1,speciﬁc

heat of carbon(C

P ) =7x100 ergs/gm K ionization energy of carbon (Ip Aj =11.26eV

,ionization energy of neon(lp BJ =10eV,mean energy of electron due to ionization of

carbon atom(g A) =6.2eV,mean energy of electron due to ionization of neon atom
(8 B) =10.7eV,mean energy of carbon ion due to ionization of carbon atom(gl. 4 ) =

7.3eV,mean energy of neon ion due to ionization of neon atom(gl. B) =12.2eV,

energy dissipated by carbon(s A diss Oj =42.9eV,energy dissipated by

neon( ) =19.6eV constant (k) =—1.2,radius of CNT(r0)= 8%x107cm and

gB,dissO

density of CNT( ) = 4.2g/cm3.

p ct
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FIG. 6. Shows the variation of the normalized radius r/ry of cylindrical CNT
with time for different CNT number density, curves 1,2 and 3 correspond to
CNT density( ne) = 10> cm ™, 1x10% cm = and 5x10* cm™>, respectively.

In Fig.6 the variation of the normalized radius r/ry for cylindrical CNT
surface with time for different CNT number density (i.e.,nct= 10°cm™ ,
10*cm™ and 5x10* cm™ ) and for other parameters are same as mentioned
above, is plotted. From Fig. 6, it can be seen that the normalized radius
of the CNT first increases with time and then attains a saturation value. It

also shows the decrease of normalized radius r/ry, with CNT number

density 7., (in cm™). This happens because for larger values of CNT

number density(n cz‘)’ the number of positively charged ions, and neutral

atoms available for accretion decreases. Because it is the accretion of
neutral atoms and positively charged ions on the CNT, which leads to its
growth, the decrease in their number density leads to decrease in radius of

the CNT.
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FIG.7. Shows the variation of the normalized radius r/ry of cylindrical CNT
with time for different electron number densities and electron temperatures,
curves 1,2 and 3 correspond to ne0=106cm'3 and T.,=0.4eV, ne0=107cm'
3andT=0.5¢V and n, 5x10’ cm ° and Te=0.6eV respectively. The other
parameters are given in the text.

In Fig.7 the variation of normalized radius r/ry for cylindrical CNT
surface with time for different electron number densities and electron

temperatures (e.g., ne0=106 cm” and Te=0.4eV, neo=107cm'3 and

T.0=0.5¢V and n, =5x10" ¢cm™* and Te=0.6eV) and for the CNT number

0

3 3

: 103 - : _ _ 12 - :
density 7.,=10" cm’ °, neutral atom density as n 40 =g =107 cm’ " is

displayed. From Fig.7, it can be seen that the normalized CNT radius /1
first increases with time and then attains a saturation value. It can also be
seen that the normalized radius r/ry decreases with electron density and
temperature. The decrease of r/ry with electron density and temperature
occurs because with increasing electron densities and temperatures, more

and more neutral atoms ionizes to produce positively charged ions and
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electrons. Because the accretion of neutral atoms on the CNT leads to the
growth, the decrease in their number density from an increase in the

electron density and temperature leads to a decrease in radius of the CNT.
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FIG. 8. Shows the variation of the normalized cylindrical radius r/r, of
cylindrical CNT surface for different ion number densities and temperatures,
curves 1,2 and 3 correspond to njy= 10° cm™ and T,p= 2100K,n;)= 5x10° cm”
and Tyy = 2400K and ni;= 10’cm™ and T; , = 2600K, respectively. The other
parameters are given in the text.

In Fig.8, the variation of the normalized radius r/1y for cylindrical CNT
surface with time for different ion number densities and ion temperatures
(e.g., n,=10° cm™ and Ty, = 2100K, n,=5x10° cm™and Tj, = 2400K and
n,=10" cm™ and T; ; =2600K) and for the same parameters as Fig. 7,is

shown. From Fig. 8 it can be seen that the CNT radius first increases

with time and then attains a saturation value. The CNT radius decreases
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with ion density 0 (in cm™) and temperature T; (in K) can also be seen.

This happens because by increasing the ion density and temperature,
more and more neutral atoms ionize to produce positively charged ions
and electrons. Because it is the accretion of neutral atoms on the CNT,
which leads to its growth, the radius of the CNT decreases with

increasing positively charged ion density and temperature.

1.0
0.8
0.6-
04-

0.24

Normalized ionic number density of type A (nia/Niao)

0-0 l L) l T l T l T l T l 1
0.0 0.2 04 0.6 0.8 1.0

Time t(n sec)

FIG. 9. Shows the dependence of ionic number density of type A in plasma
for different electron number density and electron temperature, curves 1, 2 and
3 correspond to ng =10%m> and Te=0.4eV,n, =10"cm™ and T.x=0.5eV, ne
=5x10" cm™> and T,=0.6eV, respectively. The other parameters are given in the
text.

In Fig.9 the variation of the normalized ionic density of type A in plasma

with time for different electron number densities and temperatures (e.g.,
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=10%m™ and T.y=0.4eV, n, =10"cm™ and T.=0.5e¢V and n, =5x10’

"e0 0 0
cm ° and Te=0.6eV) and for the same parameters as in Figs. 6-8 is
plotted. It can be seen from Fig. 9 that with increasing electron density

and temperature, the positively charged A type ion decays faster.

From Figs. 4 and 9, we can infer that on increasing electron density and
temperature (plasma parameters), ions of type A (carbon) decays faster,
leading to a decrease in the CNT radius, which is consistent with the

experimental observations of Srivastava et al.[6] and Lee et al.[11].

Normalized radius of cylindrical CNT surface (1/rg)

Time t(in sec)

FIG. 10. Shows the variation of the normalized radius r/ry of cylindrical
CNT with time on the sticking coefficient of the atomic species, curves 1,
2,3and 4 correspond to ¥ 4~ 0.25, 0.45 ,0.75 and 1.0, respectively. The other

parameters are given in the text.

In Fig. 10 we have plotted the variation of the normalized radius /1, for

the cylindrical CNT surfaces for different value of the sticking
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coefficients of atomic species (¥ 4= 0.25, 0.45, 0.75 and 1.0), respectively

and for the same parameters as mentioned above. It can be seen from Fig.
10 that steady state is achieved faster for larger sticking coefficients of

atomic species.

The work in the present chapter is evaluation of the dependence of
growth profile (namely the radius) of CNT on the plasma parameters and
then through the results obtained finding a rough estimate of the variation
of field enhancement factor. As one knows that the field emission from
CNT is always carried out in vacuum , plasma directly cannot have any
influence on the field emission characteristics of CNT but since the CNT
1s grown in plasma and plasma parameters have huge influences on the
growth of CNT , the plasma is bound to impact although indirectly, the

field emission from CNT .
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FIG.11. Shows the variation of the normalized radius a/a, of spherical CNT

tip with time for different CNT number density, curves 1,2 and 3 correspond to
n=1x 10° cm=, 1x10*cm 2, and 5x10* cm™ ,Jrespectively. The other
parameters are given in the text.
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In Fig. 11, we have plotted the normalized radius a/a, of spherical CNT
tip for the same parameters as for cylindrical CNT surface. From Fig. 6
and 11, we can say that the normalized radius t/ry of the cylindrical CNT
surfaces is larger than the spherical CNT tip (cf. Fig.11) for the same
CNT number density. The theoretical observation can be used to validate

the fact that the field enhancement factor £ for spherical CNT tip will be

-1
larger in comparison to cylindrical CNT surfaces as { Bocr 2}. So a

larger radius of cylindrical CNT surface would correspond to lesser field
emission from them and smaller radius of spherical CNT tip would
correspond to enhanced field emission from CNT tip. The above
conclusion that emission from CNT tip is dominant has also been
reported by Shang et al. [22].

Using the results obtained, the variation of the field emission factor with

plasma parameters can be estimated. Since the field emission factor p =
£( where / is the length of the CNT and r is the radius of the CNT). From
r

the above discussions, it is clear that CNT radius decreases with plasma

parameters (i.e., plasma density and temperature) and the CNT number
density. Assuming the fixed length of CNT (/), 5 oc%, SO an increase in

the plasma parameters should lead to a larger . The variation of S with
the CNT radius has also been experimentally verified by Xu ef al. [23]
[cf. Fig. 4(b) of Xu et al. [23]].

Our theoretical results are in accordance with the experimental
observations of Srivastava et al. [6] and Lee ef al.[11]. The present work
is motivated by important experimental investigations carried out

Srivastava ef al.[6] and Lee et al.[11]. According to Srivastava et al.[6]
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upon an increase in the microwave power, more ionization of the gas
occurs, which increases the density of plasma species of relatively higher
energy. Moreover, increased nucleation of graphitic clusters is expected
to occur, and this leads to the formation of carbon petals of relatively
smaller size and higher density at increased microwave power.
Moreover, Fig.7 (a) of Srivastava et al. [6] reveals that the field emission
current density increases with microwave power. Lee ef al. [11] through
their experimental study predicts that the plasma treatment can modify
the surface morphology and enhance the field enhancement factor of the
CNT.

Moreover, the electric field emission of electrons from cylindrical
surfaces has been studied in [24-26] In Ref. 26, computations have been
made corresponding to Debye Shielding, e.g., potential energy of an

{m id/} exp{_ (r - a)}

electron of charge —e is given by y (,y-p (o)L "~ 1

el

,where 1, is the Debye length of plasma and a is the plasma cylinder

ta

radius. It is seen that with a change in ln’ld/a by a factor of 3, the field

emission current gets decreased by a factor of 5.
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CHAPTER 4

IMPACT OF NEGATIVELY CHARGED IONS ON THE
GROWTH OF SPHERICAL CARBON NANOTUBE TIP IN
PLASMA AND ESTIMATING FIELD EMISSION FROM THEM

4.1: Brief outline of the work in the chapter

The present chapter focuses on the impact of negatively charged ion in
plasma on the growth of spherical carbon nanotube (CNT) tip and
prediction of field enhancement factor of CNT from the results obtained.
4.2: Introduction

The effect of diverse component species of plasma and categorically of
negatively charged ions in plasma in the growth of particles in plasmas
[1-8] has attracted interest by the researchers in recent years.

Watanabe et al. [1] obtained particles of size 60-80 nm and 10°-10°

cm” in density in a helium-silane radio-frequency (RF) plasma and the
particle growth rate can be explained by taking into account the
contribution of radical ion and or radical fluxes. Role of negative ions in
the formation of particles in low-pressure plasmas has been investigated
by Choi and Kushner[2] and they reported that the negatively charged
particles intermediates that are trapped in electropositive plasmas,
extends the average residence time of clusters to allow the growth of
critically large clusters. Relatively long residence time and chemical
reactivity makes silicon (Si) containing anion to effectively trigger fast
nano particle nucleation has been reported by Ostrikov [3]. Negative ions

are likely precursors to the particle formation in modulated rf —
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discharges[4]. Ostrikov et al. [5] have found that the negative fluorine
ions affect the trapping and charging of particulates through alteration of
sheath/ pre sheath structure. Selwyn et al. [6] have examined the in-situ
laser diagnostic studies of plasma- generated particulate contamination
and found that the region of particle formation and growth is coincident
in time and space with a layer of negative ions and the particles that are
electro- statically trapped in sheath boundary results in further clustering
and growth.

The effects of growth temperature and density of participating species
etc., have been extensively studied [9-13]. Other investigators [14-16]
have also reported that the CNTs can be prepared self-assembled without
catalyst.

4.3: MODEL

In the present chapter to investigate the role of negative ions on growth of
CNT , we consider that a CNT grows in plasma containing electrons,
positively charged ions of type A(carbon) and B(neon), negatively
charged ions of sulphur hexafluoride (SF¢ ), neutral atoms of type
A(carbon) and B(neon). The positively charged ions are assumed to be
singly 1onized and growth occurs through their accretion onto the
embryonic CNT. In addition, we have also assumed that the shape of
spherical CNT tip remains unaltered during the growth.

The 1nitial radius of spherical CNT tip a, can be estimated by equating
the accretion currents of electrons, negatively and positively charged ions

on the CNT tip, i.e.,

Mects T —cts ="igets TiBets (1)

where
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1
8k T, \2 2
Nyt =ra®| B¢ N €XP Ze is the electron collection current
ects my, ak ple

at spherical CNT tip [17] (in sec™),

a2

n

8k T |2 2
o= L} n{l Ze } is the positive ion collection
jycts I

ﬂmj akBTi

current on a spherical CNT tip [17] where j refers to either A (carbon)

ion or B (neon) ion (in sec™), Z is the amount of charge on the CNT,

akBT_

o (8kpT- 2 7e2 | . .
N_.pg =70 T n_ exp is the negative ion collection current on a

spherical CNT tip (in sec'l).

Substituting the values of nes , njjers (for both A (carbon)and B(neon))

and n_¢ (for sulphur hexafluoride) in Eq.(1) we get,

1 1 1
8k ,T,)\2 2 8k, T \2 2 8k ,T. |2
ra?| —B¢ N, eXp Ze” | zg?| 2B n_exp Ze” |- zq2| Z2BY n 4

Mg ak T, Tm_ ak , T m; 4 L

B € B
2 ] 2
8k, T.\2
I:I—ZL]+ECI2[¢} nl.l{l— Ze ], (2)
akpT; g akpT;
or
1 i 1 1
le 2n ex ze° o =P ex ze> L 2n 1- ze°
mmy | € P akBTe | P akBT_ ., iA akBTi
1
+ n.,|1-
B )
ﬂmlB ! akBTi
(3)
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or

4
For Z = -1, 1.e., we assume that initially at t=0 the CNT is negatively

charged, and initial radius of CNT is ay,

1
n [Terexp - ? +n [7’_]2 exp| — ? =1+ ? n —T’
€ Mg aOkBTe m_ aOkBTe aOkBTi iA m 4

—
[t

where

nel= (1-¢,)n p] is the number density of electron (in cm™ ),
T, = electron temperature (in eV),

ag= initial radius of spherical CNT tip ( in nm),
k B Boltzmann’s constant (in ergs/K),

I:= positive ion temperature (in K),

T_(=T,) is the negative ion temperature (in eV),

n 4 (=n p) 1s the number density of positive ion of type A(carbon) (in

cm™),

m. 4= mass of positive ion of type A (carbon) (in gm),

np(=np) is the number density of positive ion of type B(neon)(in cm™),
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m, p = Mass of positive ion of type B (neon) (in gm),

e= electronic charge (in Stat C),

n_(= £1p) is the negatively charged ion number density (in cm™), and

m_=mass of negatively charged ion (in gm),

n
SF,—
6 (where ngp —and n

n o 6

g = * are the equilibrium number densities

C

of sulp}?ur hexafluoride and carbon ions, respectively) is the relative
density of negatively charged ions and is dimensionless.

Following the model developed and processes assumed for the kinetics of
plasma species in Chapter 2 and including the kinetics of negatively
charged ion we write the main equations for growth of CNT in the
presence of negatively charged ions in plasma.

A. Charge neutrality equation

Eq. (6) equates the net negative and positive charge on CNT to treat
plasma as electrically neutral.

cht+niA+niB:ne+n_’ (6)

Z= amount of charge on spherical CNT tip (dimensionless),

n_,=number density of the CNT (in cm™).

ct
B. Charging of the spherical CNT tip

dz
dr M dcts TiBets ~ 7 eects - (7

The first and second term in Eq.(7) denotes charge developed on the
CNT due to ion collection currents of A(carbon) and B(neon) on
spherical CNT tip and third term denotes the charge developed on

spherical CNT tip because of electron collection current.
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C. Balance equation of electron density

dn
de =(1- 8,,) (ﬂAnA-i—ﬂBnB)—(aAneniA B”e”B)_7e”ct”ects

(8)

Yij y and ﬂB are the coefficients of ionization of the constituent neutral

atoms of A(carbon) and B(neon) due to external agency (in sec), and

k
300 3
T, )=« — | cm’/sec are
B( e) BO( TeJ

k
300 3
a (T.)=«a — | em”/sec and
A( 6) AO[TeJ

the coefficients of recombination of electrons and positively charged ions

[17] o f A(carbon) and B(neon),respectively where k= -1.2 is a constant ,

-1.2 1
_ 7| 1 _ 2| 3kpTe 2 ze?
Y40~ %0~ eOXlO LTeO} and Ny =70 [ Mg e XP akBTe

is the electron collection current at the surface of spherical CNT tip [17]

(in sec") and ny is the CNT number density (in cm™) , Ye 1s the sticking

coefficient of electron to spherical CNT tip and is dimensionless.

The first term in Eq.(8) is the rate of gain in electron density per unit time
due to 1onization of neutral atoms and second term is the decrease in the
electron density due to electron—ion recombination and the third term is

the loss in electron density because of the electron collection current on

the spherical CNT tip.
D. Balance equation of negatively charged ion density
dn. dn
I =&p—— dr ('BA y +,BB B) (aAnenl.A +aBn€niB)_7enctnects’

©)
The first term in Eq. (9) is the rate of gain in negative ion density per unit

time due to ionization of neutral atoms and second term is the decrease in
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the negative ion density due to electron—ion recombination. The third
term is the loss in negative ion density because of the electron collection
current on the spherical CNT tip.

E.Balance equation of positively charged ion density

dn, 4

ap =Bty e e g g (10)

dn;p

77 = Bplp—pheip =N Mip g > (1)
where

1 1

. _mz(%}%ﬂ 2, zmz[%fng 2
iActs 7Z'ml_ 4 i akBTi iBcts 7Z'ml.B 1 akBT i

are the ion collection currents of type A(carbon) and B(neon),respectively
at the surface of spherical CNT tip [17](in sec™), na and ng are the
neutral atom number density (in cm™).

The first term in Egs. (10) and (11) is the gain in ion density per unit time
on account of ionization of neutral atoms, the second term is the decrease
in ion density due to electron-ion recombination, and the third term
denotes the loss in ion density due to 1on collection current on spherical
CNT tip.

F. Balance equation of neutral atoms

dn

4 _ ~ _
I "% leMiy ﬂA”A*”ct(l g iA)niActs et? 4" gegs > (12)
dn
g7 = pheip — Bl tiip o (13)
where

125

:



. .. 8kBTn 2n . . 8kBTn 2n
Acts m A> “Bcts m B
A B
are the neutral collection currents of type A(carbon) and

(neon),respectively at the surface of spherical CNT tip [17] (in sec™).

Y4 is the sticking coefficient of carbon neutrals on spherical CNT tip and Vi is the

sticking coefficient of carbon ions on CNT surface, both y 4 and V; 4 are

dimensionless.

The first term in Egs. (12) and (13) is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to their ionization, the third term is the
gain in neutral density due to neutralization of the ions collected on
spherical CNT tip. The last term in Eq. (12) is the accretion of neutral
atoms of species A (carbon) on spherical CNT tip.
G. Balance equation of the mass of spherical CNT tip
The accretion of carbon ions and neutrals on the spherical CNT tip is
the main growth process.

dmct B 14
dr ‘(mA7 A”Acts+miA7iA”iActs)’ (14)

where

= iﬂa3pct is the mass of the CNT for a spherical CNT tip , a is the radius of

My 3

spherical CNT tip , and p,,, is the density of spherical CNT tip,
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The first and second term in Eq.(14) are the gain in the mass of the
spherical CNT tip due to collection of atomic and ionic species A (i.e.,
carbon), respectively.

H. Energy balance equation of electrons
3 dT, 3
(EkBJne{d_;]: {(,BAnAgA +,BBnB$B)—(§kBj(,BAnA +ﬂBnB)Te}—nctnects
3 3
{%‘%@s (2k3j }'éect( _76){‘95&? _(EkBJTCI}}
3 3
_(EkBj[VeAéeA +VeB§ B}(T -1 ) [EkBJ{(VeAigeAz eBzé‘eBz)(T -1 )}
(15)
where

3 .
EnekBTe 1s the thermal energy of electrons ,

n is the number density of electrons(in cm™), T, is the electron
temperature (in eV), T, is the CNT temperature (in K), and T, is the

neutral temperature (in K).

02
ecs (Z)=gecs(Z)~ [ a ] 1s the mean energy of electrons (in eV) at a

large distance from the surface of spherical CNT tip [17],

E505(2)=2k BT o 1s the mean energy of electrons (in eV) collected by

spherical CNT tip [17],

1 1
n 7 )2 { n J{ T J2
A e B e
1% —£ | and v £ are the
B~
ed” eAO{ AO]{TeOJ eB ~VeB0 g TeO

electron collision frequency (in sec) due to elastic collisions with neutral
atoms A(carbon) and B(neon), respectively [17] , and
1 1

— 5 _ 5 2 2
=(8.3x10 )72'7” AOTO and v, 0—(8.3><10 )7Z'I"B nBOTeO ,
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3 3

VA.=VA.0[ niA J{iJ 2ande.:vB.O{ niB }[i} 2 are the
et edif m 0 | Too et Bl npo )| Teo

electron collision frequency (in sec™) due to elastic collisions with

positively charged ion of type A(carbon) and type B(neon)[17],

respectively.
n 2207 n 2207
_ e0 e0 _ e0 e
Vo 1i0 = 5.5 % In % and V,Bi0 = 5.5 % In % ,
Teo 40 Teo B0

s  ~2| e |and s , ~2| e | are the fraction of excess energy of an
eAd m, eB mp

electron lost in a collision with the neutral atom A(carbon) and B(neon),

respectively[17] and are dimensionless,

s .~2|Me |and s ,.~2| e | are the fraction of excess energy of
eAi m eBi mg
i i

an electron lost in a collision with a positively charged ion A(carbon)

and B(neon), respectively [17] and are dimensionless,

Opet ® 2[m—eJ is the fraction of excess energy of an electron lost in a
ct

collision with a CNT [17] and is dimensionless where,

m., = gﬁa3pct is the mass of the CNT for a spherical CNT tip , a is the radius of

spherical CNT tip , and p,., is the density of spherical CNT tip,

The first term in Eq.(15) is the power gained per unit volume by
electrons due to ionization of neutral atoms, the second term is the

energy loss per unit volume per unit time due to the sticking accretion
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and elastic collisions of electron at the spherical CNT tip, the third term is
the energy loss per unit volume per unit time due to elastic electron -
atom collisions. The fourth term is the energy loss per unit volume per
unit time due to elastic electron- ion collision.

I. Energy balance equation for negatively charged ions
d (3 ~
d—f[in_kBTej—
3 lh
('BA 4 A+ﬂB B B) (Ek j( Mg T OB IB)T ct”ects{7€5€CS+5ect(1_7e)X
s 3 3
{eecs }} Ek VA5eA+veB§B}(T —T,)n_ [EkBjX(VeAi5eAi+

eBl5eBl)(T T)
(16)
The LHS of Eq.(16) can be written as

ENEEANEINATS

Substituting the value of dn—_from Eq. (9) in the above Eq., we get

dr
3 dr,)
(z"BJ”— (%J

3 3 3
[2 BJ ('BA AT Pp" B) [2kBJTe(“A”e”A+“B e B) [2kBjTe7e”ct”ects
3 Ih
(B2 4+ Panpep) ( k J( @ g gneip | T, ey ects{7€g€CS+5ect(1_7e)
s 3 3 3
{gecs—(EkB)Tct}—(EkB)[v A5eA+veBaB}(T ~T,)n_ (EkBj

(VeuiBesi *VeBieni J(7e=7;)n_.
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On rearranging the above equation, we get
3 dT, 3
[5"3]”— (ﬁj - {(ﬂAnAgA +'BBntB)_(§kBJ('BAnA +Pp) e} '
h (3 |1, |+5, ,(1-
Retocrs | Ve| €ecs —| 5kp |Te | Tt (1= 7e)
s 3 3
{gecs_(EkBcht}}_(EkBj([V AgeA+VeBéB}(T —Ty)n-

(VeAigeAi eBz5eBl)(T T)n_)

(17)
The first term in Eq.(17) is the power gained per unit volume by negative
ion due to ionization of neutral atoms, the second term is the energy loss
per unit volume per unit time due to the sticking accretion and elastic
collisions of electron at the spherical CNT tip, the third term is the energy
loss per unit volume per unit time due to elastic electron - atom collisions
and elastic electron- ion collision.

J. Energy balance equation for positively charged ions

3 dT.
(EkBj(niA "B )(d_;J -
{('BAnAgiA +Ppigeip) _[% kBj('BAnA *Pp"p )Tz}+ (%kB)”e VeuiPeai+Vesi®epi)

A(Te=T;)=ney {[niActs {‘%{Acs _[%kBJTiD{nchts {Echs ‘[%kBJYED}‘{@kBJX

[(ViAA5iAA+ViAB§iAB)nz’A+(ViBA5iBA+ViBB5iBB) zB}(T d )} (18)
-Za 2—ZaBl. n
lAcs( )= Py k T. anng (2)= W kBTi are  the
l

mean energy (in eV) of positively charged ions, A(carbon) and
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B(neon),respectively (at large distance from the surface of the CNT)
collected by the spherical CNT tip [17].

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

ionization of neutral atoms [17] and for ion A(carbon) and B(neon) are

expressed as

3k
‘%AZ%]‘BTiA*z(aA(zjniA)[{ Viaa Oaa X (G {8 (Te T

3k
fp=3kpTp 2(“B(T£X”'B) ins =0 (T}~ vepi <, (Te=Th)]
l

D [—

B mBT.+m.AT

BO ( BT0+mATO)

nA mAT.+m.AT n

V., =V, V. »=V.
iAA  TiAAO0| »"iIAB  TiABO|
40 )| (m 4T+ miyT0)

D =

ny mAT.+m.BT BB:VBBO np mBT.+m.BT
n ! L n
40 ) (m 4T +mipT o) 80 (mpTio* migTyo)

ViB4 =ViBAO

are the collision frequencies(in sec”') of a j type of ion with j' ion of

neutral atom[17], and
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1
L (8 (2k )5(;/ o 2| 40™4 ([ Tio (T |2
iA40 ~ (3 B) Vid A (m +m ) mig)\my)| "’
iA Al)”
1 1y 1 I %
8 b 2 B0 B 1; T
_(8 7 10 n0
Vi 4BO (3)(27%3) (rl.A+rB) (m o ) miA}i_[mBH ,
iA B))
1 n,m I "
8 5 2| _"40™4 |( Tio ). (Tuo)|2
_(8 D) 10 |4 1n0
YiBAO (3)(2”1‘3) g t7y) (m,BerA) m;p +[mA] ’
z I ]

1
1 - -+
8 2 2| _"B0"B__||( Tio |, (Tno) 2
=2 2 b0 5 ||| 40 |4 Ln0
"iBBO [3}(27[](3) Cip*7p) (g +mg) LB f\mp )|
l , ,

2m.

Zm.A 5= ‘B
BA | m g +mip)

5. S ym=|—id
B LmB-’_miA)

iAA =

2miA 5. _ 2miB
(mA+miA) iBB (mB+miB)

are the fraction of the excess energy of a j type positively charged ion,

lost in a collision with neutral ;' kind of neutral atom and are
dimensionless. where j and ;' can be same (i.e., both carbon) or different

(i.e., one carbon and other neon).

The first term in Eq. (18) is the energy gained by ions per unit volume
per unit time due to the ionization of neutral atoms , the second term is
the energy gained per unit volume per unit time due to the elastic
collision of ions with electrons. The third term is the energy loss per unit
volume per unit time due to the sticking accretion of ions at the surface of
the CNT. The last term is the energy lost per unit volume per unit time

due to elastic collision with neutral species.
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K. Energy balance equation for neutral atoms

kBj(aAneniA g )T+ T, T, )}*(“A”e”iAl pA " ip! pBH

3
(VeOot *VepPen ) Te~Th )} : KEkBj(ViAAéiAAniA Viap%ian"ia)

(T;-Ta) %kBj(ViBA%A”iB +vp59 5t (1T |+ {@kB j et (173 it eas
B ets J(TCI Ty )} - {[%kBanl [nActséAct (1 74 )X (T” Ty ) + nBctséBct (T” ~Tey )}}
diss (19)
where

1 A and / pB AT the ionization energy (in eV) of the constituent atomic
species of type A (carbon) and type B(neon),respectively,
E Jiss :(E Adiss +E B, diss)’ Ej, diss 'S the energy dissipated per unit

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

the neutral atomic species and the ambient temperature.

(T.—Taj
= ~J ) (in eV) , constant £ is obtained
jdiss  j,dissO (T-()_Ta] J,dissO

J

by imposing the ambient condition of the complex plasma system in

Eq.(19) for both constituent neutral species[17] ,7, is the ambient

temperature.
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2mA and 5B .= 2mB are the fraction of excess
c
(mA+mcz‘) (mB+mct)

energy of a neutral A( carbon) and B(neon), respectively lostin a

5Act -

collision with spherical CNT tip [17] and are dimensionless.

and

m., = %ﬂ'a?’ P 1s the mass of the CNT for a spherical CNT tip , a is the radius

of spherical CNT tip , and p,., is the density of spherical CNT tip,

The first term in Eq.(19) is the power gained per unit volume by the
neutral species due to recombination of electrons and positively charged
ions, the second term is the rate of power gained per unit volume by
neutral atoms in elastic collision with electrons and positively charged
ions. The third term is the energy gained per unit volume per second due
to formation of neutrals at the surface of the CNT due to ion and electron
accretion. The fourth term refers to the thermal energy lost per unit
volume per unit time by neutral atoms accretion on and collision with
CNT tip .The last term is the energy dissipation rate per unit volume by
neutral atoms to the surrounding atmosphere.

L. Energy balance for spherical CNT tip

d 3
a’r(m CPTct) { ectspe gS@CS+(1_7/e)5ect{gsecs_[EkBJTctH }

‘{[ {[nActs 7AT 8 gy (17 4 T =T, )D+(nBcts5Bct(T”_TCt))}}+
3
lActs [ SlACS iBets (gSchs +[pB ﬂ}_{(fkl?j[(l_ym)ni/lcts iBets }Tct}
1 1
~l4za {ga T4 T4 +nA[8jﬁZ”J2+nB[8§ZZ”J2 kB(TCt—Tn)J : (20)
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2—ZaAl.
I—ZaAl.

are the mean energy of positively charged ions(in eV), A(carbon) and

2—ZaBl.

I_ZaBi

k,T:

/ _
kBTi and iBcs (Z)= B'i

/ _
idcs (2)=

B(neon),respectively (at large distance from the surface of the CNT)
collected by the spherical CNT tip [17].

Cp is the specific heat of the material of the CNT at constant pressure (in
ergs/gm K),
€ is the emissivity of the material of the CNT and is dimensionless,

o is the Stefan —Boltzmann constant= 5.672x10~ erg sec’' cm™ K™,

The first three terms in Eq. (20) are the rate of energy transferred to the
CNT tip due to sticking accretion and elastic collision by constituent
species of complex plasma. The fourth term is the energy carried away by
the neutral species (generated by the recombination of the accreted ions
and electrons) from the spherical CNT tip per unit volume per unit time.
The last term is the rate of energy dissipation of the spherical CNT tip
through radiation and conduction to the host gas [18].

4.4: Results and Discussions

In the present chapter, the calculations are performed to study the
dependence of radius of spherical CNT tip (ag) on the relative density of
negative ions (n.) i.e., &.. We have assumed that the shape of spherical
CNT tip remains same during the growth. In addition, one important
experimental observation is that the catalyst particles do not retain their
original spherical or quasi-spherical shape during the growth, but are

found to have truncated conical shape [19].
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The values of various parameters used in the present investigation at
=0 are,

CNT number density(n ct) = 104cm'3, positive ion density (n PO) =10° cm'3, ion density of
carbon and neon(type A and B, respectlvely)(nl. 40="50=" PO) , hegative ion densrfy(n _0)
=&, p, neutral atom density (n 10="B0 =" PO)’ electron number density(n eO) =

(1-&) 1, NEgative ion temperature(T_ ) =electron temperature(T eO) =0.6eV, ion

PO)

temperature(]} 0) =2400K,neutral temperature(T Y ) =CNT temperature(T ct) =2000K.

0

Mass of carbon ion(ml. A) ~mass of neutral carbon atom(m A) =12 amu, mass of neon

ion (ml. B) ~mass of neon atom(m B) =20 amu, mass of hexaflouride (SF&) negative
ion(m.) = 146 amu, coefficient of recombination of carbon and neon with electron

(a 102 BO) =10~ cm?/ sec,emissivity of carbon(&)=0.6, sticking coefficients of carbon
ion or carbon atom( Vig =7 A)=1, specific heat of carbon(Cp) = 7><106ergs/ gm Kionization
energy of carbon([p A] =11.26eV, ionization energy of neon ([p Bj =10eV, mean energy

of electron due to ionization of carbon atom(g A) =6.2 eV, mean energy of electron due
to ionization of neon atom(g B) =10.7eV, mean energy of carbon ion due to ionization of

carbon atorn(gl. A) =7.3eV, mean energy of neon ion due to ionization of neon atom(gl. B)

=12.2eV, Energy dissipated by carbon(g A diss Oj =42.9¢V, energy dissipated by neon
(.55 | ~19:6 €V.constant () =—1.2,radius of CNT(a)=12.2 nm and density of

CNT (pct) = 4.2g/cm3.
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Fig.1. Shows the variation of the normalized radius a/ay of spherical CNT tip
for different CNT number density where a, b, ¢ and d corresponds to n.=10>
em>,10% cm3,10° em™3,and 10° cm™ ,Jrespectively.

Fig.1 illustrates the variation of normalized radius (a/ay) of spherical

CNT tip with time for different CNT number density (i.e., n ct:103 cm

,10* cm™, 10° cm™, and 10° cm™) and for other parameters as mentioned
above. From Fig. 1, it can be seen that the normalized radius of spherical
CNT tip first increases with time and then attains a saturation value. It
also shows the decrease of normalized radius a/a, with CNT number

density n.,(in cm™). This happens because for larger values of CNT

number densityz .., the number of positively charged ions and neutral

ct’
atoms available for accretion decreases. The assumption that accretion of
neutral atoms and positively charged ions on the spherical CNT tip leads
to its growth, the decrease in their number density would then decrease

the radius of spherical CNT tip.

137



[S)
>

£.=0.2

i
n

.
>

n

Normalized radius of spherical CNT tip (a/ao)

0 500 1000 1500 2000
Time (sec)

Fig. 2. Shows the variation of the normalized radius a/a, of spherical CNT tip
for different relative density of negatively charged ions &,.= 0.2, 0.4, 0.6 and

0.8.

Fig. 2 shows the variation of normalized radius a/a, of spherical CNT tip

with time for different relative density of negatively charged ions(é; ).

Fig. 2 illustrates that the normalized spherical CNT tip radius a/a, first
increases with time and then attains a saturation value. It can also be seen
that the normalized radius a/a, decreases with relative density of
negatively charged ion. The decrease of a/a, with relative density of
negatively charged ion is implied that with increase in negative ion
number density for a fixed positive ion density, more and more neutral
atoms ionizes to produce positively charged ions, negatively charged ions
and electrons. Since the accretion of neutral atoms on the spherical CNT

tip leads to its growth, the decrease in their number density because of
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increase in relative density of negatively charged ion leads to decrease in

radius of the spherical CNT tip.
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Fig. 3. Shows the dependence of ionic number density of type A(carbon) in
plasma for different relative density of negatively charged ions &,= 0.2, 0.4,

0.6 and 0.8

Fig. 3 shows the variation of normalized ionic density of type A(carbon)
in plasma with time for different relative density of negatively charged
ion. It can be seen from Fig. 3 that with increasing relative density of
negatively charged ion, the positively charged ion of A(carbon) decays

faster.
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4.4.1: Estimation of field enhancement factor

Based on the results obtained, the variation of the field emission factor

with relative density of negative ions (i.e., plasma parameters) is

estimated. The field emission factor is g =£( where [ is the length of
r

CNT and r is the radius of the CNT). From the results obtained in the
present investigation, the radius of spherical CNT tip decreases with

increase in the relative density of negatively charged ion and CNT

number density. For a fixed length of CNT(/), ,Bocl, SO increase in
r

negatively charged ion number density should lead to larger 4. The
variation of £ with CNT radius has also been experimentally verified by
Xu et al. [20]. With increase in relative density of negative ions (plasma
parameters), the radius of spherical CNT tip decreases which is consistent

with the experimental observations of Lee et al. [21] and Srivastava et al.

[22].
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CHAPTER 5

MODELING CNT GROWTH IN DIFFERENT PLASMAS AND
ASSESSING FIELD EMSISSION FROM THEM

5.1: A concise blueprint of the chapter

In the present chapter, the growth of spherical carbon nanotube (CNT) tip
placed over cylindrical CNT surfaces in different plasma mediums is
modelled and consequent behaviour of field emission factor from them is
predicted.

5.2: Introduction

The effect of plasma treatment and their consequent effects on the field
emission properties of carbon nanotubes (CNT) has been an active field
of research for many years.

The effect of localized lateral growth of multiwalled carbon nanotubes
(MWCNTs) with ammonia (NH3) plasma post-treatment is studied by
Yau and Tsai [1], and they have shown that upon exposure to NHj;
plasma, electrical properties of CNTs is found to increase. Abdi et al. [2]
found that as the plasma power on nickel (Ni) layer was increased, the
grain size of Ni nanoparticle decreased and consequently, nanotubes of
smaller diameter were obtained. Wen et al. [3] found that the NH; plasma
treatment resulted in the etching effects and that more the treatment time,
more the disorder in structures of carbon nanofibers. Felten et al. [4]
have modified MWCNTs by inductively coupled radio frequency(rf)-
plasma at 13.56 MHz and reported that for too high oxygen(O,) plasma
power, chemical etching occurs at the surface of CNT, thus destroying its

structure.
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Lee ef al. [5] reported that the size and morphology of cobalt (Co) -
catalytic seeds varied with hydrogen (H,) plasma treatment time. Zhi et
al. [6] have studied the field emission capability of the CNTs by hydrogen
plasma treatment. Their study suggests that the hydrogen plasma
treatment is a useful method for improving the field emission property of
CNTs. Srivastava et al. [7] have reported that the oxide films without the
H, plasma pre treatment or treated for lesser time resulted in CNT films
with high percentage of carbonaceous particles and with embedded
particles/nanorods distributed discontinuously in the cavity of the
nanotubes.

Zhu et al. [8] have observed that the deposition of amorphous layer
comprising carbon and fluorine during extended carbon tetra fluoride
(CF4) plasma treatment, may hamper the field emission from CNT films.
Ahn et al. [9] have demonstrated external rf plasma irradiation of argon
(Ar) gas to well-aligned MWCNTs to modify any structural defects and
vaporize contamination of the MWCNTSs grown at temperature of 400 °C.
In this case, it was seen that there was a structural enhancement in the
MWCNTs that resulted in a reduction of the turn on fields from 1.65 V/
pm to 093 V/ pm and an increase in the field emission current.
Jaehyeong et al. [10] studied the influence of various plasma treatments
on the properties of CNTs for composite applications and found that the
long plasma treatment time changed the CNT morphology dramatically.
Feng et al [11] have studied the effects of plasma treatment on
microstructure and electron field emission (FE) properties of screen-
printed carbon nanotube films and found that on H,, nitrogen (N,) and

NH; plasma treatment, the plasma treated CNT films had superior FE

144



behaviour with emission site density (ESD) increasing from 10° to
10%cm’.

Lee et al. [12] have studied the plasma treatment effects on the surface
morphology and field emission characteristics of CNTs and found that
CNTs treated with the H,, Ar and CF, have a higher density of defect and
small average diameter as compared with that of untreated CNTs,
reflecting the etching effects of plasma treatment. They also reported that
the field emission is highest for CNTs treated with H, plasma.

5.3: MODEL

Following the model developed in Chapter 2 , we now consider a CNT
with spherical tip placed over the cylindrical surface grown (without
catalyst) in the presence of plasma containing electrons, positively
charged ions of type A and B, neutral atoms of type A and B as shown in

Fig.1

Anodet V,

14 Plasma consisting of electrons, positively charged ions and neutral atoms

[ ]

. .
[ ]
d o
[ ]
1
[
A 4
Cathode V=0

Fig. 1. Shows the spherical CNT tip placed over cylindrical CNT surface in a
plasma containing electrons, positively charged ions and neutral atoms.
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The initial radius of CNT 0 (same for spherical tip and cylindrical

surface) can be estimated by equating the accretion of electrons and
positively charged ions on the CNT, i.e.,

Mects ™ "ectys = "idcts T iBets T nz’Acty * nchty (D
where

1
5 (8k T, 12 | |
Q) Ny =T e neexp| Zay, | is the electron collection current

2
at the surface of spherical CNT tip [13](in sec™) and Qp =[ © J

rkBTe
1
2| 8kpT: 2 . . .
) n. . =7xar L n..[l—Za.} is the 1on collection current of a
ijcts | i
. . . -1 62
spherical CNT tip [13](insec”) and o, =
U\ rk,T:
B'i
2wk T, 3
T 2
) Ny cys:nerl£ mf eJ exp :By;e is the electron collection

current at the surface of cylindrical CNT [14] (in sec™) .

1 1 1
2k T |2 2 eV, |2 eV, eV, |2

d) n.. =n..rl B i { S_ | +exp|—23-|erfc o)
jjcteys — U L m;; } Jz | kgl kpT, kpT:

is the ion collection current of a cylindrical CNT [14](in sec™) ,
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where j refers to either A(carbon) or B (H," in hydrogen plasma, Ar™ in
argon plasma, CH,  in methane plasma and CF," in carbon tetra fluoride

plasma)

Substituting the above values for 7, .., Miiets > Pecteys® Mjcteys in Eq.(1)

we get
1 2 2k ] % 2 ]
8k ,T.,)\2 7wk, T,\2 8k, T.
7Z'r2[ B e] 0 €Xp| ——— |+ 11l B " exp Vs |2 T8 ngl1- Ze” |,
myg kB e me kBTe m. 1 rkBTl._
1 1 1 1]
8k, T.\2 2 2wk, T \2 2 2
mﬂz{ B ’J zB[l_ ieT]HzlArl{ B ’] i{—keV;] +exp{keV; erfc [:V;]
;] rkpli M4 7\ "Bl Bi Bi
1 1 1
27k T.\2 2 2
+nl.Brl[¢] i{keV;] +exp[keL;]erfc {:V;] , ()
"B 7\ kB B'i B'i

1 1 1
7. )2 2 7T, \2 2 2
27rr2[ L J IBI: feT]+niArl[ l] i[keV; +exp :V; erfc [:V;J
Zm;p kgl " 4 7\ *pti Bli Bli
1 1 1]
2T \2 2
+nBrl[ ’J %[:V;] +exp keV; erfc [:V;] , 3)
iB T\ *pti B'i B'i
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For Z = -1, i.e., initially the CNT is negatively charged and radius of
CNT is 1y,

1 1 i
) 2 ) 2
o T, Jz —e ﬂTeJ2 eVy | o) e
2rr, n, exp +n,rl| —& | exp =2mr | 1+
0 (ﬁme € rOkBTe 0\ m, kBTe_ 0 rOkBTl
1 1 1 -~ 1
T. )2 T. )2 2| e 2 ev. eV, |2
L n +[ L J N |b+| 1l —[ SJ +exp|-—=5- |erfc )
[ﬂmzAJ id | ampg | B O Vx| kpT; kpT; kpT;
1 1
n | —+| +n.,|—%
i\ m; iBlmp
where

[ =length of CNT( in um),

V; = the surface potential on the cylindrical CNT (in Stat V),

n,=number density of electron (in cm™),
1, = electron temperature (in eV),

k B= Boltzmann’s constant ( in ergs/K),
I= ion temperature (in K),
n4= number density of ion A where A refers to carbon in all plasmas

considered (in cm'3),

m. 4= mass of ion A(in gm),
n.p= number density of ion B where B refers to H,™ in hydrogen

plasma, Ar' in argon plasma, CH," in methane plasma and CF,"
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in carbon tetra fluoride plasma (in cm™),
m, p = Mass of ion B (in gm),
e= clectronic charge( in Stat C).
Following the model developed in Chapter 2 and using the terms for
spherical tip and cylindrical surface from chapter 3, we write the
equations for growth of CNT with spherical tip placed over cylindrical
surface as:

A. Charge neutrality equation

The Eq.(5) equates the net negative and positive charge on CNT to render

plasma as electrically neutral.

ZnCt+niA+niB:ne’ (5)
7= amount of charge on spherical tip placed over cylindrical surface (

dimensionless),

n.,= the number density of the CNT(in cm™),
ng= number density of ion A (in cm™),
n.p= number density of ion B(in cm™).

B. Charging of the CNT

This equation describes the charge developed on the CNT with spherical
tip placed over cylindrical surface due to accretion of electrons and

positively charged ions on the surface of CNT.

dzZ

dridets Tidcteys T "iBets T "iBeteys ~7e (n€CfS Necteys | ©)

where y,is the sticking coefficient of electrons on CNT surface.

The first and second term in Eq.(6) denotes charge developed on the

CNT due to ion collection currents of A(carbon) , third and fourth term

149



denotes charge developed on the CNT due to ion collection currents of
B(either hydrogen, argon, methane, or carbon tetra fluoride), on spherical
tip over cylindrical surface. The last term denotes charge developed on
spherical tip placed over cylindrical surface because of electron collection
current.

C. Growth rate equation of electron density

The growth rate equation of electron density accounts for ionization of
neutral into ions and electrons and recombination of electrons and ions to

form neutrals.

dn

e _ _ _
dr ('BA”A+'BB”B) (“A”e”iA+“B”e”iB) ¥ enct(nects+nectcys)

(7)

Yij y and ﬁB are the coefficients of ionization of the constituent neutral

atoms of A(carbon) and B(either hydrogen, argon, methane, or carbon

tetra fluoride) due to external agency (in sec), and

k
_ 300 3 _ 300 3
aA(Te)—aAO(T—ej cm” /sec and aB(Te)_aB(){T_eJ cm”/sec  are
the coefficients of recombination of electrons and positively charged ions
[13] of A(carbon) and B(hydrogen, argon, methane, or carbon tetra

-1.2

fluoride) wh — — 711 d
) where aAO—aBO—neOXIO {TO} an
e

Rects>Mectcys are the electron collection  current at the surface of
spherical CNT tip[13] and cylindrical CNT surface [14], respectively (in
sec’) and ng is the CNT number density (in cm™) ,7e 1s the sticking
coefficient of electron to spherical tip placed over cylindrical CNT

surface and is dimensionless.
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The first term in Eq.(7) is the rate of gain in electron density per unit
time due to ionization of neutral atoms and second term is the decrease in
the electron density due to electron—ion recombination and the third term
is the loss in electron density because of the electron collection current on
the spherical tip placed over cylindrical CNT surface.

D. Growth rate equation of positively charged ion density
The number density balance equation of ions is developed assuming
processes such as ionization of neutrals to produce ions and electrons and

the electron and ion recombination to form neutrals.

dn.

T4 _
dr =B AT A e T et (niActerniActcysj’ (®)
dnzB
7; = Pphp—aghetip=n l‘[nchtS +nchz‘cij ’ ©)
1 1
oy :nrz[ngTi]z oy l—i Mg =7r72{8kBTiJ2 n.p l—il
1Acts ”mlA 1 rkBTl ipcts ”sz 1 rkBTl

are the ion collection currents at spherical CNT tip [13](in sec™!) for

A(carbon) and B (either hydrogen, argon, methane, or carbon tetra

1
2
erfe [k T] ’

1
erfc [:VT]2

are the 1on collection currents at the cylindrical CNT surface [14](in sec’

fluoride),respectively.

1

1 1

2 T.\2 2
M dcte s:niAFZL ”kB ZJ }[:V;} rex [k T.
% iy 7\ kgl Bl

1 1
2 T-\2 2
"iBeteys :niBFZL ﬁkB l} }[:V;J Texp
4 Mg | *Bli

kBTz

" for A(carbon) and B (either hydrogen, argon, methane, or carbon tetra

fluoride),respectively.
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The first term in Egs. (8) and (9) is the gain in ion density per unit time
on account of ionization of neutral atoms, the second term is the decrease
in ion density due to electron-ion recombination, and the third term
denotes the loss in ion density due to ion collection current to the
spherical tip placed over cylindrical CNT surface.

E. Growth rate equation of neutral atoms

dn
. _ _ _
dr @ 4e"ig 'BAnA iy (1 7iA)(niActs - niActcys) "et? 4 (nActs * nActcysj’

(10)

(11)

; 2 8kBTn 2n i 2 8kBTn 2n
Acts 7Z'mA A’ " Bcets ﬂmB B

are the neutral collection currents at the surface of spherical CNT tip [13]

(in sec™), and

1

1 1
2k T, \2 2k T, \2
n —arl| =B |y , N —arl| =B |7y
Actcys m, A Bcteys mp B

are the neutral collection currents at the cylindrical CNT surface [14](in

sec™),n4 and ng are the neutral atom number density (in cm™).

Y 4 is the sticking coefficient of carbon neutrals on spherical tip placed over
cylindrical CNT surface and Vig is the sticking coefficient of carbon ions on

CNT surface, both Y 4 and Yy are dimensionless.
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The first term in Eqs. (10) and (11) is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to their ionization, the third term is the
gain in neutral density due to neutralization of the ions collected on
spherical tip placed over cylindrical CNT surface. The last term in Eq.
(10) is the accretion of neutral atoms of species A (carbon) on spherical
tip placed over cylindrical CNT surface.

F. Growth rate equation of the mass of CNT

The accretion of ions and neutrals on CNT surface is the main process
contributing to growth of CNT.

dm
ct _
dr {’”M A (nActs 7 geteys j 474 (niActs i cteys H (12)

:iﬁr3pct+7rr21pct is the mass of the entire CNT, p.is the

mct 3

density of CNT, r is the radius and / is the length of entire CNT.

The first and second term in Eq.(12) is the gain in the mass of the
spherical tip placed over cylindrical CNT surface, respectively due to

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

G. Energy balance equation of electrons
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d (3
E(EnekBTej
= + - 3k + T —
_(’BAnAgA ﬂBntB) 2"B (aAneniA aBneniB) e nctnecz‘cys
lh 3
{Vegeccy+5ect (1_78){ggccy_(§kBcht}}_
lh 3 3
Netlects {76‘9661? +0pct (1_78){ggcs _(EkB]Tc }}_(ikBJ

[VeAgeA +VeB5eBJ(Te ~Tn )ne _(%kB]X(VeAigeAi +VeBi5eBi)(Te _Ti)ne ’
(13)

The LHS of Eq.(13) can be rewritten as
= e |4 = T.| =€
[2](3)”6( dr j+(2kBJ e[ dr j

Substituting the value of dd&from Eq. (7) in the above Eq., we get
T

i)

‘G’%)Te (B4 +ﬂB”B)+[%kBjT el grem + “B”e”i3)+[%kBjT e¥ellcects
+(%kBJT€7€nctnectcys +(,BAnAgA +’BBntB)_[%kBj(aAnenAi +aBnenBl.)Te —
et"ecteys {Ve“’éccy Ot (1= 7/6){8500)/ _[% kp cht }}

+0

ect(l_Ve){ggcs —[%kBcht}}_

[%kBJ[VeA%A +Vop0p |(Te =T e _[%kBjX VeaiPeai+VeniOepi | Te=T; e -

“Netects {7 eCecs

(14)

On rearranging the above equation, we get
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3

(5 B { B n &4 +ﬁBntB)_( kBj('BAnA+'BB”B)T€}}_{"ct"ectcys
3
{Vegecey E Te]’_é‘ea (1_76){65003’_( kBjTCt}}_nctnects

et ) (e e 420
it

DWW oW

Ved%ed tVeBOe ](Te_Tn )+(VeAi5eAi+VeBiaeBi )(Te_Ti)}”e}‘ (15)
where
3 .
Enek gT, 1 the thermal energy of electrons ,

n. is the number density of electrons(in cm™), T, is the electron
temperature (in eV), T, is the CNT temperature (in K), and T, is the

neutral temperature (in K).

2
5ecs (2)=¢505(2)- [Ze ] is the mean energy of electrons (in eV) at a
r

large distance from the surface of spherical CNT tip [13],

E505(2) =2k BT o 1s the mean energy of electrons (in eV) collected by
spherical CNT tip [13],

8éccy (Z2)=k BT e {2 —[%H is the mean energy of electrons (in eV) at
B'e

a large distance from the surface of cylindrical CNT surface[14],

5gccy (Z2)=2k BT e 1s the mean energy of electrons(in eV) collected by

cylindrical CNT surface[14],

n T 2 n {T JZ
A e B e
1% —£ | and v <= are the
B~
e er{ AOJ[TeOJ ¢ eBO[ BOJ Ty

electron collision frequency (in sec) due to elastic collisions with neutral
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atoms A(carbon) and B(either hydrogen, argon, methane, or carbon tetra
fluoride), respectively [13] , and

1 1
_ 5\ 2 2 _ 50 2 2
Y40 =(8.3x10 )7ZI’A nAOTeO and VeBO—(8.3><10 )7Z'I”B nBOTeO

b

3 3

VA.VA.O{ niA ]{il 2and VB.VB.OL "iB }[i} 2 are the
el ediBn 40 \ oo est B mpo \ Teo

electron collision frequency (in sec) due to elastic collisions with
positively charged ion of type A(carbon) and type B(either hydrogen,

argon, methane, or carbon tetra fluoride)[13],

neO ZZOTQO ne() 220T60
Vo i0 = 5.5 % In % and V,Bi0 = 5.5 % In % ,
Too i 40 Too B0

o

~2| e ~2| e i
e 2( } and 5e B~ 2{ J are the fraction of excess energy of an

"4 "B
electron lost in a collision with the neutral atom A(carbon) and B(either
hydrogen, argon, methane, or carbon tetra fluoride),respectively[13] and
are dimensionless,
m m, | . :
6 .~2|—&|and S ,.~2| —€ | is the fraction of excess energy of an
eAi . eBi m.
iA iB
electron lost in a collision with a positively charged ion A(carbon) and
B(either hydrogen, argon, methane, or carbon tetra fluoride), respectively

[13] and is dimensionless,

~ 2[—6] is the fraction of excess energy of an electron lost in a

)
ect
mct

collision with a CNT [13] and is dimensionless where,
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ot :%mﬂ3 Pet L arll P, 1s the mass of the entire CNT and p,,is the

m
density of CNT.

The first term in Eq. (15) is the power gained per unit volume by
clectrons due to ionization of neutral atoms, the second term is the
energy loss per unit volume per unit time due to the sticking accretion
and elastic collisions of electron at the spherical CNT tip. The third term
is the energy loss per unit volume per unit time due to elastic electron -

atom collisions and elastic electron- ion collision.

H. Energy balance equation for positively charged ions
d|3
E{E(”M +niB)kBTz}
_ 3
=(B.4 424+ Penpeip ) (5"3)”6 Vei®oi *Veni®epi )(Te ~Ti)

ik (a nn ,+a,nn )T—n n el +n gl
2" BN\TA4A7eiA TBeiB)i "ct|\"iActs"iAcs iBcts“iBcs

[ [ 3
* ("iA cieysBidecys T iBetcysEiBecys H - (5"3 j [(ViAAéiAA 089484
+(VipaSp4+VinsOins )i (T Tn)
(16)
The LHS of Eq.(16) can be rewritten as
3 ANE d(n+np)
[szJ(”iA +”iB)[E]+(§kBJTi —ar
- dn, .

Substituting the value of d—;from Eqgs.(8) and (9) in Eq.(16), we get
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(%kBj(nzA i )(CZJ

3 3 3

‘(2"‘3}(44”14 +ﬂ3”3)*[2kB](“A”e”iA +aBn€niB)+(2kBjnct [( "idets PMidcteys )+

o, . +n B e +/3ngj+§k el V,oiBoti Ve, }(T—T)—ik
iBcts * "iBctcys A A7iA "B 'B"iB) 2B ) €| edi edi "eBi eBi|\"¢ "i] (2°B

- ! / !
( & e OB zB) et \Midcts€ides TMiBetsiBes | T\ Midetcysfidceys
kBjK 144%aat zABéiAB)niAJF(ViBAgiBA+ViBB5iBBJniB}(7}_Tn)’
(17)

3
+nchtcysg£Bccys H ( 2

On rearranging the above equation, we get
3 T |
[ka](nzA tn, )(E]_
3 k o o
(B4n 464+ Pangeis)-| 555 | B g+ Bynp)T, *\5%B e\ VouiOuti tVeBieni
3 Ji 3
(Te_Ti)_nct {an’Acts{ iAcs (E B) D [ chts{ chs_(EkB)TiD}
! T Sk T
* niActcys giAccys i chtcys chcys 2"B i

_(%kBj[( Vida%4a4ViaB zAB)nl +HVips%ipa *VizsOin8 )" ZB}(T ~Ty),

(18)

where
3 . .
E(ni YR, B)k BTi is the thermal energy of ions ,

n;x and n;g are the number density of positively charged ions of type

A(carbon) and type B(either hydrogen, argon, methane, or carbon tetra
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fluoride), respectively(in cm™),T; is the ion temperature (in K), T, is the

temperature of neutral (in K).

~Za “ 4i
( ) Z—A k T andngc (Z)

zA cs

2—-7Za .
—B’k T. are the
—Za.. | B
Bi

mean energy (in eV) of positively charged ions, A(carbon) and B(either
hydrogen, argon, methane, or carbon tetra fluoride), respectively (at
large distance from the surface of the CNT) collected by the spherical
CNT tip [13],

1 1 1 _ . 1]
27k, T 210 4 eV, |2 eV, |2 eV eV, |2
(Z)=k,Tn, Bi (J S| 42— 8 exp| —=3- |erfe S
zAccys Bi"iA m Jr kBTi kBTi _kBTi_ kBTi
1 1 1 _ _ 1
2k T2\ 4\ eV |2 eV, |2 eV, eV, |2
(Z)=k yTon, orl B (J S| 42— 5 exp| —=- |erfe S
lBCCyS BB myp V) kgl kpT; kT | 7 |\ kBT;

are the mean energy of ions(in eV) at a large distance from the surface of
cylindrical CNT surface[14] of A (carbon) and B(either hydrogen, argon,
methane, or carbon tetra fluoride), respectively.

gl.]. is the mean energy (in eV) of positively charged ions produced by the

ionization of neutral atoms [13] and for ion A(carbon) and B(either

hydrogen, argon, methane, or carbon tetra fluoride) are expressed as

3k
giA:%sz}A+2(aA(zjniA)[{ it S (0Tl =i (e T

3k
‘%’BZ%kBTiB+2(aB(zjniB)RViBB 5,55 (T =T )| Ve Soi*(Te T3}
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Vidd ~Vid40

ViB4 =ViBA40O

g || malit gt
n

40 )\ (m 4Ty +my T o)
g || gttt
n

A0 (mATiO+miBTnO)

N —

N |—

ViaB ~ViABO

ViBB ~ViBBO

[—

ng || _mplitmiyTn
n

B0 (mgTig+miyT
ng || _™pTitmipTn
n

B0\ (mpTi+mipT

are the collision frequencies(in sec”') of a j type of ion with j' ion of

neutral atom[13], and

8 ; 2
_(8 2
”um)(J@“?)Ou+%)

8 ; 2
_(8 2
”MM)[J@”$)0M+%)

ViBAO

-

%44 =[

2m.A

l
(m g m; )

1

1

1

(§ﬂ2”k3)2<93+*g>2

1

n

40"4 ||

[,

. +m

"Bo"B |

[,

., +m

n

amg))

a+mg))

40" 4

2m;p

(mp +m;p)

(mw+mA)£
"go"B |

(m,

ptmp) |

2m.

i4

S =] —iA
4B LmB*miA)

984 =!

2m; g

(m 4 +m;p)

are the fraction of the excess energy of a j type positively charged ion,

lost in a collision with neutral ;' kind of neutral atom and are

dimensionless. where j and ;' can be same (i.e., both carbon or both

either hydrogen, argon, methane, or carbon tetra fluoride) or different
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(i.e., one carbon and other either hydrogen, argon, methane, or carbon
tetra fluoride).

The first term in Eq.(18) is the energy gained by ions per unit volume
per unit time due to the ionization of neutral atoms , the second term is
the energy gained per unit volume per unit time due to the elastic
collision of ions with electrons. The third term is the energy loss per unit
volume per unit time due to the sticking accretion of ions at the surface of
the CNT. The last term is the energy lost per unit volume per unit time
due to elastic collision with neutral species.

I. Energy balance equation for neutral atoms

jrB( A" B)kBT}

K;kBj( FLTYRET LR B)(Te““Ti)*(“A”e”iAlpA BnenlBIpBH GkBJ
e(VeuBea*VenPen ) Te=Tn) | (ViaaBiaa +Vianiap ) ia (1= Th)
VisaSipatvisplins)nip T T )ﬂ

@kB)”ct([(l‘ViA)”iActs iers |Tet +({(1_7iA)niActcys+nchtcys}TCZJJ
_[%kB)nCt{nActs{y AT 04t (1774) (T T )} "BetsOpet (Tn e )}
ékB)nC{nActcys{y (084 (7 4 ) T =Te) [ ey e (T =T )}

kBj(ﬂAnA_'_ﬁB B)T Edlss’ (19)
The LHS of Eq.(19) can be rewritten as

d
%(”A +nB)kB (a;,iz’_i}r%kBTn w
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d(”A*”B)

J from Eqgs. (10) and (11) and multiplying
.

Substituting the value of

3 :
by EkBT” in Eq.(19) we get,

(n+ng)k (er

@kBJT e o )+ @ B] a(B 1 4+ Pgng)- GkBan

H(l i )( idets lActysH+(nchts+nchtcysﬂ+(%kB]nClyA(nActs+nActcysj
*K ia T B B)(Te+7})+(aA”e”iA]pA BnenzBIij}r[%kBj
E (VeA5eA+VeB5eB)(T ~Ta) | Vit *Vian®ia)ia (5= Tn)

+(ViBA5iBA+ViBB5iBB) g 1=

N W

( j ([(1 Vigers* chts}Tctﬂ(l 4 lA)nl'Actcys+nchtcys}TctD
( jn"{n/l 7 00 4t (1274 ) T Tt)} "BesOBerTn T )}
_(_ jnc{n/ldcys ntoy t(l Y A)<T I )J Bctcys5Bcz(T Tct)}

2B
_[%kBj A" 4 +ﬂB B) diss’
(20)

On rearranging the above equation, we get

162



%kBj(aA” ”A+aB”e”B)(Te+Ti—Tn)}+(aAnenA At g, nBIpB)}

+{G % )" j el eaten *Veses) e T )} J{G kBj(ViAA‘Sz‘AA”iA VapOiapua) (=T )+
GkBj(ViBA(SiBAniB Vi 5in ) Tn {( et (1734 gt chtSJ(Tct—Tn)J
{@k’gjnc’[(1_71'/1)’11'/10!6% chtcyS Ter 1) j} { kg Acts5Act(1 7A)X(Tn—Tct)
(

T {34 ) v )

1))

Ip y and / pB A€ the ionization energy (in eV) of the constituent atomic

species of type A (carbon) and type B(either hydrogen, argon, methane,

or carbon tetra fluoride),respectively,

E diss :(E A, diss+E B, dissj’ Ej, diss 1S the energy dissipated per unit

volume per unit time by neutral atoms into the surrounding atmosphere
and 1s assumed to be equal to the difference between the temperature of

the neutral atomic species and the ambient temperature.

(T.—Ta)
E =E J 7 (in eV) , constant E is obtained
jdiss  jdiss0 (T'O_Taj JdissO
J

by imposing the ambient condition of the complex plasma system in

Eq.(21) for both constituent neutral species[13] ,7,, is the ambient

temperature.
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2mA _ 2mB
mA+ch) (mB+mct)

energy of a neutral A( carbon) and B(either hydrogen, argon, methane, or

5. =

are the fraction of excess
Act (

and 5Bct

carbon tetra fluoride), respectively lost in a collision with CNT [13] and

are dimensionless.

The first term in Eq.(21) is the power gained per unit volume by the
neutral species due to recombination of electrons and positively charged
ions, the second term is the rate of power gained per unit volume by
neutral atoms in elastic collision with electrons and positively charged
ions. The third term is the energy gained per unit volume per second due
to formation of neutrals at the surface of the CNT due to electron and ion
accretion. The fourth term refers to the thermal energy lost per unit
volume per unit time by neutral atoms due to their accretion on and
collision with CNT surface. The last term is the energy dissipation rate

per unit volume by neutral atoms to the surrounding atmosphere.

J. Energy balance for spherical CNT tip placed over cylindrical surfaces

164



N N X [ O A=)
#5450 (T~ Tt |+ H;"BM ety 7T+ e 17
g [t e T i )
H@y (1)) -
(1=

{[{ j lACtS chm)+((1_7/iA)niActcys +nchtcysﬂTctj}

8k 8k
—{(4m2+zmz)[ga(rct4—Ta4)+ n A[ mZ: ”J B[ BZJ k(T =T5) |- 22)
Z)= ﬂkTande (Z2)= ﬂkT are the
ZACS iBcs ZaB' Bi
i

mean energy (in eV) of positively charged ions, A(carbon) and B(either
hydrogen, argon, methane, or carbon tetra fluoride),respectively (at large
distance from the surface of the CNT) collected by the spherical CNT tip
[13].

1 1 1 3 1

27k, T. )2 2 2 2
zAcc (Z)=kgTn, 1l B (\;"_j :V; +]2- keVS exp keVS erfc keVS
> My 7 )\ kpT; Bli | kBT | BTi

1 1 1 3 1

27k, T. )2 2 2 2
chcys(Z) kpTin;prl B (j_] keVS +2- keVS exp keVS erfe keVS
;B 7 )\ kgT; Bli | kBT | B

are the mean energy of ions(in eV) at a large distance from the surface of
cylindrical CNT surface[14] of A (carbon) and B (either hydrogen, argon,

methane, or carbon tetra fluoride), respectively.
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Cp is the specific heat of the material of the CNT at constant pressure (in
ergs/gm K),
€ 1s the emissivity of the material of the CNT and is dimensionless,

o is the Stefan —Boltzmann constant= 5.672x10” erg sec’' cm™ K™

The first three terms in Eq. (22) are the rate of energy transferred to the
CNT tip due to sticking accretion and elastic collision by constituent
species of complex plasma. The fourth term is the energy carried away by
the neutral species (generated by the recombination of the accreted ions
and electrons) from the spherical CNT tip per unit volume per unit time.
The last term is the rate of energy dissipation of the spherical CNT tip
through radiation and conduction to the host gas [15].

K. Field enhancement factor

Using the expression for field enhancement factor B as obtained by

Wang et al. [16]

,b’:%+3.5 (23)

where,
h = the height of CNT and p = the radius of CNT.

5.4: Results and Discussion

Our main interest in the present chapter is to observe the effect of
different plasmas, especially of heavy ion plasma such as carbon
tetraflouride (CF,) and methane (CHy,), light ion plasma such as hydrogen
(H,) and of neutral plasmas such as argon (Ar), on the growth of the
CNT. Since in the present model it is assumed that the accretion of

neutral atoms and positively charged ions on the CNT causes its growth;

166



the different plasmas being investigated for growth presently will cause
changes in the morphology of the CNT.

We have solved Eq. (4) to calculate the initial radius of CNT by feeding
the parameters corresponding to various plasmas and then equations for
charging of the CNT, kinetics and energy balance of electrons, ions,
neutrals and of the spherical CNT tip placed over cylindrical CNT surface
are simultaneously solved for different plasmas considered, by using
MATHEMATICA software with appropriate boundary conditions.

(1) For H, plasma, boundary conditionsz =0,

CNT number density (7.,) =10° cm™ , ion number density of type A (
" 40 =0.8 neO)’ ion number density of type B (niBO = ().2neo),

: _ _ 14 .3
neutral atom number density of type A and B(n 40=" BO) =1x10"cm
,electron number density (neO) =100cm™ , electron temperature

Te=0.5¢V, 1ion temperature (T;y )= 2000 K ,neutral temperature

(TnO): CNT temperature (Tcz‘)ZI%OK’ mass of ion A (m )z mass of

iA
neutral atom A (m A) = 12 amu (carbon) ,mass of ion B (ml. B) ~ mass of

neutral atom B (mB) =2 amu (hydrogen (H,)), coefficient of

recombination of electrons and positive ion of type A and B(a 40 ¢ BO)

=107cm’/sec, emissivity of material of CNT (& )=0.6 , the sticking

1= A)Zl, specific heat of

coefficient of ion A and neutral atom A (71

CNT(C p) =7x100 ergs/gm K, the ionization energy of neutral atom A

[[p Aj =5.26 eV, the ionization energy of neutral atom B(Ip B) =7¢eV,
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£ A=4.69 eV, 8B=6.7 eV, the mean energy of positively charged ions
produced by the ionization of neutral atom A( €4 )=4.78 eV, the mean

energy of positively charged ions produced by the ionization of neutral

atom B (a‘l.B)Z 7.03 eV, the dissipation energy of neutral atom A (

£y dz'ssO) =1820.9¢V, the dissipation energy of neutral atom B( ¢ B, a’issO)

=799.6 eV, constant(x )= -1.2, initial radius (ry) = 1.80 nm, and density
of the CNT (p,; )= 4.2g/cm’.

(2) For CH4 plasma, using values from Herrebout et al. [17] , boundary

.. _ 106 3 _ _ _
conditions 7=0 N 10° cm M40 0.6 07 B0 0’4neO NAo

nge=1x10" cm™, neo= 1.12x10"" cm™,Toi= 1.15 eV, T, =2100K,

0
TnO =T, :2OOOK,ml.A zmA=12 amu (carbon),ml.B sz=16 amu

(methane (CH,)), « =1.12x10"cm’/sec, & =0.6 , Yig=7 471,

40~ “Bo
_ _ 6 _ _
¢=5 eV (Carbon), Cp =7x10" ergs/gm K, IpA =8.16 eV, IpB =9.43

eV, ¢ ,=9.59 eV, 8326.79 eV, giAZS'IS ev, £p~ 9.50 eV '€ 4 dissO

=608.5¢V,x =-1.2, 1= 1.66 nm, and Pop=

A
=1964.1 eV, ¢

B.diss0
4.2g/cny’.

(3) For Ar plasma, using values of plasma parameters from Chai et al.

[18], boundary conditions 7 =0,

nct:106 cm”, niAO=0'6neO’niBO:O'4ne0’nA0= nge=1.03x10" cm>,

neo=1.2x10° cm>,Too= 1.3 eV, Tc=2200 K, T, =T., =2000K, m.
n ct I

0 4~y

=12amu(carbon), m. 5 = m p=40amu(argon(Ar)),a ;o ~ & p

7.3 _ —y _ _ 6 _
1.02x10"cm’/sec, ¢ =0.6 , Yig=7 4=1, Cp—7><10 ergs/gm K, IpA_
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9.56 eV, [pB = 1097 eV, 6‘A=13.58 eV, 6‘B=8.62 eV, gl.A=7.51 ev,
£p=924¢eV, € 4 diss0 =2055.61 eV, £B diss0 =416.5 eV, x=-1.2, 1=

1.62 nm, and p.,= 4.2g/cny’.

(4) For CF, plasma, using values of plasma parameters from Kim et al.

[19] boundary conditions 7 =0,

106 a3 _ _ _ _ 11. -3
n.,=10" cm 40 O'6neO’niBO_O'4neO’nAO_nBO_SXIO cm

Ne=3.5x10"cm?, T;=1.5 eV, T, =2400K, T =T., =2000K.
i n ct

0 0

m. g =m A=12 amu (carbon), m.p =g =84 amu (carbon tetra fluoride

=3.5x 107em’/sec, & =0.6., ¥;4=7=1. C),=7x10°

(CF4)) ’aAO ~ aBO
ergs/gm K, ]PA =10.26 ¢V, ]pB =12.3¢eV, € 4= 675.71 eV, €B=119.5
eV, €y =542.15 eV, &g~ 359.35¢V, gA,dissO: 2251.7 eV, gB,a’issO

=214.11 eV, x =-1.2,1=4.80nm, and p ,=4.2g/cm’
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Fig.2. Shows the variation of the normalized radius (r/ry) with time of
spherical CNT tip placed over cylindrical CNT surface for different plasmas,
where a, b, c and d corresponds to CF,4, Ar, CH, and H, plasmas, respectively.

Fig. 2 illustrates the variation of normalized radius of the spherical CNT
tip placed over the cylindrical CNT surface (r/rg) with time for different
plasma parameters taken for respective plasmas considered. It can be
seen from Fig. 2 that the radius of spherical CNT tip placed over
cylindrical CNT surface decreases as (r/ro for CF4)> (r/ro for Ar)>(1/r, for
CH,)> (r/ry for H,). The radius for all plasma first increases and then
attains a saturation value. The main parameters that determine the growth
pattern going into plateau region are the values of sticking coefficients of
neutral atoms and ions of type A, and the charge developed on the CNT.
As the value of sticking coefficients of neutral atoms and ions increases,
the steady state is achieved faster. Also, as more and more neutral atoms
and positively charged ions stick on the CNT surface, the negative charge

on the CNT decreases, which further stops the accretion of ions and
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neutral atoms on the surface of CNT and CNT radius saturates. Nagai et
al. [20], Hayashi et al. [21] and Courteille et al. [22] have reported a
similar kind of growth pattern of CNT and nanoparticles in plasma.
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2000 |
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Normalized radius of spherical CNT tip placed

over cylindrical CNT surface (1/1,)

0.0 02 04 0.6 0.8 1.0
Time (sec)

Fig.3. Shows the variation of the normalized radius (r/r;) with time for
spherical CNT tip placed over cylindrical CNT surface for H, plasma for
different values of the atomic sticking coefficients, where a, b, ¢ and d
corresponds to y 0= 0.1,0.3, 0.6 and 0.9, respectively.
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Fig.4. Shows the variation of the normalized radius (r/ry) with time for
spherical CNT tip placed over cylindrical CNT surface for CH, plasma for
different values of the atomic sticking coefficients, where a, b, ¢ and d
corresponds to ¥ 4=0.1,0.3,0.6 and 0.9,respectively.
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Fig. 5.Shows the variation of the normalized radius (r/ry) with time for
spherical CNT tip placed over cylindrical CNT surface for Ar plasma for
different values of the atomic sticking coefficients, where a, b, ¢ and d
corresponds to Y 4= 0.1,0.3, 0.6 and 0.9, respectively.
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Fig. 6. Shows the wvariation of the normalized radius (r/r)) with time for
spherical CNT tip placed over cylindrical CNT surface for CF, plasma for
different values of the atomic sticking coefficients, where a, b, ¢ and d
corresponds to ¥ 0= 0.1,0.3, 0.6 and 0.9, respectively.

Fig. 3 to 6 illustrates the variation of normalized radius with the time of
the spherical CNT tip placed over cylindrical CNT surface in H, , CH, ,
Ar and CF, plasmas for different values of the atomic sticking

coefficients V4= 0.1,0.3, 0.6 and 0.9. It can be seen that the steady state is

achieved faster as the value of atomic sticking coefficients is increased
but the effect is more pronounced in CF4 (cf. Fig. 6) which is valid

because the nanotube of maximum radius grows in CF, plasma.
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Fig. 7. Shows the field enhancement factor  for different plasmas i.e., for
CF4, Ar, CH4 and Hz.

Using Eq. (23), we have plotted in Fig. 7 the variation in the field
enhancement factor for CNTs grown in all four different types of
plasmas. We calculate the radius of the CNT in all different types of
plasmas as 113.5 nm in H,, 220nm in CHy, 280nm in Ar and 360nm in
CF,, height of the CNT was fixed at 15 pum, the field enhancement factor
are obtained as 135.658 in H,, 71.6 in CH4 , 57.07 in Ar, 45.166 in CF, .
From the Fig. 7 it can be concluded that the field emission is maximum
for H, plasma, followed by CH,4, then Ar and minimum for CF,. The
variation of field enhancement factor with radius is also validated by Xu
et al. [23].

The possible physical explanation for the above observed behaviour may
be that the plasma causes etching of the CNTs and thereby reduces the
radius of the CNT. Since for the H, plasma, the radius of the CNT is least,
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means that H, plasma causes maximum etching, and thereby opening up
more field emission sites of the CNT tip as well as cylindrical surfaces
and causing maximum field emissions from the CNT grown in H,
plasma. The above result obtained has also been experimentally verified
by Zhu et al. [8] and Lee et al. [12].

Zhu et al. [8] have also stated that CF, plasma treatment may hamper the
field emission from CNT films. Also Lee ef al. [12] have reported that
the field emission current density is maximum for the H, plasma followed
by Ar plasma , the CF4 plasma treated CNTs films and is least for the
untreated CNT (cf. Fig. 5 of Lee et al. [12]). Hence, our theoretical

results comply with the experimental observations.
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CHAPTER 6

INVESTIGATIONS ON THE EFFECT OF DIFFERENT PLASMA
COMPOSITIONS ON GROWTH OF SPHERICAL CARBON
NANOTUBE (CNT) TIP AND ESTIMATING FIELD EMISSION
FROM THEM

6.1: A brief outline of the work in the chapter
The present chapter details the growth of CNT under different plasma
compositions and predicting their field emission properties from the

results obtained.

6.2: Introduction

The role of plasma compositions is set up to be an important parameter in
growth of CNT and other nanostructure over the years.

Srivastava et al. [1] have studied the effect of plasma composition on the
growth and microstructure of CNTs. The morphology and microstructure
of nanotubes were found to be strongly dependent on plasma
compositions and different shapes of CNTs were observed for different
plasma compositions.

Han et al. [2] have studied the effect of growth parameters such as
composition of reactant gases on growth of carbon nanotubes (CNTs) and
proposed that the growth of CNTs is dependent on the total flow rate, but
the diameter of CNTs is mainly determined by the ratio of ammonia
(NH;) to acetylene (C,H,) and plasma intensity rather than the total flow

rate.

178



Bell et al. [3] have studied the effect of plasma composition during
plasma-enhanced chemical vapor deposition (PECVD) of CNTs and
observed that different plasma compositions of C,H,/NH; produces
different shapes of CNT.

Teo et al. [4] have reported that varied C,H,/NH; ratio , morphology of
the unpatterned silicon (Si) area clearly changes from being etched at a
low C,H,/NHj; ratio to being covered by a thick, delaminating amorphous
carbon film for high C,H,/NHj ratios.

Kiang et al. [5] have shown that the nanotube diameter distributions are
modified by the addition of the heavy metals such as bismuth(Bi1) ,lead
(Pb). They further suggest that a more efficient synthesis of tubules with
a wider range of diameters will facilitate investigations of nanotube
properties and applications that depend on the diameter, such as electric
conductivity and hydrogen storage media.

Chen et al. [6] have grown CNT in methane (CH,4)/ carbon-dioxide
(CO,) gas mixture and found that the compositions of plasma
significantly affect the reaction mechanism in CNTs growth and the
highest yield of CNT was obtained at 70% ratio of CH,/CO,.

Xiong et al. [7] studied growth of double walled CNT (DWCNT) under
different combinations of methane(CH,) to hydrogen(H,) (i.e., at 300/0,
300/6, and 300/12) and found that concentration of hydrogen affects
DWCNT growth and optimum growth was recorded for CH4/H, ratio of
300/6.

6.3: MODEL

In view of the cited literature in the present chapter, we consider CNT
growth in plasma containing electrons, positively charged ions of type A

(carbon) and B (cesium), neutral atoms of type A (carbon) and B
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(cesium). The two ions have considerable differences in their masses such
that we consider ion A to be a light and ion B to be a heavy ion. The ratio
of heavy to light ion masses is 11.5. The number density of both light and
heavy ions is related to positive ion density (n,9) as number density of
light positive ion A (carbon) ;4 =" p0 number density of heavy
positive ion B (cesium) nap= ahnpO’ a and a, are the fractional
concentrations of light and heavy positive ions, respectively where
a, =1—al.

The initial radius of spherical CNT tip can be estimated by equating the

accretion of electrons and positively charged ions on the CNT tip , 1.e.,

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

at CNT (njjacc™inBet)

"ect ="itdet T inBet M
where
8k T, % 2
Rppt = 72'612[ ﬂi :} N €EXP Lkzgﬁ 1s the electron collection current at

the surface of spherical CNT tip (in sec) [8],

2
14

2

8kpT; | Ze
akpT;

2
n. =wa —_—
[Act
Hac {ﬂ-mﬂA

] 1s the light ion collection current

on a spherical CNT tip (in sec™) [8] ,

8k T. \2
2 Bi
n. =7ra n 1
hBct hB
l C {ﬁmlhBJ ll’l

_z?
akgT;

is the heavy ion collection

current on a spherical CNT tip (in sec™) [8],

180



Substituting the values of . ,n;4. (for carbon) and n;;5., ( for cesium) in

Eq.(1) we get,

1 1

1 1 1

8k T, \2 2 8k, T. |2 2 8k ,T. \2
ra?| —B¢ N €Xp R/ v ey ) R U/ il W) Bl
Ty, akBT e . 4 il4 akBTi M b

" {1_ Ze2 ]
ihB akBT;

(2)
or
1 1 1
8k nT, )2 2 8k, T. |2 2 8k T, |2 2
[ BQJ e e e I L B B I
T akBTe m, akBTi zm, p akBTi
3)
or

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

charged, and initial radius of CNT tip is ay,

1 1 1
T, |2 92 Tl 2 62 Tz 2 e2
— | neexp|-— = g 1+ + noB l+——1,
Me aokgle | ™y kgl | \™inp a0k gT;

4)
or
1 1 1
2 2 2 T. )2 T. )2
”e(_ej P=7 |~ % gl == | *hpp| =1 |
e dokple 4o pti 14 "nB
(5)
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where

_ _ . . 3
neO_npO number density of electron (in cm™),

"0~ plasma density ( in cm™),
T, = electron temperature(in eV),

ag= initial radius of spherical CNT tip (in nm),
k B= Boltzmann’s constant(in ergs/K),
Ti = ion temperature(in K),

n an_.=number density of light positive ion A( in cm™),

ilA = 1" po
m,, 4= Mass of light positive ion A(in gm),

_ _ . .. . . 3
ngp =% 1" 50 number density of heavy positive ion B( in cm™),

a and a, are the fractional concentrations of light and heavy positive
ions, respectively and a, = 1- al ,both a and a, are dimensionless,
m;, p= Mass of heavy positive ion B(in gms),

m.=mass of electron(in gm),
e= electronic charge (in Stat C).

A. Charge neutrality equation

Eq. (6) equates the net negative and positive charge in the plasma on the
spherical CNT tip to make plasma as electrically neutral.

ZnCl‘+nilA+nihB:ne’ (6)
7= amount of charge on spherical CNT tip ( dimensionless) ,

n.,= the number density of the CNT(in cm” ).
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B. Charging of the CNT
Eq. (7) describes the charge developed on the CNT due to accretion of

electrons and positively charged ions on the surface of the CNT.

d—Z—n +n — Yol
dr ildct " "ihBet ~ Ve ect’ 7

where y,1s the sticking coefficient of electrons on CNT surface and is

dimensionless.

The first and second term in Eq.(7) denotes charge developed due to ion
collection currents of type A(carbon) and B(cesium) on spherical CNT
tip and third term denotes the denotes charge developed on spherical

CNT tip because of electron collection current.

C. Growth rate equation of electron density
The growth rate equation of electron density considers ionization of
neutrals into ions and electrons ,recombination of electrons and ions to

form neutrals and the electron collection current to CNT tip.

dn
ar B4+ Bpup) (@ gremyy + apreny g |~ TeMertecr
(8)
where

B and 'BB are the coefficients of ionization of the constituent neutral
atoms of A(carbon) and B(cesium) due to external agency (in sec)[8], and

k k
aA(Te):aAOK%] em’ Isec and aB(Te):aBO(%] em’ /sec  are

the coefficients of recombination of electrons and positively charged ions

[8], of A(carbon) and B(cesium),respectively where &k =-1.2 is a constant
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-1.2
—n x10~7 {TL} and n is the CNT number density

%407 B0 "0

el
(in cm™).
The first term in Eq.(8) 1s the rate of gain in electron density per unit time
due to ionization of neutral atoms and second term is the decrease in the
electron density due to electron—ion recombination and the third term is
the loss in electron density because of the electron collection current on
the spherical CNT tip.
D. Growth rate equation of positively charged ion density
The number density balance equation of ions is developed considering
processes such as ionization of neutrals to produce ions and electrons,
clectron and ion recombination to form neutrals, and ion collection

current to CNT tip.

“ry

a7 = BAa A g 1 T et i g ©)
dn

ihB _ _ _

g7 = Ppwp % e T e ey > (10)

where
1 1

n. :ﬂaz{%]zn. 1—2—62] n. =7m2[8kBTi Jzn. ll—i

ilAct ”ml'lA il4 akBTi ihBct ﬂ-ml'hB ihB akBTl.

are the ion collection currents at the surface of spherical CNT tip [8](in
sec’l), n;, and n,,z are the neutral atom number densities (in cm'3)0f A
(carbon) and B(cesium),respectively..

The first term in Eqs. (9) and (10) is the gain in ion density per unit time

on account of ionization of neutral atoms, the second term is the decrease
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in ion density due to electron-ion recombination, and the third term
denotes the loss in ion density due to ion collection current on spherical
CNT tip.

E. Growth rate equation of neutral atoms

The processes such as recombination of electrons and ions, ionization of

neutrals , accretion of neutrals and ions on the CNT surface are accounted

in the balance equation of neutral atom density.

dn

2 =agneny = By ey (=T g el 1 (D
dnﬁza NN n—Pphy, n+h 0. , (12)
dr B¢ ihB "B"hB ctihBct
where
"Act = 7a’ {iﬂ}z "14° "hBet T wa® [iﬁfi}z "nB
14 hB

are the neutral collection currents at the surface of spherical CNT tip [8]
(in sec™") for A(carbon) and B(cesium),respectively.

14 is the sticking coefficient of carbon neutrals on spherical CNT tip and Viig is
the sticking coefficient of carbon ions on spherical CNT tip, both 14 and Vi e

dimensionless.

The first term in Egs. (11) and (12) 1is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to their ionization, the third term is the
gain in neutral density due to neutralization of the ions collected on
spherical CNT tip. The last term in Eq. (11) is the accretion of neutral
atoms of species A(carbon) on spherical CNT tip.
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F. Growth rate equation of the mass of CNT
The accretion of ions and neutrals of carbon on the surface of CNT are

the main growth processes considered in the present model.

dm

ct _
= e P ) (13)
where
m., =§7za3 Py 1s the mass of the CNT for a spherical CNT tip , a is the radius of

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

The first and second term in Eq.(13) is the gain in the mass of the
spherical CNT tip due to collection of atomic and ionic species of A (i.e.,
carbon), respectively.

G. Energy balance equation of electrons
3 dar, 3
(2]{3 jn@( dr ] {(ﬂA"lAglA +'BBnthhB)_(§ kBj(ﬁA”zA +ﬂBnhB)7é}_nctnect

[ttt

3
_( k J[VelAé‘elA+VehB§ehB}( T ( Bj Veldi elAz ehBigehBi )(Te_J;)} e

(14)

where

3 .
Enek T, 18 the thermal energy of electrons ,

n, is the number density of electrons(in cm™), T, is the electron
temperature (in eV), T, is the CNT temperature (in K), and T, is the

neutral temperature (in K).
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Ze2

geCS (2)=t¢cs(Z)~ [ a J is the mean energy of electrons (in eV) at a

large distance from the surface of spherical CNT tip [8],

esc(Z)=2k BT ¢ 1s the mean energy of electrons (in eV) collected by

spherical CNT tip [8],

2 2
1% —£ | and v are the
eld ~ elAO{ ZAOJ{T 0 ehB ~VehBO| 7. B0 TO

electron collision frequencies (in sec™) due to elastic collisions with

neutral atoms of A(carbon) and B(cesium), respectively [9] , and

1 1
5 2 2
V0= (83x10%)7r , on orand v o= (83x10) rg2m sl 02
3 3
T, | 2 T, |2
Vo, . i4 ][ } andv , .. [ thB J[ ] are
eldi ~ elAlO[ 140 TeO ehBi ~ ehBlO n 50 eO

the electron collision frequencies (in sec™') due to elastic collisions with

positively charged ion of type A(carbon) and type B(cesium)[9],

0 220Te0 0 220Te0
Vo14i0 = 5.5 % In Jg and VohBi0 = 5.5 % In % ,
Teo™ ) Mi140 Teo™ ) "inBo

~2| Me_ ~| e :
§e 7h 2(’"[14 J and 5@ B~ 2[th J are the fraction of excess energy of

an electron lost in a collision with the neutral atom A(carbon) and

B(cesium), respectively[8] and are dimensionless,
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A Mg o Mo | .
§el Mk 2{—1%. J and 5eh Bi = 2{m. J is the fraction of excess energy
il4 ihB

of an electron lost in a collision with a positively charged ion A(carbon)

and B(cesium), respectively [8] and are dimensionless,

5ect ® 2(

collision with a CNT [8] and is dimensionless where,

—eJ is the fraction of excess energy of an electron lost in a
m
ct

ziﬁa?’ P,y 1s the mass of the CNT for a spherical CNT tip , a is the radius of

Met 3

spherical CNT tip , and p,., is the density of spherical CNT tip,

The first term in Eq.(14) is the power gained per unit volume by electrons
due to ionization of neutral atoms, the second term is the energy loss per
unit volume per unit time due to the sticking accretion and elastic
collisions of electron at the spherical CNT tip. The third and fourth term
is the energy loss per unit volume per unit time due to elastic electron -
atom collisions and elastic electron- ion collision,respectively.

H. Energy balance equation for positively charged ions
3 dT;
[ 2 kB](”ﬂA +”ihB)(E] =

3 3
{(ﬂAnlAgilA +BgMsing) ‘(2 kB](ﬂAnlA +Bghp) Tz} {2 kBj”e VeraiPoui *Veni®onsi)

A / 3 ! 3 3
{Te=T;) =y {[nilAct {gl'lACS ‘( 2 kBjTiDJr[nitht {giths ‘(2 kBjTiD}‘{(zk jx
Vitara®iuara* Vaans%uansia Vg s ingnsSinsns) i T T )}

(15)

where

3 . :
E(nil R B)k BTi is the thermal energy of ions ,
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n;4 and nyp are the number densities of positively charged ions of type
A(carbon) and type B(cesium), respectively(in cm™),T; is the ion

temperature (in K), T, is the temperatures of neutral (in K).

k,T. are the

A2y 2%
ilAcs 1_ZaAl_ Bi

kT andel . (2)=| 2 2%Bi
ptian giths( )= Ta&.

mean energy (in eV) of positively charged ions, A(carbon) and
B(cesium),respectively (at large distance from the surface of the CNT)
collected by the spherical CNT tip [8] .

g.. . andg., . 1s the mean energy(in eV) of positively charged ions
ilA ihB

produced by the ionization of neutral atoms [8] and for ion A(carbon) and

B(cesium),respectively and are expressed as

3 3k

Sia =2 Bl 2, (zj nilA)[{VilAlA <O (T Ve G T )
£ =§k T. + g [{v X0 x(T -T )}—{V X0 x(T —T)}:'
T e e R

2 2
Vildld = V'IAIAO[ i ] A VildhB = V'lAhBo[ "nB ] "ygTi * M4
j i 40 ( T..+m., T ) i i .50 (thTio+m T )

"M 4%50 T ™14 0 ilA" n0
n m, T.+m., ,T, 2 n m, 1. +m., T, 2
Y _y 14 145 " Mipp’n y _y hB hB'i T"inptn
ihBIA = "ihBIAO| (m T tm. T ) *VihBhB = VihBhBO| , (m T +m. T )
140 14%i0 T "inB' no hBO hB'i0 T " ihB no

are the collision frequencies (in sec') of a j type of ion with ;' ion of

neutral atom[8],and
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]
1 1
8 > 20 "140™14 T; 7,0 )12
_(8 2 14074 || Tio ). Tho
"ilA140 @(MkB) Vita *'1a) (g +m )MmilAJ+[mlAﬂ ’
i14 " "M14
1 n m %
8 5 2| "wB0"nB T; T,
-2 2 10 1pQ
Vil4hBO (3)(27rk3) (rilAJrth) (ml +mh ) HmilA]+[thﬂ ’
ild "B

1
1 1
8 ) 20 "M140™14 T; 7,0 )12
_(8 2 0 L[ Tno
VihBIAO @(2”"3) Cin *14) . mig |y ||
B M4
1
1 1
8 5 2| "nB0"nB T; Th0 )12
=2 2 10 nQ
VihBhBO (3)(27”‘3) Uing * B ] (7 g ||
Oi1414 = {—MZM SinBhB { k|5 1AhB ™ {—MZM }
: (my g +my )| (myp+tmpp)| (my gm0
SinBIA {—2%3 }
PBIA | Gy )

are the fraction of the excess energy of a j type positively charged ion,
lost in a collision with neutral ;' kind of neutral atom and are
dimensionless. where j and ;' can be same (i.e., both carbon) or be
different (i.e., one carbon and other cesium)

The first term in Eq.(15) is the energy gained per unit volume per unit
time by the positively charged ions due to the ionization of neutral atoms
, the second term is the energy gained per unit volume per unit time due
to the elastic collision of 1ons with electrons. The third term is the energy

loss per unit volume per unit time due to the sticking accretion of ions at
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the surface of the CNT. The last term is the energy lost per unit volume
per unit time due to elastic collision with neutral species.

I. Energy balance equation for neutral atoms
3 at, )\
5(”1,4 g )kp Egj—
H{ j(aAnenzlA taph hB)(Te +; ‘Tn)}+(“ el gt O g pB)}
+ 1,-T, 3 k 0. 0.
( elA%la*VenB ehB)( n) |+ "B (VilAZA i1414"14 ilAhB ilAhB”ilA)

3
) (zk j( Vst ns s nensns) (1 )]}

{GkBj [ Vit e ltht:|(T T)}
2

( ) [ " At lAct )X(T” Ty ) +ntht5tht (Tn ~Tet )J}_Ediss’ (16)
where
Ip y and Ip pare the ionization energy (in eV) of the constituent atomic

species of type A (carbon) and type B(cesium),respectively,

E Jiss :(E A, diss+E B, dissj’ Ej, diss 'S the energy dissipated per unit

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

the neutral atomic species and the ambient temperature.

( T.-T, )
. =E ~J 7 (in eV) , constant E 1s obtained
jdiss  jdiss0 ( TjO T, j Jdiss

by imposing the ambient condition of the complex plasma system in

Eq.(16) for both constituent neutral species[8] ,7, is the ambient

temperature.
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2m 2m
I4 and o hB

(mZA * ’”ct) et (th * ’"ct)

excess energy of a neutral A( carbon) and B(cesium), respectively lost in

0.

IAct — are the fraction of

a collision with spherical CNT tip [8] and are dimensionless.

The first term in Eq.(16) is the power gained per unit volume by the
neutral species due to recombination of electrons and positively charged
ions, the second term is the rate of power gained per unit volume by
neutral atoms in elastic collision with electrons and positively charged
ions. The third term is the energy gained per unit volume per second due
to formation of neutrals at the surface of the CNT due to electron and ion
accretion. The fourth term refers to the thermal energy lost per unit
volume per unit time by neutral atoms accretion on and collision with
CNT tip. The last term is the energy dissipation rate per unit volume by
neutral atoms to the surrounding atmosphere.

J) Energy balance for spherical CNT tip
4 C S s+ (1-76)0, | €5 s —| 2k T
dT(’" t=p ct) Roct| Ve € ecs H1=7e) Gpet | € ecs = 2%B | et

_{@kBJ et 7T +51A =7 4) (T, )})+(”h3cr5h3cr(T”_Td))}}+
S

S 3 _
zlAct ildes * l]’lBCl‘( l]’lBCS+IpBI|}_{(§kB [(1 Y ilA)nilAct+nitht:|Tct
8k, T, E 8k pTy, 2
—aza?| eo T4 T4 +n, | B2 — B kB(Tt—Tn)J . (17)
g | B m g :
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2—ZaAl.

1-Za

/
Py (2)=
ilAcs i

k BTi are the

, 2-Zap,
kpli and &, p  (Z)= 1~Zay,

mean energy(in eV) of positively charged ions, A(carbon) and
B(cesium),respectively (at large distance from the surface of the CNT)

collected by the spherical CNT tip [8],

Cp is the specific heat of the material of the CNT at constant pressure (in
ergs/gm K),

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

o is the Stefan —Boltzmann constant= 5.672x10” erg sec”’ cm™ K™.

The first three terms in Eq. (17) are the rate of energy transferred to the
CNT tip due to sticking accretion and elastic collision by constituent
species of complex plasma. The fourth term is the energy carried away by
the neutral species (generated by the recombination of the accreted ions
and electrons) from the spherical CNT tip per unit volume per unit time.
The last term is the rate of energy dissipation of the spherical CNT tip
through radiation and conduction to the host gas [9].

6.4: Results and Discussions

In the present chapter, we have carried out calculations to study the
dependence of radius of spherical CNT tip on the various compositions of
ions in plasma i.e., of n;,9 and n;,. The accretion of neutral atoms and
positively charged ions on the CNT is considered as the main growth
process. Different plasma compositions signify different concentrations
of participating ions. In the present investigation, we have varied the
fractional concentration of light positively charged ion and studied its
effect on radius of spherical CNT tip. We have solved equations for

charging of CNT, kinetics and energy balance of light and heavy
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positively charged ions, electrons, ions, neutrals and of spherical CNT tip

with appropriate boundary conditions, viz., at

CNT number density(n ct) =10%m™ ,ion density of carbon(type A)(nil 40~ O.Sneo),

ion density of cesium(typeB) B0 = O'2ne0 ,neutral atom density of carbon and
- _ _ 14 . -3 - — 106 o3
ces1um(nZA0 = nhBO) =1x10""cm - ,electron number dens1ty(neo) =10°cm™,
electron temperature(T eO) =0.5eV,ion temperature(?}o) =2100K,neutral
temperature(TnO) =CNT temperature(T ct) =1950K,mass of carbon 1on(ml.l A)
~ mass of neutral carbon atom(ml A) =12 amu,mass of cesium ion (ml. " B) ~
mass of cesium atom(mh B) =132.905 amu,coefficient of recombination of
. : N =73 o

carbon and cesium with electron(a 40~% BO) =10"""cm” / sec,emissivity of
carbon (& ) =0.6,sticking coefficients of carbon ion or carbon atom( etd A)
=1,specific heat of carbon(C p) =7x10° ergs/gm K,ionization energy of carbon

([p Aj =15.26 eV,ionization energy of cesmm([p Bj =10 eV, mean energy of

electron due to ionization of carbon atom(gl A) =6.2eV,mean energy of electron
due to ionization of cesium atom(gh B) =18.7eV, mean energy of carbon ion due

to ionization of carbon atom(gl. / A) =17.3eV,mean energy of cesium ion due to
ionization of cesium atom(el. " B) =12.2eV,energy dissipated by carbon(g Adiss Oj
=42.9eV,energy dissipated by ces1um(5 B.diss Oj =19.6eV,constant (x)=-1.2,

radius of CNT(aO)= 0.07nm and density of CNT(p ct) = 4.2g/cm3.
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Fig.1.Shows the variation of the normalized radius a/ay of spherical CNT tip
for different fractional concentrations of light positively charged ions (al)

where a, b, ¢ and d correspond to al =0.1,0.3,0.6, and 0.9, respectively.

Fig. 1 illustrates the variation of normalized radius a/a, of spherical
CNT tip with time for different fractional concentrations of light

positively charged ions (i.e.,a,= 0.1,0.3,0.6 ,and 0.9) and for other

parameters as mentioned above. From Fig. 1 it can be seen that the
normalized radius of CNT first increases with time and then attains a
saturation value. It also shows the decrease of normalized radius a/a,
with fractional concentrations of light positively charged ions. As the

light ion number density i.e., a increases in plasma then that would

mean that a lot of neutral carbon atom dissociated to produce that many

number of carbon ions in plasma. In addition, because the main growth
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process in present model is the accretion of neutral atoms on the CNT,

there reduced number would imply a smaller radius of CNT.
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Fig. 2: Shows the variation of the normalized ionic density of type A with time
on the sticking coefficient of the atomic species for a, b ,¢ ,and d corresponding
to 71/1: 0.1, 0.3, 0.5, and 1.0, respectively.

Fig. 2 shows the variation of normalized ionic density of type A in

plasma with time for different values of sticking coefficients V4= 0.1,

0.3, 0.5 and 1.0 and for other parameters as mentioned above. It can be
seen from Fig. 2 that with increasing atomic sticking coefficients , the
positively charged ion of A type decays faster.

The above results are in line with the observations of Srivastava et al. [1],
Han et al.[2], Kiang ef al. [5] ,and Lee et al.[10] where different plasma

compositions leads to modifications in structure of CNTs.

196



6.4.1: Estimating field emission from CNT
On the basis of results obtained we can infer that larger light ion
concentration gives CNT with smaller radius and since field enhancement
factor [11] is

p= £+3.5 ,

r (18)

where
h = the height of CNT and p = the radius of CNT ,
Assuming a fixed height of CNT, the Eq. (18) shows that the field
enhancement factor is inversely proportional to the radius of CNT. From
the results of the present chapter one can see that larger light ion
concentration leads to smaller radius of CNT, hence better field emission

from CNT i1s expected from the CNTs grown in plasma containing higher

concentrations of lighter ions.
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CHAPTER 7

MODELING CARBON NANOTUBE GROWTH ON THE
CATALYST-SUBSTRATE SURFACE SUBJECTED TO
REACTIVE PLASMA

7.1: A Brief outline of the work done in the chapter

The present chapter details the model for the growth of carbon nanotube
(CNT) on a catalyst-substrate surface in reactive plasma. The complex
processes during growth of CNT assisted by catalyst in reactive plasma
are accounted in the present chapter and the effects of process and plasma

parameters on the growth profiles of CNT are studied.

7.2: Introduction

Low temperature plasmas are beneficial to the synthesis of carbon-based
nanostructures. For nanofabrication, either solid particle float in the
plasma or some nanoscale objects grow on a solid surface exposed to
plasma. The second method is the area of pursuit in recent years where
plasma assisted synthesis of nanostructures has been the major area of
concern. In plasma-assisted synthesis of nanostructures, the particles in
1onized gas phase nucleate, crystallize, and are taken through the plasma
sheath, eventually to deposit on the surface. [1]

Numerous works have been performed to study the CNT growth in
plasma, the consequent effects of radio frequency (rf) power density,
temperature, gas flow rate on the growth rate, and dimensions of resulting

CNTs [2-7].
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Choi et al. [2] have established that the growth rate and the density of
CNTs increase with the reduction of the rf power density when vertically
aligned CNTs were grown on nickel (Ni) coated silicon (Si) substrates
using microwave plasma-enhanced chemical vapor deposition
(MPECVD) technique.

Aksak et al. [3] have demonstrated that at temperatures over and above
850 °C, the CNT formation with average radius distribution decreases
while their length increases with temperature. They also noticed that the
temperature affected the as-grown CNTs diameter inversely.

Loffler et al. [4] have optimized the growth of the CNT by plasma
enhanced chemical vapor deposition (PECVD) for field emitters and
observed the effect of growth parameters on the growth rate of the CNT.
They confirmed that CNTs are better aligned at high power, but the etch
rate increased due to strong ion bombardment. As a result, the catalytic
particle is sputtered during the PECVD process so that the diameter of the
CNT decreases and hence this effect can be used to sharpen the tip of the
CNT by an adapted growth time.

Abdi et al. [5] have studied the effects of plasma powers on the growth
of carbon nanotubes via PECVD method and found that as the plasma
power of the Ni layer was increased, the grain size of Ni nanoparticle
decreased and consequently, nanotubes of smaller diameter were
obtained.

Cho et al. [6] have investigated the effect of ammonia (NH3) gas on the
growth of the CNTs using thermal CVD. They observed that the CNT
length increased while CNT radius decreased with the NH; flow (cf. Fig.
5 of Cho et al. [6]). Moreover, the CNTs were etched back by direct

current (dc) plasma of nitrogen (N,) to reduce the population density and
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radius of curvatures of CNTs, which resulted in a considerable
improvement of the field emission characteristics.

Srivastava et al. [7] have studied the effect of hydrogen (H,) plasma
treatment on oxide films on the growth and microstructures of multi
walled carbon nanotubes (MWCNTs). They reported that the oxide films
without H, plasma pretreatment or treated for lesser time resulted in CNT
films with the high percentage of carbonaceous particles, and with
embedded particles/ nanorods distributed discontinuously in the cavity of
the nanotubes.

Many theoretical models have evolved to study the nanostructure growth
in plasma. Plasma environment processes, such as ion bombardment,
atomic hydrogen effects, electron number density, sheath thickness, and
surface potential on the growth rate, have been extensively examined [8—
12].

Denysenko et al. [8] have studied the growth of single walled carbon
nanotubes (SWCNTs) in a PECVD process using the surface deposition
model. In this case, it was shown that at low substrate temperatures (1000
K), the atomic hydrogen and ion fluxes from the plasma could strongly
affect the nanotube growth.

Levchenko et al. [9] have suggested that the plasma-aided process, in
comparison to the neutral flux deposition, is a very efficient tool to
control the nanotube aspect ratio. They highlight that an increased influx
and controllable deposition of ionic building blocks (BBs) directly onto
the nanotube lateral surfaces can be used to deterministically control the
geometric configuration of the nanotips.

Mehdipour et al. [10] have analytically studied the effect of electron

number density, sheath thickness, gas pressure, surface potentials, etching
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gas density on the growth rate of carbon nanofibres. They calculated the
exact temperature of the catalyst nanoparticle with respect to the substrate
temperature. They also established that the growth parameters like (total
gas pressure), the relative concentrations of hydrocarbon and etching gas
can be used to obtain nanostructures with high aspect ratio (i.e., ratio of
height of CNT to radius of CNT).

Ostrikov et al. [11] have highlighted the plasma based process during
nanostructures growth, including sheath effects and the various processes
involved during nanostructure growth like an ion induced dissociation,
ion decomposition, hydrogen recombination, ion induced neutralization,
adsorption of hydrogen atoms, adsorption and desorption of hydrocarbon
radicals, and surface diffusion of carbon atoms and several others.

In recent years, most of the research publications on nanostructure
synthesis do feature information on field emission properties. This partly
may be ascribable to the reason that carbon nanostructures have emerged
as potential field emitter devices [12—17].

Despite the available experimental literature on the growth of CNTs in
plasma there are a very few theoretical models that describe the exact
processes during the CNT growth in a plasma environment where
innumerable complex processes take place. Thus, in the present chapter
we try to model the CNT growth on the catalyst-substrate surface in
reactive plasma by including sheath kinetics, the balance equation of the
various plasma species like neutrals, ions, electrons and finally
numerically solve for the radius and height of the CNT due to accretion

and surface diffusion processes.
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7.3: MODEL

In the present chapter, we consider the growth of carbon nanotube (CNT)
on the catalyst-substrate surface subjected to reactive plasma containing
electrons, positively charged ions of methane (CH;', CH,") denoted as
ions A and hydrogen ions (H") denoted as ions B, neutral atoms of type A
methane (CH4) and neutral atoms of type B hydrogen (H,). The nickel
(N1) catalyst is placed over the silicon (Si) substrate. The reactive plasma
of Ar+ H,+CH, is considered and CH, acts as a carbon source gas. Since
catalyst-substrate surface is in contact with the plasma, we shall consider
sheath kinetics in our present study. The electric field created due to
charge separation within the sheath region is taken along x-axis.

The sheath equations are:

Firstly, the continuity equation [18]
a—n+V.(nu) =G-1L,
or

where G and L are the left over terms of collisions part of the Boltzmann
equation (Eq. 2.3.3 of Libermann et al.[18] ) when integrated over
velocities. They denote collisions that create or destroy particles,
respectively, i.e., either recombination or ionization where G = V. Mo and
L= volume loss rate

Finally, the continuity equation reduces to [18]

V.(nu)= v, Te ()

n,=number density of electron (in cm's),
Yiz = ionization frequency (in sec™),
n and u denote the number density (in cm™), and fluid velocity (in cm/sec)
of electrons, CH;', CH,", Ar' and H".

Secondly, ion momentum balance equation [18]
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du .
Mnau.—L=en.E-Mn.v.u. (2)

JJ dx J Jony
where M is the mass of ions in plasma( in gm), u; are their fluid
velocity(in cm/sec), n; is their number density (in cm™), Vin 18 the collision
frequency(in sec™) and E is the electric field (in Stat V/cm).

For determining potential within the sheath, we use Poisson’s equation

[10]

2
d=¢
bl P | 5.
2 T2g 0

where §; = (n—”) is the j™ ion to electron number density ratio and is
e

dimensionless and ¢ is the electrostatic potential , and };6; =1
and 0<s6 ) <1 as electron density is greater in plasma bulk than in
sheath[18].
For the CNT growth over the catalyst-substrate surface in plasma, the
following steps are assumed in the model:
1. Firstly, the applied plasma power dissociates the catalyst particle
thereby forming catalyst nanoparticle.
2. The ions of methyl (CH;", CH,") adsorb on the catalyst-substrate
surface with adsorption flux J,; [19].

3. Some of the ions desorp with desorption energy €,; with desorption

flux Jdesorptionj [19]
4. Then, there is thermal dehydrogenation (removal of hydrogen) of

ion induced dissociated methyl ions to produce carbon ions.
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5. While a big fraction of carbon atoms diffuses into catalyst particle
contributing to nanotube growth, some of the carbon atoms
evaporate from the surface with evaporation energy € .

6. Ultimately, the growth of CNT occurs due to two main processes,
surface diffusion of carbon ions into the catalyst surface and
sticking of neutrals onto the catalyst surface. The hydrogen ions

effectively shape nanoparticles tip by etching effects.

CH4+Ar+H,

d

Neutral atoms

Tons of Methyl (CH3",
CH,") denoted as ions A

Hydrogen ions (H")
denoted as ions B

Plasma Sheath

Electrons

Dehydrogenation to produce

H' ions

Carbon Nanotube

Catalyst Nanoparticle

Adsorption of methyl ions
at the catalyst nanoparticle

Substrate

FIG.1. Schematic of the processes involved during the carbon nanotube growth
on the catalyst substrate surface in reactive plasma.
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A. Charging of the CNT

The equation describes the charge developed on the entire CNT (i.e.,
spherical tip over cylindrical surface), due to accretion of electrons and
diffusion of positively charged ions on the surface of the CNT (spherical

tip over cylindrical surface).

iz
dr idets T idcteys T"iBets T MiBeteys ~Ve\"ects T ectcys | (4)

where,
Z is the amount of charge over the entire CNT (i.e., spherical tip and

cylindrical surface) and is dimensionless,

1
8k T,)\2 eU
Nocts =7, ctz (—ﬂijJ ne(x)exp {Zae + kB;s is the electron collection

current at the surface of the spherical CNT tip (in sec) and

kT,

2

ap = (e—J 1. 1s the nanoparticle radius (in nm), Us is the substrate

v
ct"B'e

bias (in V) and kg is the Boltzmann’s constant (in ergs/K),

el ¢(x)
kT,

the electrostatic potential (in StatV), 0 is plasma density in bulk(in cm™) and it

ne(x)= 1,0 €XP

]is the electron density in plasma sheath(in cm?) , @(x) is

decreases towards the substrate, and Ty, is the electron temperature(in eV),

d(x)= ¢O exp[—/'ii'}s the negative potential at the surface, and 4 J is the plasma
d

Debye length[1] .
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1
27k, T, \2 V. U
_ Be Vs  €Ys |;
n =n,(x)r.h exp + is the electron
ectcys et ( o J kBTe kBTs]

collection current on the cylindrical surface of the CNT(in sec’) and V
is the surface potential on the cylindrical surface of the CNT(in StatV)
and h is the height of cylindrical surface of the CNT (in um), m, is the

mass of electron (in gm),

1 1 1
27k T, |2 2 [ eV, |2 ev. eV |2
n.. =n..(xX)r.h B S| tex S_lerfc S
jetes lf““[ o ] it vl i
E
b eUy
exp| — exp| —
Kol kT,

is the ion collection current on the cylindrical surface of CNT( in sec™),
T; is the ion temperature (in K), m;; is the ion mass (in gm) (j refers to

either A(hydrocarbon) or B(hydrogen) positively charged ion), E, is the
energy barrier for bulk diffusion (x1.6eV) , T is the substrate or catalyst

temperature ,

8k T, |2 E U
2| "B b eUs
n. =ur, | ——+| n.(x)|1-Za. |exp|— exp| —
t t
ycts ¢ [ﬂml.j J y [ ’} kBTs kBTs

is the ion collection current to spherical CNT(in sec™'), where

2

n..(x)=n.. 1_26¢(x) : : P : -3

ij ij0 myvgo is the ion density in plasma sheath [18](incm™),
j

vjjo 18 the ion velocity at any point within the plasma (in cm/sec) and
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'\ kgl

Substrate bias is an essential factor because when the charge on CNT is
increasing the negative substrate bias leads to more negative charge
developing on the CNT surface that finally results an increase in the
thickness of plasma sheath [1]. Moreover, increasing the negative
substrate bias accelerates the positive ion species.

B. Balance equation of electron density

The equation describes the balance of electron number density in the

plasma bulk
dn,
dr (ﬂAnA +'BBnB)_(aAneniA Taphep ) ~Vellet (nects + Rectcys ) ’
)
where

Yii y and ’BB are the coefficients of ionization of the constituent neutral

atoms of A(hydrocarbon) and B(hydrogen) due to external agency (in

k k
sec), and aA(Te):aAO[%J em /sec and aB(Te):aBO[%J cm? /sec

are the coefficients of recombination of electrons and positively charged

ions [20] of A(hydrocarbon) and B(hydrogen),respectively where k=-1.2

-1.2
= = X 10_7 1
is a constant %40 = %B0 = "0 T_O and n,., 1s the CNT number
e

density (in cm™).
The terms on the right side of Eq. (5) are the rate of gain in electron

density per unit time on account of ionization of neutral atoms, the

decaying rate of the electron density due to electron—ion recombination
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and the electron collection current at the surface of the CNT (spherical tip
over cylindrical surface).
C. Balance equation of positively charged ion density

The equation describes the balance of positively charged ions in plasma
bulk

dn.
_id _ _ _ _
dr B A" 4T ey T et (niActs +niActcysj JaiA +Jdesorpz‘ionA
,(6)
dnp
dr Bphp—apheip ~Mey (nchts “MiBetcys j ~Jup* Ja’esorptionB i
(7)
P, i . .
Jaij = —llx_— is the adsorption flux onto the catalyst -substrate surface
ES ] ..
2 7Y
(2am kg7 )
(in cm™ sec'l), Pl is the partial pressure of adsorbing species [19],

_g . . .
= ai _
J desorptionj =" exp[ kBTij] is the desorption flux from the catalyst

substrate surface (in cm™ sec™), j refers to either A or B ions, V is the

thermal vibrational frequency (in sec™), €, is the adsorption energy (in

eV)[19],

J

=gV exp{_é‘gthJ is the flux of type B ion (namely hydrogen) on

kT

account of thermal dehydrogenation(in em” sec’). S t}ls the activation
energy of thermal dehydrogenation.
The first term in Egs. (6) and (7) is the gain in ion number density per

unit time on account of 1onization of neutral atoms, the second term is the
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electron-ion recombination, the third term is the ion collection current to
the surface of the CNT (spherical tip over cylindrical surface). The fourth
term is the loss of ions on account of their adsorption to the catalyst -
substrate surface and fifth term is the gain of ion density due to their
desorption from the catalyst -substrate surface into the plasma. The last
term in Eq. (7) describes the increase of hydrogen ion number density in
plasma because of thermal dehydrogenation.

D. Balance equation of neutral atoms

The equation describes the balance of neutral atoms in plasma

dn
R . _ _ _
dr @ g%y B A4 et (1 Y iA)(niActs +niAclysj Tet? 4 (nActs +nActcysj ®)

dn
_B_ — — _
dr  “B"e"iB Pgrp e (1 ViB )(nchts +nchtcysj "er? B (nBcts +nBctcysj
)
where

njcz‘s e m .
J

of spherical CNT tip (in sec"l),

o8k, 2 ,
=7l n . 1s the neutral collection current at the surface

2k T, |2
p” n i is the neutral collection current on the
J

" jcteys =7 cth

cylindrical surface of CNT (in sec™).
yia and y;p are the ion sticking coefficients and yzand yg
are the neutral atom sticking coefficients, and both y;4 and y;p

and y,and yp are dimensionsionless. n; is the neutral atom density (in
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cm™), T, is the neutral atom temperature (in K) , n; 1s the neutral atom
density (in cm™) and m; 1s the neutral atom mass (in gm).
The first term in Egs. (8) and (9) is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to ionization, the third term is the gain in
neutral density due to neutralization of the particles collected at the
surface of the CNT. The last term denotes the loss in neutral density due
to accumulation of neutral atoms of species A and B on the surface of the
CNT.
E. Rate equation for energy of catalyst particle
The basis of our assumption for developing Eq.(10) follows from
Srivastava et al. [24] where they have suggested an increase in the
density of energetic plasma species with the applied power.
’ﬁower:Cstdi(mp)z{n.A (gs. +1 j+n. (gs. +1 ﬂ
T iActP\~ iAc ~pA iBctP\~ iBc ~pB

3
‘(5"3}[(1 ~Tia) it nchz‘P}TS’

where
mp= g”rpfi Pp is the mass of catalyst particle, r, is the radius of catalyst

particle [10] whose initial value is 50 nm. pPp is the mass density of
catalyst particle(in gm/cm’). C, is the specific heat of catalyst particle
(Ni) and is 0.44KJ/Kg °K and T; is the substrate temperature (in °C). Ipa

and I, are the 1onization energies of atoms A and B, respectively (in eV),

&5 (Z7)= (2_27 Ji j ~7y .. k1., are the mean energy (in eV) collected by
ye (1-zr,)) )P
Jji
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the ions j (where, j refers to ion A or B) at the surface of the catalyst

. 2
particle and .= € ,
/U pkpTy
1
8k T. |2 E U. |i
— 2 Bi B 1-Zv. _ b _e—s 1s the
nUCfP 'p ﬂmlj} nl](x)[ 71J6Xp kBTs °xP kBTs

ion collection current at the surface of catalyst particle (in sec’!), (where,
j refers to ion A(hydrocarbon) or B(hydrogen)) .

The Eq. (10) denotes the influence of rf power on the mass of catalyst
particle for constant specific heat and substrate temperature. The first
term on the right side of Eq. (10) is the rate of energy transferred to the
catalyst particle due to the ions collected at the surface of catalyst particle
because of ionization of neutral atoms A and B and mean energy
collected by the ions at the surface of catalyst particle. The second term is

due to the sticking accretion of ion A and B at the catalyst particle site.

We assume in the present model that as the applied rf power increases, it
ionizes the gas more which creates more energetic ions which thereby
increases the density of plasma species of relatively higher energy, i.e.,
the number density and temperature of ion A and B increases. We also
assume that the rf power affects the radius of catalyst particle and the
temperature ,and specific heat are unaffected by applying rf power
because many researches done highlight the variation of size of particles

with rf power only such as Abdi et al. [5] and Srivastava et al. [24].

In Solving Eq. (10), we consider different rf power, i.e., 50 W, 100W,
150W, and 200W. The substrate temperature Ts is taken as 500 °C ,
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Substrate bias U= -50V. npe= nix=10° cm>,T;;=1900K &= Eipe
=2.648 eV , [,4=10.27eV and I,z =12eV. Substituting all the above value
for a fixed rf power at S0W, we can calculate n;4.p, ... Now, for
higher plasma power we consider slightly different ion density and ion
temperature and calculate njz.p and njpep and consequently the catalyst
particle radius (r,).The other parameters are same as mentioned in result
and discussion section.€,,

The resulting value of catalyst nanoparticle at time t serves as the initial
radius of nanotube (r).

F. Growth rate equation of the curved surface area of CNT
Following, Denysenko et al. [8], Mehdipour et al. [10], and Denysenko et
al. [25], we develop Egs. (11 and 12) that traces the development of the
CNT on catalyst nanoparticle. The height of CNT is obtained from Eq.
(11) in which we consider the growth of the cylindrical part of the CNT
and the value of the height of the cylindrical part of the CNT at the time t
is then fed into Eq. (12) to determine the CNT radius (r.). The Eq. (12)
specifically calculates the curved surface area of spherical CNT tip.

J.

—SE,
rctﬂ%) |2nc vexp[kBT }+29Hj yd+2/ mﬂc]% ij(l g)+JAM+j eXp[kBT ]J J

Dy x2nr )
x —— Y oy T 1
m,gt Py CH A/ ct"CH 4ctcys

n
iActcys

(11)

d(4rry) | . —Eb ) —0E —5E, —0E; ||| h(r)
dr_[JiBeXp[kBTs +J;p ©Xp o, +Jjgl= 9)+JIB+6CH Jig¥g TV eXp kgl nliB

(12)

where
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The explanation for all the symbols used in Eq. (11) is given in Table 1.

The explanation for all the symbols used in Eq. (12) is given in Table 2.

The explanation for all the terms used in Eq. (11) is given in Table 3.

The explanation for all the terms used in Eq. (12) is given in Table 4.

Table 1. Explanation for all the symbols used in Eq.(11)

S.No. | The notation of various | The explanation for symbols in
symbols used in Eq.(11) Eq.(11)
1. nCH =0.,V, The number density or
(in em?) concentration of CH (CH denotes
CH, species) [10]
2. v, 2 1.3x10% em™ The number of adsorption sites per
unit area[ 8]
3. Je=NeVin/4 (in cm™ sec"l) Ion flux of carbon atoms[10]
4. Vine (In cm/sec) Thermal velocity of carbon
atoms[10]
5. Jia =nja(ksTi/ mia) 12 (incm | Ion flux of type A and B,
?sec’) and respectively
Jis =nig(kgTy/ m;p) 12 (in cm’
*sec™)
6. y, xE., 6, Ratio of kinetic energy associated
(dimensionless) with the motion of hydrocarbon
ions 1mpinging on the substrate to
dissociation energy of CH4[10]
7. ni (in cm™) Number density of type B ions i.e.,

hydrogen ions
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Ecy (IneV)

Kinetic energy associated with the

motion of  hydrocarbon ions

impinging on the substrate[§]

= 14 amu for CH,"

9. Eqis (In eV) Dissociation energy of CHy
10. O ~6.8x10 " cm? Cross section area for the reactions
of atomic hydrogen with adsorbed
particles[10]
12 D;and [DS =D, exp(~Eg/ kBTS)} Surface diffusion coefficient[8]
D_, =vais a constant
s0
(in nm’sec™)
13. E~=0.3eV Energy barrier for diffusion of
carbon (C) on the catalyst[8]
14. ap =0.34 nm Inter atomic distance between
carbon atoms
15. 0, Total surface coverage[10]
(dimensionless)
16. se, =1.3eV Energy due to thermal
dissociation[8]
17. YCH Sticking  coefficient of CH,
4
. . neutrals[20]
(dimensionless)
18. m, =12 amu Mass of a carbon atom
19. mix =15 amu for CH;" Mass of type A(methyl) ions
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20. h(t) (in pm) Height of CNT at time 7

21. nip(in cm™) Number density of type B ions i.e.,
hydrogen ions

22. NCHacteys (IN sec'l) Methane neutral atom collection
current at the surface of cylindrical
CNT[20]

23. kg=1.38x10"° ergs/K Boltzmann’s constant

24. T=550"C Substrate temperature

25. rp=50nm Initial radius of catalyst particle

26. Pet = 8 908 g/em’ Density of nickel (Ni)

217. v=10"Hz Thermal vibrational frequency[8]

28. NiActeys(in sec’) Ton collection current of

hydrocarbon(i.e., A ) the surface of
cylindrical CNT [20]

Table 2. Explanation for all the symbols used in Eq.(12)

S.No. | The notation of various symbols | The explanation for symbols
used in Eq.(12) in Eq.(12)

1. Jis =nip(kgTy/ m;p) ! 2(in cm” sec’ | lon flux of type B ion
N (hydrogen ion)

2. T; (in K) Ion temperature

3. E, =1.6eV Energy Dbarrier for bulk

diffusion[10]

4. OoE " Energy due to

(in eV) dehydrogenation of CH, [8]
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5. ‘9t Total surface coverage[10]
(dimensionless)
6. h(t) (in pm) Height of CNT at time 7
7. It (In nm) Radius of spherical CNT tip
Table 3. Explanation for all the terms used in Eq.(11)
S. No. | The mathematical The detailed explanation for terms in
Expression for terms | Eq.(11)
in Eq.(11)
1. -SE The generation of carbon atoms on the
2nCH Y exp[ k BT ; J catalyst surface due to thermal
dissociation of methyl ions[§]
2. 20 CH jz‘A Yy Ion -Induced dissociation of CH,4 [8]
3. 2 jz‘ y Decomposition of positively charged
hydrocarbon ions
4. ji 4 O, ds ji B Interaction of hydrocarbon ions with
1% hydrogen ions[10]
5. Je Incoming flux of carbon atoms
6. jl_ y Incoming flux of hydrocarbon ions per
unit time onto the catalyst particle
7. jiAGa ds H Interaction of adsorbed type A ions with
v atomic hydrogen from plasma[§]
8. ji A(I—Ht) Adsorption of hydrocarbon ions onto
the catalyst-substrate surface[10]
0. -SE Thermal dissociation of CH, [8]
J, exp| —=t
b
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10. The surface diffusion of various
Dgx2r ) .
Sz—rd species across the catalyst nanoparticle

ﬂ-rctpct . . .
per unit area per unit mass density[8]
5 .

11. 7t Tt oy ey Accretion of neutral methane atoms to

the cylindrical surface of CNT[20]

Table 4. Explanation for all the terms used in Eq.(12)

S.No. | The Mathematical The detailed explanation for terms
Expression for terms in | for terms in Eq.(12)
Eq.(12)
I. -E Hydrogen atom diffusing into catalyst
J. . exp| —L
iB kpTs - substrate surface [8]
2. —O0FE Incoming flux of hydrogen due to the
Jigexp| - |
! kT dehydrogenation of CH,[10]
3. ji B(l—Ht) Adsorption of hydrogen ions to the
catalyst - substrate surface[8]
4. ji B Decomposition of hydrogen ions
5. HCH Jig¥ y Ion induced dissociation of CH4 [10]
6. -OE. Incorporation of hydrogen ions due to
0 . Vovexp L o
CH k gls thermal decomposition of hydrocarbon
ions[§]
7. h(r) Height of CNT at time T
8. nig Number density of type B ions i.e.,

hydrogen 1ons
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7.4: Numerical Result and Discussions

This chapter introduces a theoretical model for the intellect of the CNT
growth on the catalyst-substrate surface in reactive plasma. Reactive
Plasma is composed of multiple reactive species that continually
transform into each other and new species because of numerous chemical
reactions in ionized form. Since during nanostructure synthesis there are
numerous processes involved like ionization, recombination, dissociation,
etc. we, therefore, consider reactive plasma in our present model instead
of the multi component plasma.

We assume that firstly the applied plasma power creates active species
plasma, which dissociates the catalyst particle into nano clusters needed
for CNTs nucleation and growth. In a plasma medium, processes such as
ionization (in which a neutral atom gives rise to an ion) and
recombination (of an ion with an electron results in a neutral molecule),
adsorption (absorption on the surface), desorption of ionic species,
thermal dehydrogenation (removal of hydrogen), evaporation and their
diffusion (surface) into catalyst surface and sticking of neutral atoms to
the CNT surface takes place. The substrate-catalyst surface is in contact
with the plasma, therefore the inevitable plasma sheath is molded close to
the surface in contact with the plasma. Due to plasma sheath, the electric
field is directed from plasma bulk towards the surface that accelerates the
1ons towards the surface, and then the effect of sheath on electron and ion
collection current to the CNT surface has been taken into account in the

present model.
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The calculations have been formed to investigate the dependence of the
height and radius of the CNT on the plasma parameters (i.e., ion density
and temperature of both type A and B ions) by simultaneous solution of
Egs.1 to 12 at appropriate boundary conditions viz.,

For CH, plasma, using values from Herrebout ef al. [21], boundary
conditions

7 =0, ion number density (7;4,=0. 6ne0) and nl.BO:O.4neO, neutral

atom density (nso=ngo= 1x10" cm'3), electron number density (ne
=1.12x10" cm™), electron temperature (T.) =1.15eV, ion temperature

(Tip) =2100K, neutral temperature (T,,) =2000 K, mass of ion A m. =14

A~
amu and 15 amu (e.g., Methyl (CH;" or CH,"), mass of ion B (miB)

=lamu, coefficient of recombination of electrons and ions(a 40 ¢ BO)

=1.12X10"cm’/sec, , k= -1.2 and density 0fNi(Pp)= 8.908 g/cm’. Other

parameters used in the calculation are substrate temperature (T;) =500 °C,
thermal energy barrier on the catalyst surface §e; =1.3eV, energy barrier
for bulk diffusion E,=1.6eV, energy due to thermal decomposition of
methyl ions dg; =300eV , dissociation energy &4, = 4.35eV  of C,H,
(Mehdipour ef al.[10]) or CH,in our case.
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FIG.2. Depicts the time evolution of the height of CNT for different ion
density and temperature of type A (hydrocarbon) (where a, b and ¢ corresponds
to niao= 10° cmand Ty =1800K, nia= 5x10'" emand Tj) =2000K and nie=
10" cm™*and T; o = 2100K respectively). The other parameters are given in the
text.

Fig.2 illustrates the time evolution of the height of CNT for different ion
density and temperature of type A (hydrocarbon) (i.e., njso= 10" cm™ and
Tio = 1800K, n;xo= 5x10" ¢cm™ and T, = 2000K, and n;so= 10" ¢m™ and
Tio = 2100K). The Fig. 2 indicates that the height of CNT ncreases as ion
density and temperature increases. This is imputable to the fact that as
temperature Tj, and density n;, increases, the plasma sheath thickness
increases and ions gain more energy on communicating through the
sheath, consequently the energized ion diffusion to catalyst particle
increase thereby increasing the height of CNT. The similar pattern of
variance of the height of CNT with time as obtained in Fig.2 has also
been obtained by Futaba et al. [22] (cf. Fig.2a of Futaba ef al. [22]) and
Loffler et al. [4] (cf. Fig.4 of Loffler et al. [4]).The observations of Fig.2

are in principle with the experimental observations of Aksak et al. [3].
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FIG.3. Depicts the time evolution of the radius of the CNT tip for different ion
density and temperature of type B(hydrogen) (where a, b and ¢ corresponds to
nigo= 10° em™and Tjy =1800K, njge= 5x10'’ cm™and Tjo = 2000K and nige= 10"
cm *and T; o= 2100K, respectively).

Fig.3 illustrates the time evolution of the radius of the spherical CNT tip
for the different ion density and temperature of type B (hydrogen) ions
(i.e., njgo= 10° cm™ and Ty = 1800K, njgo= 5x10" cm™ and T,y =2000K
,and nige= 10"'em™ and Ty = 2100K). The Fig.3 indicates that the radius
of CNT decreases as ion density and temperature of hydrogen ions
increases. This 1s imputable to the fact that the tip of CNT is bombarded
by incoming hydrogen ions, which etches up the tip of CNT, and thus
shortening the radius of the spherical CNT tip. At higher temperatures
and density, energy is sufficient to dissociate methane gas into carbon and
hydrogen ions, where carbon contributes to the length of CNTs, hydrogen
effectively shapes the nanoparticle tip radius. The reason why we have
not looked at the surface diffusion of hydrogen onto catalyst nanoparticle

is that the activation energy for surface diffusion of hydrogen to Ni is

222



greater than the activation energy in PECVD (~0.23 eV ) (Hoffmann et
al.[23]). The results of Fig.3 comply with the works of Denysenko et al.
[8], Mehdipour et al. [12].
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FIG.4. Depicts the time evolution of the height of CNT for different substrate
bias (where a, b and ¢ corresponds to Ug=-50V,-100Vand-200V, respectively).

Fig.4 illustrates the time evolution of the height of CNT for different
substrate bias (Us) (i.e., Us = -50V, -100Vand -200V). As the negative
substrate bias is increased, more negative charge develops on the CNT
(see Fig. 5 of the present discussion) which in turn thickens the plasma
sheath and therefore increases the diffusion and accretion of ions on CNT

surface.
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FIG. 5. Depicts the time evolution of charge on CNT for different substrate
bias (where a, b, ¢, d and e corresponds to Ug=-25V, -50V, - 100V,-150V and
—200V ,respectively).

Fig. 5 depicts the time evolution of charge on CNT for different substrate
bias (e.g., Ug= -25V, -50V, -100V, -150V and -200V). From the Fig. 5
we see that the charge developed on the CNT increases with the substrate
bias. Ostrikov et al. [26] have also discussed the importance of charge

variation effects on particles in plasma.
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FIG. 6. Depicts the time evolution of the radius of catalyst particle for different
rf plasma power (where a, b, ¢ and d corresponds to rf power = 50W, 100W ,
150W and 200 W).

Fig. 6 illustrates the variation of the radius of catalyst particle with rf
power (i.e. rf power = S0W, 100W, 150W and 200 W). It shows that as
the rf power is increased catalyst nanoparticle of smaller radii is
observed. The fluctuation may be that with increasing plasma power the
electric field in the plasma sheath increases, which in turn increases the
ion bombardment to catalyst particle and thereby etching up catalyst
particle. The increased plasma power dissociates the hydrocarbon gas in
the plasma bulk rather than at the catalyst particle site. The above
observation has been validated by the works of Abdi et al. [5] and
Srivastava et al. [24].

As, plasma treatments better the field emission characteristics[12-13],
from the present study, we can conclude that by suitably varying ion

density and temperature ,and substrate bias, we can obtain more heighted

225



and lesser radii nanotubes i.e., CNTs with high aspect ratio. Hence, the
results can be extended to better the field emission characteristics of

CNTs.
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CHAPTER 8

THEORETICAL MODELING OF TEMPERATURE DEPENDENT
CATALYST-ASSISTED GROWTH OF CONICAL CARBON
NANOTUBE TIP BY PLASMA ENHANCED CHEMICAL VAPOR
DEPOSITION PROCESS

8.1: A brief outline of the work done in the present chapter

The present chapter examines the effect of substrate temperature on the
growth of the carbon nanotube (CNT) with conical tip assisted by the
catalyst in reactive plasma. The model developed in chapter 7 is
employed to underline the importance of substrate temperature on the
growth of CNT. The work aims to investigate the mechanism by which
feedstock gas in PECVD chamber leads to an increase in substrate
temperature and the effect of increase of substrate temperature on the
growth rate of CNTs.

8.2: Introduction

Carbon nanotubes (CNTs) prepared by PECVD are vertically aligned [1-
2] which can be either free standing or forest like. CNTs are expected to
have lesser growth temperatures than those by chemical vapor deposition
(CVD) as in PECVD the plasma dissociates the feedstock gas, so more
and more number of carbon radicals and higher stable hydrocarbons
become readily available for nanotube growth [3]. In recent years, during

the growth of CNTs by PECVD, an external heating source beneath the
substrate has been used for substrate heating [1, 2, 4]. There have been

works, where the external source for the substrate heating was not used

[5-7]. Teo et al. [7] have synthesized straight and well-aligned carbon
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nanofibres (CNF) by a substrate exposed to the plasma in a simple,
parallel plate dc PECVD reactor for nanotube growth and it heats up to
high temperatures (700 °C) without the aid of an external heater.

The temperature has been identified to play an important role in the
catalyst-assisted growth of CNTs. Numerous works have been done to
highlight the role of temperature on the growth of CNTs [8-15].

Han et al. [8] have demonstrated that as the growth temperature
increases, the average diameter of CNTs increased from 40 nm tol10nm
and the growth rate was enhanced from 2 um/h to 15 um/h. Baratunde et
al. [9] have shown that as the growth temperature was decreased, the
associated decrease in CNT density and average CNT diameter resulted
in an increased thermal resistance at the interface. Lee ef al. [10] have
demonstrated that the growth rate and the average diameter increase
nonlinearly with temperature. The growth rate enhances from 1.6 ym/min
by a factor of 18 and the average diameter increases from 20 to 150 nm
for the temperature rise of 800 to 1100 °C.

Loffler et al. [11] have shown that at higher temperatures of the substrate
and catalyst the hydrocarbon gas dissociates faster, aided by the catalyst.
A higher diffusion rate of carbon atoms through the catalytic particle can
be expected, which results in considerably longer CNTs at the same
growth time.

The motivation for the work in the present chapter stems from the recent
studies where the dependence of growth rate of nanostructures on various
parameters including substrate temperatures, electron and ion densities,
the flux ratio of etching and hydrocarbon ions etc. has been widely

investigated [12-15].
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Denysenko et al. [12] have shown that at low substrate temperatures
(1000 K), the atomic hydrogen and ion fluxes from the plasma could
strongly influence CNT growth. Mehdipour ef al. [13] have studied the
growth rate of carbon nanofibre as a function of substrate temperature for
different electron and ion temperatures. They have observed that the
growth rate as a function of substrate temperature increases as ion and
electron temperatures are increased. Denysenko and Ostrikov [14] have
described the plasma-assisted growth of carbon nanofibres (CNFs) that
accounts for the nanostructure heating by ion and etching gas fluxes from
the plasma. They have shown that fluxes from the plasma environment
can substantially increase the temperature of the catalyst nanoparticle
located on the top of the CNF with respect to the substrate temperature.
Burmaka et al. [15] have shown that the growth rates of SWCNT array
and the film between the nanotubes, as well as the length of SWCNTSs can
be successfully controlled by adjusting neutral and ion fluxes to the
nanotubes, SWCNT surface temperature and the penetration depths of the
neutral and ionic species.

Tips of CNT grown by PECVD are seen to have various shapes. Conical
tip CNTs have been obtained by many researchers. [16-18].

Srivastava et al. [16] have obtained films containing randomly oriented
conical CNTs with varying length and density grown on silicon (Si)
substrates by microwave plasma enhanced chemical vapor deposition
(MPECVD) process at relatively low temperature by judicious control of
the process parameters such as microwave power and growth time.

A model describing the mechanism of the growth of carbon nanotube in a
plasma medium assisted by the catalyst—substrate surface was developed

in Chapter 7. In the previous chapter, the substrate temperature was taken
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as a constant during the growth process. In the present chapter, we shall
investigate the effect of substrate temperatures on the catalyst-assisted
growth of the CNT (both the cylindrical CNT surface and conical CNT
tip) in the reactive plasma medium.

The equations and the underlying physics behind the equations would be
same as in Chapter 7 except that instead of spherical tip of CNT we shall
now consider conical CNT tip and substrate temperature would not be a
constant.

8.3: MODEL

Consider a catalyst particle of nickel (N1) over the substrate of Si in a
plasma chamber. The plasma is composed of ions of acetylene (C,H,) and
hydrogen (H,), neutrals of acetylene and hydrogen, and electrons. The
ions of acetylene and hydrogen are designated as A and B ions,
respectively. In Argon (Ar) + H,+C,H, plasma, C,H, acts as a carbon
source gas, H, acts as etching gas and Ar is the carrier gas.

The main processes for the CNT growth over the catalyst-substrate
surface in plasma that are considered in the present model are detailed
below:

1. It is assumed that the applied plasma power ionizes the gas within
the chamber, thereby creating plasma species of relatively higher
energy. These highly energetic ions initiate the fragmentation of
catalyst particle to form catalyst nanoparticle, which then seed
nanotube growth on them.

2. The acetylene ions traverses through the plasma sheath to the
catalyst-substrate surface and then thermal dissociation, ion
induced dissociation, decomposition of positively charged ions,

interaction of adsorbed acetylene ions with atomic hydrogen from
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plasma , and thermal dissociation of carbon source gas of acetylene
ion and other processes, occurs to finally result in the adsorption ,
surface diffusion and accretion of acetylene neutrals to determine
the height of growing CNT.

3. Then, there is decomposition of positively charged hydrogen ions,
incorporation of hydrogen ions due to thermal dissociation of
acetylene ions, and the accretion of hydrogen ions into catalyst -
substrate surface. The hydrogen ions effectively shape the
nanoparticle tip due to etching effects.

In Table 1, the assumed processes in the model that occur during CNT
growth in a PECVD chamber with their corresponding terms are given.

Table 1. Outline of the main processes during the growth of catalyst-assisted
CNT in the plasma medium, considered in the present model.

Assumed processes in the model that Corresponding
occur during CNT growth in a PECVD Terms
chamber

1.Thermal dissociation of C,H, ions [13] (_51;[}
2n ___vexp
| kgl
2. lTon induced dissociation of C,H,[13 ] ZHCH jiA Vg
3. Decomposition of positively charged 2/,

acetylene ions [13]

4. Interaction of acetylene ions with atomic | j o,/
hydrogen [14] = , =
5. Incoming flux of carbon atoms [13] Je
6. Adsorption of C,H, ions to the catalyst- Ji (1=6))
substrate surface [13]
7. Thermal dissociation of C,H, [13] _ ~5E,
i xp("BTs]

8. Accretion of neutral acetylene atoms to .
o CoH,™"P"C, H et
the cylindrical surface of CNT 272 27
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9. Diffusion of hydrogen atom into catalyst-
substrate surface[13]

-E
J., exp b
iB kT

10. Incoming flux of hydrogen due to the
dehydrogenation of C,H,[13]

~SE
Jip €Xp th
kT

[13]

11. Adsorption of hydrogen ions to the Jig(1=6))
catalyst-substrate surface[14]

12. Decomposition of hydrogen ions[14] Jip

13. Ion induced dissociation of hydrogen QCH Jig¥y

14. Incorporation of hydrogen ions due to
thermal decomposition of acetylene
ions[13]

OE.
0 . Vovexp| - !
CH kpT

15. Accretion of neutral acetylene atoms to
the conical tip of CNT

2
7/C2H2 ”rCOﬂClnCszconct

16. Adsorption flux of acetylene ions and
hydrogen ions to catalyst-substrate
surface[19]

P

aij_z kT, s
[”mijBij)

17. Desorption flux of acetylene ions and
hydrogen ions from catalyst-substrate
surface[19]

€ai

Jdesorptionj - nl_jv kT
By

18. Ion collection current to the CNT(both
conical tip and cylindrical surface)

"iBeoncts * nchysct

or

"idconcts * niAcysct

19. Neutral collection current to the
CNT(both conical tip and cylindrical
surface)

"Beonets * nchsct

or

" dconcts T nAcysct

A. The sheath equations
The electric field is directed towards z- axis.

1) The continuity equation,

~ 0 ~ 0 N, 5 _
(l a+]5+k§}. k(njuj) =V Mg,
where
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n,~ number density of electron (in cm™),

v;,= ionization frequency (in sec’),

u; = fluid velocity of electrons, C,H,", Ar" and H' (in c;/sec),
n;= number density of electrons, C,H,", Ar" and H'(in cm™ ),

i1) The ion momentum balance equation

di

u .
Mna.—L=en . E-Mn.v.u. 2
Mt Tar T (2)

where M is the mass of ions in plasma (in gm), Vin is the collision
frequency (in sec”') and E is the electric field (in StatV/cm) .

ii1) Using Poisson’s equation, we determine potential within the sheath

2
d=¢ _ _
2 =R ©

dz

where §; = (%) is the j™ ion to electron number density ratio and is
e

dimensionless and ¢ is the electrostatic potential , ) j6;=1 .and

0< 5j <1 as electron density is greater in plasma bulk than in the sheath.
B. Energy balance equation for catalyst particle
Initially, a catalyst particle nickel (N1) of radius 30 nm is considered to be
placed over a silicon (Si) substrate surface. It is assumed that the applied
rf power creates plasma species of higher energy such that these highly
energetic ions then accretes at the surface of catalyst particle and any
increase in their number density and temperature results in catalyst

particles of smaller radii. Therefore, the Eq. (4) describes the
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fragmentation of a catalyst particle into catalyst nanoparticle of smaller
radii.

The basis of our assumption for developing Eq.(4) follows from
Srivastava et al. [20] as they have highlighted that an increase in
microwave power causes more ionization of the gas, which increases the
density of plasma species of relatively higher energy. Following
experimental results of Srivastava et al. [20], we assume that as the
applied rf power increases, it ionizes the gas more which creates more
energetic ions, which implies that plasma species of relatively higher
energy are created. Since, energy of ions corresponds to the number
density and temperature of ions so we assume that with an increase in rf

power the number density and temperature of plasma species increases.

_d _ s s
f power‘d_f(cpmpTS){”iAczP(‘g ide ™! ij+”ch;19(‘9 iBe ™! pBH

‘(%]"BJ[(I_7 i) iaerp Higeap |Ts ~4erpeoTs =13,
(4)

where

m, (:gmﬁppj is the mass of catalyst particle (in gm), r, is the radius
of catalyst particle (in nm). pp is the mass density of catalyst particle(in
gm/cm’), C, is the specific heat of catalyst particle (Ni) and is
0.44KJ/Kg’K and Ty is the substrate temperature (in °C) . I, and I;p are
the ionization energies of atoms A (acetylene) and B (hydrogen),
respectively and (in eV). T, is the ambient temperature and (in K). € is the
emissivity of the material of the catalyst (dimensionless) and o 1is the

Stefan—Boltzmann constant and (in erg cm™ s K™*).
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In the present chapter we assume, that the applied rf power not only
ionizes the feedstock gas in the chamber but also heats up the substrate as
well and Eq.(4) governs the variation of substrate temperature. The

substrate and catalyst temperature are assumed to be the same.

2-Zy ..

J! .

gij’c (2) {_ H -7y . JZJ/ ji]kBTij} are the mean energy(in eV) collected
Jji

by the ions j (where, j refers to ion A (acetylene) or B (hydrogen)) at

the surface of the catalyst particle [21], .. :[ o ]and is
It pkgly

dimensionless ,and e being the electronic charge (in StatC ).

8k, T: 2 E U
21 2B b eUs
n.. pn=7arp | —2—+ n..(z)[l—Z;/.}exp - exp| ——=
jetP P (ﬂmij} y Ji kT kT

is the ion collection current at the surface of catalyst particle, (where, j

refers to ion A or B) [22] (insec™) .

In Solving Eq. (4), we consider that at rf power of 100W, and at =0 the
ion densities (njgy= Nja0) =10°cm™, ion temperature (T;)) =2100 K, T=
550 °C, energy barrier for bulk diffusion (E,)=1.6 eV , substrate bias (Uy)
= -50V, and catalyst particle radius (rpy )= 30 nm in expression for 72;4.,p
and n;p.p, We can calculate n;4.,pg, ;gc1P0-

Now, by using the calculated values of ;4.0 and n;z.,,p and the other
parameters i.e., £, = 8.2 eV, g, =13.2¢eV, [)x3=11.87eV, and L
=9.7eV in Eq. (4) we can get the value of catalyst particle radius 1p (in
nm) and its temperature T; (in °C) at any time 7 (in sec).

The Eq. (4) denotes the influence of rf power on the mass of catalyst

particle for specific heat and substrate temperature. The first term on the

237



right side of Eq. (4) is the rate of energy transferred to the catalyst
particle due to the ions collected at the surface of catalyst particle because
of ionization of neutral atoms A and B and mean energy collected by the
ions at the surface of catalyst particle. The second term is due to the
sticking accretion of ion A (acetylene) and B (hydrogen) at the catalyst
particle site. The last term on the right side of Eq. (4) is the rate of energy
dissipation of the catalyst particle through radiation and conduction to the
host gas.

The resulting value of catalyst nanoparticle at time 7 serves as the initial
base radius of the cylindrical part of nanotube.

C. Growth rate equation of the curved surface area of CNT

dQ2zxh) —0E,
rPT [ZnCHvexp(k T, +2€CHJAyd+2]lA+w+]c Me+
D, x27r
4 1
{ (1- 9)+ adsJH+ ] exp{—Lk 5? ]} X 5 +
B wr per |
pc iActcys
2
Y C2H2 rp nCZHzctcys, ®)

AT onet ) . _Eb 5Eh 5E h(r)
———=|j exp . €XP +]B(1 9)+jB+z9 Jip¥g ™, Vel —— |||/ +
dr iB kBTS /i kply ) iB " "cy |'iBd kpTs || np

2
7C H conc[ C H conct’ (6)

Since the opening angle (0) [23] of conical CNT tip is 45" the slanted
length (/) of conical CNT tip becomes

2, .2 2
l_(h Jr’”conct)
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h' is the height of conical CNT tip

7
_ "conct
tan @ = — =

Since 0 is 45°,

2
I= V2r conct :\/5 Teonct ,

The symbols and terms in Eq.(5) are described in Table 2 and 4,
respectively.
The symbols and terms in Eq.(6) are described in Table 3 and 5,

respectively.

h' (height of conical tip)

Teonct (Radius of conical tip)

«— h (height of cylindrical surface)

1, (Radius of cylindrical base)

e —

Fig. 1. Schematic of cylindrical CNT with conical tip

Table 2. Explanation for all the symbols used in Eq. (5)

S.No. | The notation of various | The explanation for symbols in
symbols used in Eq.(5) Eq.(5)

1. nCH =0,,v, (incm™) The number density or concentration
of CH (CH denotes C,H, species) [13]
2. v, ~1.3x10%cm’™ The number of adsorption sites per
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unit area[14]

3. JeeNeVi/4  (in cm” sec'l) Ion flux of carbon atoms[13]
4. Vine (In cm/sec) Thermal velocity of carbon atoms[14]
5. Jia =nja(kp T/ myy) 12 (in Ion flux of type A(hydrocarbon) and
cm” sec’) and B(hydrogen), respectively
Jis =nip(kgT/ m;p) 1/2(in
cm” sec”)
6. y, xE, 16, Rgtio of kinqtic energy associate-d
with the motion of hydrocarbon ions
(dimensionless) impinging on the substrate to
dissociation energy of C,H, [13]
7. ngs (in cm™) Number density of type B ions i.e.,
hydrogen ions
8. Eicy (IneV) Kinetic energy associated with the
motion of hydrocarbon ions
impinging on the substrate[13]
9. Eqis(in eV) Dissociation energy of C,H,
10. Cross section for the reactions of
O4s ~ 6.8 x 10716cm? | atomic hydrogen with adsorbed
particles[14]
1. D, and Surface diffusion coefficient[13]
| Dy =Dy exp(=Eg [k gTy) |
D o =Va, is a constant
(in nm”sec™)
12. E~=0.3eV Energy barrier for diffusion of carbon
(C) on the catalyst[14]
13. ap =0.34 nm Inter atomic distance between carbon
atoms
14. 0, (dimensionless) Total surface coverage[13]
15. ss, =1.3eV Energy due to thermal dissociation
[14]
16. Sticking coefficient of C,H; neutrals

ycz Hz(dimensionless)

240




17. m, =12 amu Mass of a carbon atom

18. m;x = 26 amu Mass of type A C,H," (acetylene) ions

19. h(t) (in um) Height of CNT at time t

20. nis (in cm™) Number density of type B ions i.e.,
hydrogen ions

21. NC2H2cteys (1IN sec'l) Acetylene neutral atom collection
current at the surface of cylindrical
CNT

22. kg=1.38x10" ergs/K Boltzmann’s constant

23. T=500"C Substrate temperature

24. I=30nm Initial radius of catalyst particle

25. Pet = 8 908 g/em’ Density of nickel (Ni)

26. v=10"Hz Thermal vibrational frequency[13]

27. NiActeys (1IN sec']) Ion collection current of
hydrocarbon(i.e., A ) the surface of
cylindrical CNT

Table 3. Explanation for all the symbols used in Eq.(6)

S.No. | The notation of various The explanation for symbols
symbols used in Eq.(6) in Eq.(6)
1. Jis =nip(kgTy/ mp) 12 (in cm’ Ion flux of hydrogen (B ion)
sec™)
2. T; (in K) Ion temperature
3. E, ~1.6eV Energy barrier for bulk
diffusion[13]
4. oE h (ineV) Energy due to
dehydrogenation of C,H, [10]
5. o, (dimensionless) Total surface coverage[13]
6. h(t) (in pm) Height of CNT at time
7. Teonct( 1N NM) Radius of conical CNT tip
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Table 4. Explanation for all the terms used in Eq.(5)

S. No. | The mathematical The detailed explanation for
Expression for terms | terms in Eq.(5)
in Eq.(5)
1. —SE The generation of carbon atoms
2n CHV CXI{ A TtJ on the catalyst surface due to
BS thermal dissociation of
acetylene ions[13]
2. 20 j.y Ion -Induced dissociation of
CHid" d CoH, [14]
3. 2j. Decomposition of positively
i charged hydrocarbon ions
4, j o ] Interaction of hydrocarbon ions
’A+‘ZSZB with hydrogen ions[13]
5. Je Incoming flux of carbon atoms
6 J. Incoming flux of hydrocarbon
iA4 . .o
ions per unit time onto the
catalyst particle

7. jiAaa ) 1nterac.tion of gdsorbed type A

- ions with atomic hydrogen from
plasma[13]

8. ji 4 (1-6,) Adsorption of hydrocarbon ions
onto the catalyst-substrate
surface[14]

0. ' ~SE, Thermal dissociation of

JZA eXp[kBTS J C2H2[13]
10. The surface diffusion of various
Dsx2rrp species onto the catalyst surface
mj% pp across.the catalyst qanoparticle
per unit area per unit mass
density[13]
11. y J— Accretion of neutral acetylene
CyH," P o py €IS | atoms to the cylindrical surface

272 71y

of CNT[20]
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Table 5. Explanation for all the terms used in Eq.(6)

S.No. | The Mathematical The detailed explanation for
Expression for terms in terms for terms in Eq.(6)
Eq.(6)
1. ‘ —Eb Hydrogen atom diffusing into
Jl. B 24 kBTs catalyst - substrate surface [13]
2. _ _5Eth Incoming flux of hydrogen due to
JipXP| T the dehydrogenation of C,H,[14]
B's
3. ji B (1-6) Adsorption of hydrogen ions to the
catalyst - substrate surface[13]
4. ji B Decomposition of hydrogen ions
HCH Jig¥ J E)r;]induced dissociation of C,H,
6. -SE. Incorporation of hydrogen ions due
0 CH VoY €XP k—Tl to thermal decomposition of
B'S i
hydrocarbon ions[13]
7. h(7) Height of CNT at time
8. nip Number density of type B ions i.e.,
hydrogen 1ons
9. v o2 o Sticking of neutrals of acetylene on
CoHR™ conct™Catyconct | the conical tip of CNT.

D.Charge kinetics of the CNT surface

The positive hydrocarbon and hydrogen ion and electron currents at the
surface of the CNT contribute to the charge developing on the CNT
surface. Over a period of time, the initial negative charge on the CNT
would be affected by the accretion of the positive ion and electron
collection currents. As expected the positive ion accretion on CNT would
decrease the negative charge and after some time the CNT would be
positively charged such that further accretion of positive ions on CNT

surface increases the positive charge on CNT surface whereas electron
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current would depreciate charge on CNT surface. Eq. (7) describes the
charge developed on the entire CNT (i.e., the conical tip over the

cylindrical surface).

'

Z[T]=n. +n. . . —
=1 4 conets nlAcysct MiBconcts +nchysct Ve (neconcts ecyset )

(7)
where
Z is the amount of charge over the entire CNT (i.e., conical tip and

cylindrical surface) (dimensionless).

a) For electron on the conical CNT tip:

1
8k ,T,\2 Z U
B B'e Ge , eYs i
_ / + is the electron
Neconcts =" conct { m, J ne(z)exp kBTe kBTS

collection current at the surface of the conical CNT tip (in sec’') and,
I'eonct 18 the radius of conical CNT tip (in nm), / is the slant height of
conical CNT and «, =eV,,,(z) (IneV),

where

_ 4 12_ ! 2
3\/}1'22h'Z+222+(2h'+4Z)L0g|: 2h +4Z+2\/§\}/§h 2h'z+2z :|

V =0
con(?) 4\/580

Following [23] the potential at a point on the surface of a cone (Vo (2))
can be derived by considering a conical surface with uniform surface

charge density o , radius rone, height A" and slant height /.

244




Fig.2. Geometry of the conical tip in the present problem

Considering a small disc at height z with differential height dz, the

surface area of disc would be da = 2madl , since the opening angle of
disc is 45°, % = Cos % or dl = /2 dz, the elemental charge on the
disc is dq = oda = 2\2noadz

The differential electric field, along z-axis at point B due to the disc is

given as in [23]

1 dq .
dE,,, =44 ; ®)
472'80 |I’|2
or
1 242 noadz -
dE,,, =22 roadz; ©9)

dre

o

Now |r| = \/ (h' — 2)2 + a2 and since cone has opening angle of 45°,

a=z such that Eq.(9) can be rewritten as
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1 2\2rozdz
47[&‘0 ((hI_Z)z +22)

dE..,, = (10)

Now, the radial part of the electric field cancel each other and only the

vertical component remains such that

1 227n0z(W —z)dz
47&90 3
((h' — 2)2 + 22 )2

dE .,z =dECosp = (11

Integrating Eq. (11) over the entire cone surface

E,, :=—C J2@z<;z(h'—z)dz 5
V2¢, 3
((h' - Z)2 +22 )2

(12)

Solving Eq. (12), we get,

a[—2h’ +4z—J2 K2 —2h’z+222L0g{—2h' 4z 22 —2i'z 4272 D

Econ zZ=

NN ) )

(13)

Now, solving for potential on the surface of a cone

z
Veon(z)=—| E.dz
0

or
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_ ! 12 _ ' 2
W2 —2Kz+222 +(~20' +4z) Log| ~2" #4242/ <2z 2
V2
V =0
con'?) INGP)
(14)
Moreover,
n,(z)=n ,ex M is the electron density in plasma sheath(in cm™ is th
e(2)=n, pkBTe sity in plasma shea cm?), @#(z) is the

electrostatic potential (in StatV), 0 is plasma density in bulk(in cm™) and it decreases

towards the substrate, and T, is the electron temperature(in eV), ¢(z) = ¢O exp[—/'li'}s
d

the negative potential at the surface, and 1 J is the plasma Debye length .

b) For electrons on cylindrical surface:

1s the electron

1
27k T § ev. elU
n =n,(z) rph #] exp| —o—+-——5
ecysct ~ "e\*) 'p [ m, oo kgl

collection current on the cylindrical surface of the CNT( in sec’) and V;
is the surface potential on the cylindrical surface of the CNT(in StatV)
and h is the height of cylindrical surface of the CNT(in um), m, is the
mass of electron(in gm).

¢) For ions on the cylindrical surface:

27k ,T.. 2 2
_ By 2| el eV
ny'cysct_nij(z) Tr h[ m; J ﬁ[k T.. Texp k,T..

5

KTy

exp

exp| - €Ys
Pl kT
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is the ion collection current on the cylindrical surface of CNT(in sec ),
T; is the ion temperature (in K), mj; is the ion mass (j refers to either A or
B positively charged ion as explained earlier)(in gm) , E, is the energy
barrier for bulk diffusion (=1.6eV), T, is the substrate or catalyst
temperature (in °C).

d) For ions on the conical tip surface:

8k T. |2 Za. E U
_ Bi i b eUs

y = l L(2)]1- - -
Miconcts 7 Veonct [ﬂ-ml]J ”U(Z){ kBTij CXp kBTs eXp kBTs

is the ion collection current on the conical CNT tip (in sec™),

n..(z)=n.. I—M where n..(z) is the ion density in plasma sheath (in cm'3) ,
y /AU ) 1
510
Vij 0 is the ion velocity at any point within the plasma (in cm/sec) and &; =e€V.,,(2)

In Eq.(7) , first and second term denotes charge developed on the entire
CNT (i.e., the conical tip over cylindrical surface) due to accretion of
positively charged ions of acetylene, third and fourth term denotes the
charge developed on the entire CNT (i.e., the conical tip over cylindrical
surface) due to accretion of positively charged ions of hydrogen. The last
term describes the loss in charge due to electron collection current at the
surface of the CNT (i.e., the conical tip over cylindrical surface).

E. Stability equation of electron number density

The Eq. (15) represents that the dissociative ionization of neutrals
produces ions and electrons hence it increases the number density of

electrons in the plasma , whereas recombination of electrons and ions to
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produce neutrals and electron collection current to CNT would decrease
the electron number density in plasma.

dn,
dr (’BAnA +’BBnB)_(aAneniA +aB”€niB)_7/€”Ct (”econcts +”ecysct)

, (15)
where

Yii y and ﬁB are the coefficients of ionization of the constituent neutral

atoms of A(hydrocarbon) and B(hydrogen) due to external agency (in
sec), and are the coefficients of recombination of electrons and positively
charged ions [21] of A(hydrocarbon) and B(hydrogen),respectively
wherek = -1.2 is a constant ,

k k
300 3 (300] 3

a  (T,)=«a — | em’/sec and a, (T, )=« — | em’/sec ’

A( e) AO(Te] B( e) B0 Te

—-1.2
7| 1

a 40=%po =",0*10 [ﬂ} and n,, is the CNT number density (in

cm™). ‘

The terms on the right side of Eq. (15) are the rate of gain in electron

density per unit time on account of ionization of neutral atoms, the

decaying rate of the electron density due to electron—ion recombination

and the electron collection current at the surface of the CNT (conical tip

over cylindrical surface).

F. Stability equation of positively charged ion number density

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

the dissociative ionization of neutrals produces ions and electrons

,thereby the ion's number density increases in plasma bulk , the

recombination of ions and electrons to produce neutrals decreases ion

number density in plasma bulk. Moreover, the ions collected on the CNT
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surface would decrease their number density in plasma bulk, the
adsorption of ions on the catalyst-substrate surface decreases their
number density in plasma bulk and the ions that are desorped from the
catalyst —substrate surface contributes to ion density in plasma bulk.

iA _ _ _ _
dr =5 A" 4T ey T et (niAconcts +niAcysctj JaiA +Jdes0rpti0nA’

(16)

dn.B _

l

dr Bprp—apleip (nchoncts iBeysct j ~JuiB™ JdesorptionB i

(17)
The first term in Egs. (16) and (17) is the gain in ion number density per
unit time on account of ionization of neutral atoms, the second term is the
electron-ion recombination, the third term is the ion collection current to
the surface of the CNT (conical tip over cylindrical surface). The fourth
term is the loss of ion density because of their adsorption to the catalyst -
substrate surface and fifth term is the gain of ion density due to the
desorption of ions from the catalyst-substrate surface into plasma. The
last term in Eq. (17) describes the increase of hydrogen ion number
density in plasma because of thermal dehydrogenation.
G. Stability equation of neutral atom number density
The Egs. (18) and (19) describes the balance of neutral species in plasma
considering that the recombination of electrons-ions increases the neutral
density in plasma bulk, ionization of neutral molecules to produce ions
and electrons decreases neutral density in plasma bulk, and neutral
collection current on the CNT surface would decrease their density in

plasma bulk.
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- . — _ _
dr @ ey B A4 et (1 Yy iA)(niAconcts +niAcysct] Tet? 4 (nAconcts +nAcysct]’

(18)
dn B
dr BB~ B B"B " et (1 ~7iB ) (nchonctS - nchysct j ~'et’ B (nBCOI’lCl‘S - nchsct j
(19)
where 1
" — SkBT n 2 nis the neutral collection current at the
jeoncts — “conct” | gy j
J

surface of conical CNT tip (in sec™),

2 . . o
N —mrh 2kBT"} » . 1s the neutral collection current on the cylindrical

jeysct Pl om.
J

surface of CNT (in sec™).

yia and y;p are the ion sticking coefficients and yzand yp
are the neutral atom sticking coefficients, and both y;4, and y;p
and ysand yp are dimensionsionless. #; is the neutral atom density (in
cm™), T, is the neutral atom temperature (in K) , n; is the neutral atom
density (in cm™) and m; 1s the neutral atom mass (in gm).

The first term in Egs. (18) and (19) is the gain in neutral atom density per
unit time due to electron—ion recombination, the second term is the
decrease in neutral density due to ionization, the third term is the gain in
neutral density due to neutralization of the particles collected at the
surface of the CNT. The last term is the accumulation of neutral atoms of

species A and B on the surface of the CNT.
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8.4: NUMERICAL RESULT AND DISCUSSIONS

The work in the present chapter investigates the role of substrate
temperature on the growth of carbon nanotubes by PECVD process. In
the present model, we assume the inhomogeneous deposition of ions on
CNT growing in a plasma medium assisted by catalyst. The calculations
have been formed to investigate the dependence of the height of
cylindrical CNT surface and radius of the conical CNT tip as a function
of substrate temperature for different ion density and ion temperature by
simultaneous solution of Eqgs. 1 to 7 and 15 to 19 at appropriate boundary
conditions.

The values of height and radius of the CNT as obtained by Egs. (5) and
(6) are obtained at different times as a function of temperature. But since
we are interested in studying the variation in height and radius of the
CNT as a function of substrate temperature, the value of height and
radius of CNT are plotted for a fixed time interval i.e., T = 0 min to 30
min for varying substrate temperature.

For Ar plasma, using the values of ion number density and temperature
from Chai et al. [24], the initial boundary conditions for the present
calculations are at

7 =0, ion number density ( nj5o=0. 6 n,, and n=0. 4 n) , neutral
atom density (nAOZnBo:leO14 cm'3), electron number density (ne

=1.12x1 Ogcm'3), electron temperature(T¢)=1.5eV, ion temperature (T )

=2200K, neutral temperature(T,y) = 2000K, mass of ion A m. 4= 26

amu (acetylene (C,H,")), mass of ion B (ml. B)Zlamu(H+), coefficient of
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recombination of electrons and ions(a 40~ BO)=1.12 x 107cm’/sec, , &

= -1.2 and density ofNi(Pp)Z 8.908 g/cny’.

Other parameters used in the calculation are substrate
temperature(T,)=550 °C,energy barrier for bulk diffusion E,=1.6eV,
energy due to thermal decomposition of acetylene ions dg; =300eV
,(dissociation energy of C,H, (Mehdipour et al.[13]) &4 =4.35¢eV,
Ionization energies of neutral atom A (I,5 ) = 8.76 €V, lonization energies
of neutral atom B (I,z ) = 6.56 eV, the mean energy collected by the 1on
A at the surface of catalyst particle (g4 )= 5.915 eV, the mean energy
collected by the ion B at the surface of catalyst particle (¢;5y=9.80 eV.

Substituting all the above values in Egs. 1 to 7 and 15 to 19, we
simultaneously solve the first order differential Eqgs. 1 to 7 and 15 to 19
using MATHEMATICA software to investigate the dependence of
height and radius of CNT for different substrate temperature (T;), and ion
density and temperature of either acetylene (njao and Tjao) or hydrogen

ions (njgp and Tjy).
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FIG.3. Sketches the variation of potential of conical CNT tip with axial
distance.

Fig. 3 sketches the variation of potential at a conical surface (V. .n(z)) as a
function of axial distance (z). It can be seen from Fig. 3 that the potential
on the conical surface decreases with the axial distance (z). The decrease
in the potential at a conical surface (V. (z)) with axial distance (z)
follows the same trend as the electrostatic potential at the surface behaves
as the distance from the surface is increased. The electrostatic potential at

the surface decreases as the distance from the surface is increased.
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FIG. 4. Depicts the evolution of the height of cylindrical CNT surface as a
function of substrate temperature for different ion density and temperature of
type A ions (where a, b and ¢ corresponds to njs o= 10° em™, Ti00=2250K; njre=
2x10"cm™, Ti40=2300K and n;o=3 x10'" cm™ ,T;40=2400K). The other

parameters are given in the text.

Fig. 4 traces the evolution of the height of the cylindrical part of the CNT
as a function of substrate temperature for different ion densities of type A
and temperatures (e.g., Njap= 10° ¢m™ ,Tino=2250 K; njpo= 2x10" ¢m’
Tiao =2300 K ,and njao= 3 x 10" cm™ | T,50 =2400 K). It can be seen
from the Fig. 4 that as substrate temperature is increased for a fixed ion
density and temperature of type A ion (i.e., acetylene ion) the height of
the CNT increases. This is because with increasing substrate temperature,
the hydrocarbon gas dissociates faster, leading to higher diffusion of
carbon through catalyst particle thereby giving enhanced growth rates.
Moreover, with increasing ion density and temperature of type A ions, the

effective carbon flux to the catalyst surface increases which results in

better CNTs growth.
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FIG. 5. Depicts the time evolution of the radius of the conical CNT tip for
different density and temperature of type A ions (where a, b and ¢ corresponds
t0 njpe= 109 cm'3 ,TiA0=2250K; Njp0™ 2X10100m_3 ,TiA0:2300K and Njp0= 3x
10" em™ ,T;0g=2400K). The other parameters are given in the text.

Fig. 5 traces the evolution of the radius of the conical CNT tip as a
function of substrate temperature for different ion densities and
temperatures of type A (i.e. , Njap= 10° cm™ | T;40=2250K; n;so= 2x10"
em” |, Tiag=2300K ,and nix= 3 x 10" cm™ ,Tia0=2400K). It can be seen
from Fig. 5 that as substrate temperature is increased for a fixed ion
density and temperature of type A ion (i.e., acetylene ion), the radius of
the conical CNT tip increases. This is because with increasing substrate
temperature, the hydrocarbon gas dissociates faster, leading to higher
diffusion of carbon through catalyst particle thereby giving larger radius.
In addition, as the ion density and temperature of type A ions (i.e.,
acetylene ion) is increased, the effective carbon flux to the catalyst
surface increases which results in a larger radius of the CNT tip.

The observations of Figs. 4 and 5, 1.e., the enhanced growth rate of the

CNT with substrate temperatures are in principle with the experimental
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observations of Han et al. [8] , Baratunde et al. [9] , Lee et al. [10] ,
Loffler et al. [11], and theoretical findings of Mehdipour et al. [13] .
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FIG. 6. Illustrates the evolution of the radius of the conical CNT tip as a
function of substrate temperature for different ion density and temperature of
type B ions (where a, b and c corresponds to n;gy= 10° em, Tpi=2300K; nigp=
5x10" em™, Tipo= 2350K and njgp=4 x 10" cm™ ,Tipy=2400K).

Fig. 6 traces the evolution of the radius of the conical CNT tip as a
function of substrate temperature for the different ion density and
temperature of type B ions (i.e., njg= 10° cm's,TiB()=23OOK; Nigo= 5X 10"
cm™ ,Tigo= 2350K and njgp= 4 x 10" cm? ,Tigo=2400K). It can be seen
from Fig. 6 that as substrate temperature is increased for a fixed ion
density and temperature of the type B ion (i.e., hydrogen ion), the radius
of CNT increases. This is imputable to the fact that as the substrate
temperature is increased for a fixed ion density and temperature of type
B ions (i.e., hydrogen ion) the radius of the conical CNT tip increases
because with increasing substrate temperature, the feedstock gas
dissociates more and consequently, a larger number of carbon radicals

and higher stable hydrocarbons become easily available for CNT growth.
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However, as the density of type B ion (i.e., hydrogen ion) increases, the
radius of the conical CNT tip decreases because of etching effects of
hydrogen. The results of Fig. 6 comply with works of Mehdipour et al.
[13] and Denysenko et al.[14].
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CHAPTER9

INVESTIGATIONS ON THE EFFECT OF DIFFERENT
CARRIER GASES AND THEIR FLOW RATES ON THE
GROWTH OF CARBON NANOTUBES

9.1: Brief Outline of the work done

The present chapter investigates the effect of different carrier gases and
their flow rates on the growth of carbon nanotubes (CNTs). The model
developed for the growth of CNT assisted by catalyst in a plasma medium
is extended to a case where three different carrier gases i.e., argon (Ar),
ammonia (NH;) and nitrogen (N,) are considered. The flow rates of all
the three carrier gas are varied individually, keeping the flow rates of
hydrocarbon and hydrogen gas constant; to investigate the variations in
the number densities of hydrocarbon and hydrogen ions in the plasma and
their consequent effects on the height and radius of CNT.

9.2: Introduction

Plasma-enhanced chemical vapor deposition (PECVD) has recently
emerged as promising carbon nanostructure growth technique [1-5].
PECVD has the advantage of producing low-temperature and vertically
aligned carbon nanotubes (CNTs). The main parameters during PECVD
process are the growth temperature, substrate bias, externally applied
power, growth time, type of catalyst, type of substrate, composition of
gases in PECVD, types of feed gas or reducing gas or carrier gas and

their respective flow rates among several others.
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Different carrier gases like argon (Ar), ammonia (NHj3), nitrogen (N),
and hydrogen (H,) are found to have different effects on the growth
density of CNT. [6-11].

Kayastha ef al. [6 ] have found that the addition of specific carrier gases
could critically modify the growth rate and growth density of multiwall
carbon nanotubes (MWCNTSs). In particular, the addition of Ar to
acetylene (C,H,) increases the growth density of MWCNTSs, while the
addition of hydrogen (H,) and nitrogen (N,) gases decreases the growth
density.

Mi et al. [7] have investigated the effects of ammonia (NH;) and nitrogen
(N,) as carrier gases on the structure and morphology of CNTs. They
observed that the diameter of the CNTs synthesized in NH; was larger
than that in N,. Moreover, the alignment of the CNTs grown in NH; was
better than that in N,.

Jung et al. [8] have investigated the growth behaviors in various gas
environments of N, , H, , Ar, NH; and their mixtures. It was observed
that in NH; environment much enhanced CNT growth occurs than in the
mixture of N, and H, environment.

Yap et al. [9] found that carrier gas could change the growth rate, growth
density, and structures of MWCNTSs. They investigated the growth of
CNT under different conditions e.g., (a) pure C,H,, (b) C,H, and Ar, (¢)
C,H, and H,, (d) C;H, and N,. The addition of Ar dilutes C,H, and
reduces the number of C,H, molecules reacting on the iron (Fe) catalyst
surface. Both H; and N, reduce the growth density of MWCNTs.

Mi and Jia [10] have grown CNTs arrays on macro porous substrate for

different time in the ammonia and nitrogen carrier gases by floating
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catalyst method. They observed that the CNTs diameter is smaller in N,
than that grown in NHs.

Qian ef al. [11] found that the size and distribution of carbon spheres
become smaller as the ratio of Ar to H, in the carrier gas decreases. Also,
pure argon favors the growth of carbon spheres while pure hydrogen does
not.

Studies have been done to investigate the effects of flow rate of carrier
gases on the growth of CNTs. It is seen that increasing the flow rate of
carrier gases affects the growth density and growth rate of CNTs [12-14].

Tousst et al. [12] have investigated three different flow rates of Ar carrier
gas (i.e., 50 mL/min, 100 mL/min and 150 mL/min) on the growth of
carbon nanotubes. It was seen that as the flow rate of Ar carrier gas was
increased, the yield of carbon nanotubes increased.

Malgas et al. [13] studied the effect of mixture ratios and nitrogen carrier
gas flow rates on the morphology of carbon nanotube structures and
reported that at the constant temperature of 750 °C and the higher carrier
gas flow rates of N; resulted in CNTs with smaller diameters.

Reynolds et al. [14] have investigated the effects of hydrogen (H,) flow
rate on CNT growth and observed that at a constant methane (CH,) flow
rate of 700 sccm and by varying flow rate of H, as 100 and 200 sccm,
few CNTs were produced.

Denysenko ef al[15] have developed a spatially averaged global
discharge model to study the densities and fluxes of the radical neutrals
and charged species, the effective electron temperature, methane
conversion factor under various growth conditions. They observed that

the densities of molecular and atomic hydrogen decrease with flow rate of
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argon (Ja,), whereas the densities of hydrocarbon neutrals grow with flow
rate of argon (Jy,).

The vertically aligned and low—temperature CNT so produced by PECVD
process have found applications in vertical transistors [16], field emission
devices [17-21] and field ionization applications [22] among others.

The above works that have been cited [6-14] to study the effects of
different carrier gases and their flow rates on the growth of CNT do
mention the effects of different carrier gases but do not sufficiently
underline the exact processes behind the observed effects. Moreover, they
have considered various routes of CNT growth like catalytic chemical
vapor deposition[6] , pyrolysis of ferrocene and C,H, mixture [7],
chemical vapor deposition (CVD)[8], thermal CVDI[9], floating catalyst
method[10], non-catalytic CVD[11]. In the present study, we try to
present the possible reasons behind the different observed behaviors of
different carrier gases and their consequent ramifications on the growth of
CNT. We try to explain the behavior of various carrier gases during CNT
growth through a PECVD process by the number density profile of
hydrocarbon and hydrogen species created in different carrier gas
environments and their repercussions on growing CNT.

9.3. Model

Using the model developed in chapter 7 and following Denysenko et al.
[15], a cylindrical stainless steel reactor chamber of the plasma source
which has the inner diameter (R) =16 cm and length (L) =23 cm is
considered. The plasma contains ions of methyl (CH;"), methane (CH,")
denoted as ions A and hydrogen ions (H'/H,'/H;") denoted as ions B, and
carrier gas ions of argon(Ar), nitrogen(N,) and ammonia (NH; ) (i.e.,

Ar'/ N," /NH;', respectively) are denoted as ions C. A substrate of
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silicon (Si) over which catalyst of nickel (Ni) is placed is considered in
the present chapter. In the reactive plasma so considered CH,4 acts as a
carbon source gas and the growth of CNT occurs through the process
assumed as listed below:

1. Plasma containing methyl, methane, hydrogen, and either of argon,
nitrogen and ammonia ions is considered.

2. Electric field is directed towards x-direction.

3. Negative substrate potential is applied to the substrate.

4. A cylindrical stainless steel reactor chamber of the plasma source
which has the inner diameter (R) = 16 cm and length (L) = 23 cm is
considered following Denysenko et al. [15]

5. Plasma power ionizes the gas (hydrocarbon, hydrogen and carrier
gas) and highly energetic hydrocarbon, hydrogen and carrier gas
ions initiates the dissociation of catalyst particle to form catalyst
nanoparticle, which then seed nanotube growth on them.

6. These hydrocarbon, hydrogen and carrier gas ion then travel
through the plasma sheath undergoing recombination, adsorption,
desorption ,loss to the walls and various other processes to
eventually diffuse and accrete on catalyst nanoparticle to form
CNT.

Denysenko et al. [15] have considered a large number of possible
hydrocarbons in their study but we in the present investigation limit
ourselves to a limited number of hydrocarbons. Moreover, Sode et al.
[23] have considered various possible combinations of ions in H,-Ar
plasma like Ar’, H', H,", H;", and ArH  but the present problem
considers CH;", CH,  ,H', H,", H;', and either of Ar’, N," and NH;".
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The present study is therefore, applicable to the cases where higher
hydrocarbons and a varied combinations of ions in plasma are not
considered.

A.The sheath equations

Following (Mehdipour et al. [24]) and Lieberman and Lichtenberg [25],
the sheath equations are:

1. The continuity equation

f£+j'£+l€£ .f(nu )=vn
ox "0y Oz Ilx) I'e

(D
2. The ion momentum balance equation
dulx
My =g = ey E T )
3. Poisson’s equation (Mehdipour ef al.[24])
2
d”¢(x) =-47r% q,0,n,,
2 I
3)

where ] refers to either electron (¢), CH; , CH,, H, H,", H; ,and
either of Ar'/N,/ NH;".

M, is the mass of species / (in gm), n; is their number density (in cm’™),
u, 1s the fluid velocity of the particle / (in cm/sec) ,
¢(x) is the sheath potential (in Stat V), v, is the ionization frequency(
in sec™),

v, is the collision frequency with the neutrals( in sec’) and g is the

charge of species / (in StatC) ,

. th, . . L .
51 is the /" ion to electron number density ratio and is dimensionless ,
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> 51 =land 0< 51 <1 as electron density is greater in plasma bulk than
[

in sheath.

Now by using Child Sheath law in cases where the high voltage is

applied over longer time scales [26], the plasma sheath width ( A5 ) s

given as

3
4 o3, [ 2ug 4 | where 1l kgTe | is the Debye length of the plasma.
S_7 d kBTe d - neez

and U is the substrate bias (in V), kg is the Boltzmann constant (in
ergs/K) and T, is electron temperature (in eV).

The ion- neutral collisions have been taken into account in the present
model and these collisions attain significance at higher pressures.
However, our model did not undertake pressure effects into account but it
has been reported that the sheath width decreases as neutral pressure is
increased. [24]

B.Charging of the CNT

The equation describes the charge developed on the entire CNT (i.e.,
spherical tip placed over cylindrical surface), due to accretion of electrons
and positively charged hydrocarbon, hydrogen, and carrier gas ions on the

surface of the CNT (i.e., spherical tip over cylindrical surface).

dZ

dr IiActs +IiActcys +IiBCtS +Ichtcys +Ii Ccts +Ii Ccteys ~Ye\lects +Iecl‘cys ’
4

where

Z is the amount of charge over the entire CNT (i.e., spherical tip and

cylindrical surface) and is dimensionless,
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=7r

ct

8k, T,)\2 U
Locts 2 L%J e (x) CXP{ZO@ + s ] is the electron collection
e

kT

current at the surface of the spherical CNT tip(in sec”) and

kT,

2
[ [: ¢ J(in eV), 1y 1s the CNT tip radius (in nm),
Tet"B'e

|e|¢(x)} is the electron density in plasma sheath

kol

ne(x)= Mg EXP
(in cm™) [27],
¢(x) is the electrostatic potential(in StatV). ). is the sticking coefficient

of electrons and is dimensionless, ¢(x):¢0exp{_ﬂ] , ¢o 1s the negative

A

potential at the surface (in StatV), d

1
27k T, \2
5 ] o
e

eVS N eUS
kBTe kBTs

1s the electron

Tecteys = e (x)rcth[

collection current on the cylindrical surface of the CNT( in sec™) , V; is
the surface potential on the cylindrical surface of the CNT(in StatV) , h is
the height of cylindrical surface of the CNT(in um) and m, is the mass of

electron(in gm),

1 1 1
27k, T. 2 [ eV, |2 ev. eV,
x)r..h B S 1 +ex S_\erfe s
eteys U““[ "y ] i) ool
E
b eUs
exp| — exp| —
kol kgl

is the ion collection current on the cylindrical surface of CNT(in sec), T

is the ion temperature(in K), m; is the ion mass (j refers to either A, B or
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C positively charged ions) (in gms), E, is the energy barrier for bulk

diffusion (=1.6eV) , Tis the substrate or catalyst temperature (in °C),

8k ,T. |2 E U
2| "B7i b eUy | .
I.. =7xr. | ——=+| n.(x)|1-Za. |exp|— exp{——} is the
4 t
ycts ¢ [ﬂmij J J [ J kBTs kBTS

ion collection current on the spherical CNT tip ( in sec™),

2ed(x)
o

;where n..(x) is the ion density in plasma sheath
m..ve J
i ij0

i (x)= nijO 1

in cm™ , V.. 1s the ion velocity at any point within the plasma (in cm/sec)
ij0

2
€

and a.=

otk T;

The following assumptions were considered for solving the currents:

1. Maxwellian distribution of electrons and ions was considered.

2. ep(x)<<k BTe

3. T<<U;s i.e., temperature of electrons is lesser than the substrate
potential.

4. The mean free path of the ions is greater than the distance x in the
sheath.

5. For the sheath to perform its function and repel electrons the potential

must be monotonically decreasing with increasing x. This will occur
if nj(x) >n.(x) for all x in the sheath [26].
6. The high voltage is considered to be applied over longer time scales

therefore, the ions would be accelerated by the electric field [26].
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C.Balance equation of electron density

The Eq. (5) describes the balance of electron number density in the
plasma bulk. The processes such as dissociative ionization of neutrals to
produce electrons and ions increases electron number density |,
recombination of electrons with ions reduces electron density in plasma
bulk, electron collection current to the CNT surface reduces electron
density in plasma bulk , and loss of electrons to discharge wall are

considered.

dn,
E:( AnA+ﬁBnB+,BCnC)—(aAneniA+aBnenl.B+acnenic)—;/enct(]ects +Iectcys)

e
_Kwall te>
)

where

Yii e 'BB and - are the coefficients of 1onization of the constituent

neutral atoms of A(hydrocarbon) ,B(hydrogen) and C(carrier gas) due to

external agency (in sec),

k k
300 300
aA(Te):aAO[T—eJ em? /sec, aB(Te):aBO(T—eJ em? /sec and ac(Te)=

k
a0 (3;0] em> /sec  are the coefficients of recombination of electrons

T,
positively charged ions [33] of A(hydrocarbon) ,B(hydrogen) ,and

C(carrier gas), respectively wherek =-1.2 is a constant , n, is the CNT

number density (in cm™) 12

and _ _ _ —7 L
@ 40 =% =%c( =0 <10 [TeOJ
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leets and Ieeys are electron collection currents to spherical CNT tip and

cylindrical CNT surface (in sec™),respectively.

Ke
wa

J 1s the number of electrons lost on the

" _7/ evtheSsuljf e
mnel 4v

discharge wall per unit time per unit volume (in cm™ sec™), where 1S
g p p o

the sticking coefficients of electrons and is dimensionless,

f 87,
vthe[_ ”me} i1s the average thermal velocity of electrons[15] (in

cm/sec), Seur is the chamber surface area( in cm®), and V is the volume
of the PECVD chamber (in cm’) whose inner diameter R= 16 cm and
length L =23 cm is considered [15].

The first term on the right side of Eq. (5) is the rate of gain in electron
density per unit time because of dissociative ionization of neutral atoms;
the second term is the decaying rate of the electron density due to the
electron—ion recombination. The third term is the electron collection
current at the surface of the CNT (spherical tip placed over the cylindrical
surface). The last term denotes the loss of the electrons to the discharge
wall [15].

D.Balance equation of positively charged ion density

The Egs. (6) to (8) describes the balance of positively charged ions in
plasma bulk considering dissociative ionization of neutral atoms,
recombination of electrons and ions, ion collection current at CNT
surface, their adsorption, desorption, thermal dehydrogenation and loss to

the discharge wall.
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dn, .
iA _ _ _ _ _ iA
dr =5 A" 4™y T et (IiActs +]iActcys JaiA +Jdes0rpti0niA KwallniA *
2k gy
(6)
cm—iB—ﬁn gt L +1 Ny — +J, KB a4
dr BB TB¢UB cl\'iBcts * "iBcitcys aiB " desorptioniB ~ “th "~ wall"iB
2kinghic:
(7)

dn,
ic J .

_ iC
o Pcmacretic T (’ iCets *iceteys |~ aic *

desorptioniC ~Kyarict

2k gric 2
®)

Pi n;
Sy = TX~" is the adsorption flux onto the catalyst —substrate

(2”’" iksT; )E Ji

surface (in cm™ sec™), P, is the partial pressure of adsorbing species [28],

J . ..=n..vexp| —% | is the desorption flux of ions from the
desorptionij i ..
By
catalyst — substrate surface (in cm™ sec™), j refers to either A ,B or C
ions, Vis the thermal vibrational frequency  ~3x10° Hz , &,; is the

adsorption energy [28] (in €V), n; is the ion number density at the

catalyst substrate surface (in cm™).

273



5 -0 "

th~"H VeXp[kBTS ] is the flux of type B ion (namely hydrogen) on

account of thermal dehydrogenation (in cm™ sec™). 5gth is the activation
energy of thermal dehydrogenation (in eV), ny is the hydrogen ion

number density at the catalyst- substrate surface (in cm™).

KV yl'jvl‘hijsswf denotes the loss of ions j on the discharge wall per
wall 4y
unit time per unit volume( in sec™), ;i 1s the sticking coefficients of
ions and is dimensionless , Vi = \/g is the average thermal velocity of
ions A ,B or C (in cm/sec).
The first term in Egs. (6), (7) and (8) is the gain in ion density per unit
time because of 1onization of neutral atoms, the second term is loss of ion
density in plasma bulk due to electron-ion recombination. The third term
is loss of ion density in plasma bulk due to the ion collection current to
the surface of the CNT (spherical tip over the cylindrical surface). The
fourth term is the loss of ions because of their adsorption to the catalyst -
substrate surface and fifth term is the gain of ion density due to the
desorption of ions from the catalyst -substrate surface into plasma bulk.
The term Jy, in Eq. (7) describes the increase of hydrogen ion number
density in plasma because of thermal dehydrogenation. The
Kot
discharge wall [15]. The last term in Egs. (6) ,(7) and (8) is the gain in ion

in Egs.(6) ,(7) and (8) denotes the loss of the ions to the

number density due to neutral/ion reactions[15]. The rate of reaction [29]

k= 1.05x10" c¢m’/s and rate of reaction [30] ki,= 2-7%10"" cm’/s.
E. Balance equation of neutral atoms
The Egs. (9), (10), and (11) describes the balance of neutral species in

plasma due to recombination of electrons and ions, dissociative ionization
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of neutral molecules, ion and necutral collection current on the CNT

surface, inflow and outflow into and from the chamber and neutral/ion

reactions.
dn
_A4_ _ _ _
; G4y Pyt q* e (1 Y iA)(IiActs +IiAclys) Tiet? 4 (IACtS +[Actcys)
+IA—OA—%:kl-nAnl.C, 9
dn
_B_ _ _ _
dr ~9pip A BB et (1 ViB )(IiBCtS +IchtcyS) "ct’ B (IBctS +IBctcyS)+]B
~Op=2knghcs (10)
dn
C _
ar “c’ic ~Bnc g (1 B in)(IiCcts * [iCctcys ) e’ ([Ccts + [Cctcys j e
~Oc =2k ymic = kinghic (1
1
2 8k BT n 2 . )
1., = —L | n. is the neutral collection current at the surface
Jets ct | m.

J
of the spherical CNT tip (in sec™),

2
] n . is the neutral collection current on the cylindrical surface of

CNT(in sec'l).

7;; =1 is the ion sticking coefficient and y;= lis the neutral atom
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sticking coefficient and are dimensionless, T, is the neutral atom
temperature (in K), #; is the neutral atom density (in cm™) and m; is the

neutral atom mass (in gm).

I.

; is the inflow i.e., the rate at which species j enter the

7

{cm_3 ] i 4.4><1017Jj[sccm]
S

chamber. J; is the gas inlet flow rate[15] (in standard cubic centimeter per minute).

i s % is the outflow 1.e., the rate at which species j leave the chamber [15].

0.[cm—3}zvaw n;
Voump 1is the pumping rate (in cm’/s) . n; is the number density of
species j (in cm™ ) and V is the volume of the chamber (cm®) [15]. j can
either be neutrals of CH, ,H; or Ar/N,/NH;.

The first term in Egs. (9), (10) and (11) is the gain in neutral atom density
per unit time due to electron—ion recombination; the second term is the
decrease in neutral density due to dissociative ionization. The third term
i1s the gain in neutral density due to neutralization of the particles
collected at the surface of the CNT. The fourth term is the accumulation
of neutral atoms of species A and B on the surface of the CNT. The fifth
term denotes the increase of neutral density in plasma bulk due to their
inflow into the chamber and sixth term denotes the decrease of neutral
density in plasma bulk due to their outflow from the chamber [15]. The
last terms denotes the loss in number density due to neutral and ion

reactions [15].
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F. Rate equation for Energy of catalyst particle

Initially, a catalyst particle nickel (Ni) of radius 30 nm is considered to be
placed over a silicon (Si) substrate surface.

As, Srivastava ef al. [31] have highlighted in their experimental findings
that an increase in microwave power causes more ionization of the gas,
which increases the density of plasma species of relatively higher energy.
Following experimental results of Srivastava et al. [31], we assume that
as the applied rf power increases, it ionizes the gas more which creates
more energetic ions, which implies that plasma species of relatively
higher energy are created. Since, energy of ions corresponds to the
number density and temperature of ions so we assume that with an
increase in rf power the number density and temperature of plasma
species increases. A catalyst particle of nickel (Ni) of radius 30 nm is
considered to be placed over a silicon (Si) substrate surface which on the
increase of rf power fragments into catalyst nanoparticle due to

generation of more energetic plasma species.

_ d _ s s
Hfpower = CPYZV d_z-(mp) B |:IiAClP (8 iAc +Iij JrIchtP (8 iBc JrIpB)

s (3 _ _ _
+[iCctP(g iCc+IpCH (5"3][(1 7ia) teap 178V ipeap 171 Micap T

(12)
where
mp :gmf]f ppis the mass of catalyst particle (in gm), r ,, is the radius of
catalyst particle(in nm).
P p is the mass density of catalyst particle (in gm/cm’), C, 1s the specific
heat of catalyst particle (Ni) and is 0.44KJ/Kg’K and T is the substrate
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temperature (in °C). I,a , Ig and Ic are the ionization energies of atoms A
(methane) ,B (hydrogen) and C (either Ar/NH3/N,), respectively (in eV) .
In the present problem, we have assumed the substrate and catalyst
temperature to be the same. However, Denysenko and Azarenkov [32]
have considered the substrate and catalyst temperature to be different in
their study and concluded that the substrate-holding platform temperature
differs from that of the catalyst nanoparticle temperature mainly due to
the temperature variation along the Si substrate.

2-Zy
EUC( )= % =27 j; |kpT;; are the mean energy collected by the ions

j (in eV) (where, j refers to ion A, B or C) at the surface of the catalyst

particle [33] and Y= ¢?
Ji PkBTl]

1
8k 2 E U
_ . 2| 0B b eUs
I.. ,=7r n. (x)[l Zy . }exp - exp| —
ijctP P (7; ZJJ Ji kBTs kBTs

is the ion collection current at the surface of catalyst particle, j (where, j
refers to ion A, B or C ) (in sec™).

In Solving Eq. (12), we consider that at rf power of 100W, and at =0
feeding ion density (njgo= niA0)=1090m'3 ,on temperature T;) =2100K,
substrate temperature T, =550 °C, energy for bulk diffusion E,=1.6eV,
substrate bias U; = -50V and catalyst particle radius rpy =30nm in
expression for ion collection currents ( Liacep , lipep and licep ), We can

calculate Liacwpo, Liperro and Licerpo -

Feeding Iiacpo, LiBetpo and licewpo and the other parameters i.e., €7,
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=13.2 eV , €= 13.2 eV and ¢, =13.2 eV, [,=11.87eV , L
=10.7¢V and I,c=12.21eV in Eq. (12), we can get the value of catalyst
particle radius rp at any time 7 for Te=550°C .

The terms on the right side of Eq. (12) is the rate of energy transferred to
the catalyst particle due to the ions collected at the surface of catalyst
particle because of ionization of neutral atoms A , B and C and mean
energy collected by the ions at the surface of catalyst particle, and due to
the accretion of ions A , B and C at the catalyst particle site.

The resulting value of catalyst nanoparticle at time zserves as the initial
base radius of the cylindrical part of nanotube.

G. Growth rate equation of the curved surface area of CNT

—SE . . Jig%ads/ip . .
2nCHvexp{—L]+29 JiqYa+2j; +u+/carbon
p d(2zh) _ kpTs CH’id i v carbon
P ar
. . Dy x27xr
O - s
+ JA+M+J expﬁL mA X p 1 +
5 Vv iA kBTS l 72-],.2 1
ppp iActcys
y 7[;»21 +y 7rr21
CH4 P CH4ctcys C” P Cctcys
,(13)
2
d(m2) ~Ey —9Ey, 0k || @)
=J +7. +jn(1=60)+j.»+0 Y+ Q="
ac Vi igr [P T, [0 i ey | Jim a0 g
2
1Pt Crs
(14)
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The Eqgs. (13 and 14) traces the development of the CNT on the catalyst
nanoparticle. The height of cylindrical CNT surface is obtained from Eq.
(13) in which we consider the growth of the cylindrical part of the CNT
and the value of the height of the cylindrical CNT surface at time 1 is then
fed into Eq. (14) to determine the radius of spherical CNT tip (r). The
Eq. (14) specifically calculates the curved surface area of the spherical
CNT tip.

The Eq. (14) accounts only for the nanoparticle tip radius as bottom area
is already determined by the catalyst nanoparticle because they seed
nanoparticle growth on them. h(t) is the height of the CNT at atime 7.
The explanation for all the symbols used in Eq. (13) is given in Table 1.
The explanation for all the symbols used in Eq. (14) is given in Table 2.
The explanation for all the terms used in Eq.(13) is given in Table 3.

The explanation for all the terms used in Eq.(14) is given in Table 4.
Table 1. Explanation for all the symbols used in Eq.(13)

S.No. | The notation of various | The explanation for

symbols used in Eq.(13) symbols in Eq.(13)

1. nCH =06.,v, (in cm'z) The number density or

concentration of CH (CH
denotes CH, species)[24]

2. v, ~1.3x10%cm ™ The number of adsorption
sites per unit area [34]
3. Jearbon=NcarbonVihcarbon/4 Ion flux of carbon atoms[24]
(in cm™ sec™)
4, Vihcarbon (IN CM sec'l) The thermal wvelocity of
carbon atoms[24]
5. jia=mia(kp T/ mix) " (in cm™ [ Ton flux of type A and B,
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sec’) and respectively
jis =nip(kpTy/ myp)
(in cm™ sec™)
6. Vv, =&, &, Ratio of kinetic energy
(dimensionless) associated with the motion of
hydrocarbon ions impinging
on the substrate to
dissociation energy of CH,
[24]
7. n;z (in cm™) Number density of type B
ions i.e., hydrogen ions
8. ey (IneV) Kinetic energy associated
with  the motion of
hydrocarbon ions impinging
on the substrate [34]
9. Eqis(ineV) Dissociation energy of CH,4
10. O ~6.8x10%cm? Cross section for the
reactions of atomic hydrogen
with adsorbed particles[24]
11. "C (in em®) Number density of C
ions(i.e., carrier ions)
12 Dsand | D, =D exp(~Eg/kTy) || Surface diffusion coefficient
D ,=va; is a constant [34]
(in nm™sec™)
13. E~03¢eV Energy barrier for diffusion
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of carbon (C) on the catalyst
[34]

14. ap =0.34 nm Inter atomic distance between
carbon atoms

15. 0, (dimensionless) Total surface coverage[24]

16. og,=1.3eV Energy due to thermal
dissociation[34]

17. ;/CH4(dimensionless) Sticking coefficient of CHy,
neutrals

18. Yo (dimensionless) Sticking coefficient of carrier
gas i.e., of either Ar/N,/NHj;

19. Mearbon =12 amu The mass of a carbon atom

20. m;y =15 amu for CH;" The mass of type A(methyl)

=16 amu for CH," ions

The mass of type A(methane)
ions

21. h(7)(in pm) Height of CNT at time 7

22. n;p (in cm™) Number density of type B
ions 1.e., hydrogen ions

23. Icnacteys (In sec"l) Methane neutral atom
collection current at the
surface of cylindrical CNT

24, Tceteys(In sec'l) Carrier gas neutral atom

collection current at the

surface of cylindrical CNT

282




25. k=1.38x10"° ergs/K Boltzmann’s constant

26. T=550°C Substrate temperature

27. 1,=30 nm Initial radius of catalyst
particle

28. pp = 8.908 g/cm3 Density of nickel (Ni1)

209. QC g7 (dimensionless) Surface coverages of CH,
species[24]

30. v=10"Hz Thermal vibrational
frequency[34]

31. LiActeys(in sec™) Ion collection current of

hydrocarbon(i.e., A ) the
surface of cylindrical CNT

Table 2. Explanation for all the symbols used in Eq. (14)

S. No. | The notation of various | The explanation for symbols
symbols used in Eq.(14) in Eq.(14)
1. Jis =nig(kgTy/ mjp) 12(in cm” | Ton flux of hydrogen (B ion)
sec™)
2. T; (in K) Ion temperature
3. E, ~1.6eV Energy  barrier for bulk
diffusion[24]
4. 5&p (ineV) Energy due to dehydrogenation
of CH, [34]
5. 0, (dimensionless) Total surface coverage [24]
6. h(7)(in um) Height of CNT at time
7. r(in nm) Radius of spherical CNT tip
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Table 3. Explanation for all the terms used in Eq.(13)

S.No. | The mathematical The detailed explanation for terms
Expression for terms in | in Eq.(13)
Eq.(13)
1. —SE The generation of carbon atoms on
2n ___vexp L
CH k BTS the catalyst surface due to thermal
dissociation of methyl ions[24]
2. 20 ' - i iati
CH ‘]iA Yy Ion -Induced dissociation of CH,
[24]
3. 2 ‘jiA Decomposition of positively charged
hydrocarbon ions
q . . . .
Ji AO'a ds JiB Interaction of hydrocarbon ions
1% with hydrogen ions [34]
5. J Incoming flux of carbon atoms
carbon
6. J 4 Incoming flux of hydrocarbon ions
l
per unit time onto the catalyst
particle
7. jiAaa ds/H Interaction of adsorbed type A ions
v with  atomic  hydrogen  from
plasma[24]
8. ji A(I—Qt) Adsorption of hydrocarbon ions onto
the catalyst-substrate surface[34]
0. -SE Thermal dissociation of CHy[34]
J. €xXp :
id | kgTy
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10. The surface diffusion of various
Dgx2 :
DxATp species onto the catalyst surface
p across the catalyst nanoparticle per
unit area per unit mass density[34]
I1. 2] Accretion of neutral methane atoms
TcH J Py cleys
4 to the cylindrical surface of CNT
12. 2, Accretion of neutral carrier gas atoms

Yc*'p Cctcys

to the cylindrical surface of CNT

Table 4. Explanation for all the terms used in Eq.(14)

S.No. | The Mathematical The detailed explanation for terms
Expression for terms in | in Eq.(14)
Eq.(14)
1. . —Eb Hydrogen atom diffusing into catalyst
ex
1B P % Bls - substrate surface [34]
2. —0E Incoming flux of hydrogen due to the
J;g exp| I .
! kpT dehydrogenation of CH,4[24]
3. ji B (1-6,) Adsorption of hydrogen ions to the
catalyst - substrate surface[34]
4. ji B Decomposition of hydrogen ions
5. HCH Jig¥ y Ion induced dissociation of CH,[24]
6. -OFE. Incorporation of hydrogen ions due to
0 Vovexp L N
CH k BT s thermal decomposition of hydrocarbon
ions[24]
7. h(r) Height of CNT at time T
8. nip Number density of type B ions i.e.,
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hydrogen ions

9. 2 Accretion of neutral carrier gas atoms
7c ﬂrClJCcts 8

at the spherical CNT tip

9.4: Numerical Result and Discussions

In the present chapter, we are studying the effect of different carrier gases
and their flow rates on the growth of CNT through the PECVD process.
In a PECVD process, the applied power dissociates the feedstock gas
(e.g., methane CH4) and the dissociated species traverse through the
plasma sheath following the decomposition of a hydrocarbon gas on the
surface of the catalyst and bulk diffusion of carbon into the catalyst
particle until saturation to eventually, form carbon nanostructures.

Ions from plasma do usually deposit inhomogeneously on CNTs growing
as a forest as reported in Burmaka et al. [35]. Therefore, in the present
model, we assume the inhomogeneous deposition of ions on CNT
growing in a reactive plasma medium assisted by the catalyst.

In a PECVD chamber, there are three input gases: hydrocarbon gas,
carrier gas and hydrogen gas. In the present analysis, we investigate the
effects of carrier gases on the growth of CNT in a reactive plasma
medium. The three different carrier gases e.g., argon (Ar), ammonia
(NH;) and nitrogen (N,) are considered. =~ The flow rates of all the three
carrier gases are varied individually keeping the flow rate of hydrocarbon
and hydrogen gas constant.

The calculations have been formed to investigate the dependence of
hydrocarbon and hydrogen number density, the height of cylindrical CNT
surface and radius of the spherical CNT tip with time for different flow
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rates of carrier gases by simultaneous solution of Eqgs. 1 to 14 at
appropriate boundary conditions.

The initial boundary conditions for the present calculations are at

7 =0, ion number density ( njyo=0.5 ne0, n;z;=0.5 nel and n;cx=0.5 ne0)
,neutral atom density (nA0=nBO=nCO=1x1014 cm’3), electron number density

(neo=1.12x10° cm™), electron temperature (T.) =1.5¢V, ion temperature

(Tino ) =2200K, neutral temperature(T,y) = 2000K, mass of ion A (ml. A)=

15 amu (methyl ion CH;") and 16 amu (methane ion CH," ), mass of ion

B (m

; B)= lamu for (H"), 2 amu for( H,") and 3 amu for (H;"), mass of

ion C (miC):4O amu for Ar,17 amu for NH;" and 28 amu for N, ",

coefficient of recombination of electrons and 10ns(a 40 %R0 zaCO)

=1.12x10'7cm3/sec, constant x = -1.2 and density of Ni (Pp)=

8.908g/cm’.

Other parameters used in the calculation are substrate temperature (Tj)
=550°C, energy barrier for bulk diffusion (Ey)=1.6eV, energy due to
thermal decomposition of methyl ions §¢; =300eV ,dissociation energy of
CH, (&4) =4.2eV, lonization energies of neutral atom A (Ipa ) = 8.96 €V,
Ionization energies of neutral atom B (I,5 ) =6.86 ¢V, the mean energy
collected by the ion A at the surface of catalyst particle (g;4) =6¢V,
the mean energy collected by the ion B at the surface of catalyst particle
(eig) = 1leV, sticking coefficient of electron (y,) = 1, sticking

coefficient of ion (y;;) =1 , chamber surface area (Sq.f) = 3918.72 cm’

average thermal velocity of electrons (vie) = 6-48%10°cm/s, chamber
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volume (V) = 18488.32 cm’ ,and average thermal velocity of ions (Vthij)
=3.67x10° cmy/s.

The flow rate of CHy (Jcns) and H, (Jypp) is fixed at 6.0 sccm (standard
cubic centimeter per minute) and 12 sccm, respectively. Three different
carrier gases N,, NH; and Ar are considered and their flow rates are
individually varied to study the effects of all the three carrier gases and
their flow rates on the growth of the CNT by PECVD process. Flow rate

of carrier gas (J¢) is varied as 10sccm, 20scem, and 30sccm.

)

21x%10°

m

8x 108}

6x 108}

4x108} a

2x 108}

Number density of hydrocarbon ions (nia) (inc

200 400 600 800 1000
Time (sec)

>

Fig. 1. Depicts the time evolution of number density of hydrocarbon ions ( in
cm™) for different flow rate of argon carrier gas (where a, b and ¢ corresponds
to Ja= 10sccm, 20sccm and 30scem,respectively). The other parameters are
given in text.

Fig. 1 displays the variation of the number density of hydrocarbon ions
(in cm™) with time for different flow rates of argon (Ar) carrier gas (i.e.
Ja= 10sccm, 20sccm and 30sccm). It can be seen from Fig. 1 that as the
flow rate of carrier gas is increased the number density of hydrocarbon

ions increases. This may be ascribed to the fact that with increasing the
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carrier gas flow rate , the ions of carrier gas increases and they then react
with neutrals of methane giving rise to ions of methyl, thereby increasing
their number density within the plasma. The possible governing equation
[15] for the above process is

Ar'(Argon) + CH, (Methane) —CHj;" (Methyl) + H (Hydrogen) + Ar(Argon)

1x10°
8x 108}
6x 108}

4x 108}

2x 108}

Number density of hydrocarbon ions (n;s) ( in cm'3 )
Q

200 400 600 800 1000
Time (sec)

<

Fig. 2. Depicts the time evolution of number density of hydrocarbon ions (in
cm™) for different flow rate of ammonia carrier gas (where a, b and ¢
corresponds to Jypz= 10scecm, 20scem and 30scem,respectively). The other
parameters are given in the text.
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Fig. 3. Illustrates the time evolution of number density of hydrocarbon ions (
in cm™) for different flow rate of nitrogen carrier gas (where a, b and c
corresponds to Jy,= 10scem, 20scem and 30scem,respectively).The other
parameters are given in the text.

Figs. 2 and 3 illustrates the variation of the number density of
hydrocarbon ions (in cm™) with time for different flow rates of ammonia
(NHj3) carrier gas (i.e., Jyus= 10scem, 20scem and 30scem) and nitrogen
(N,) carrier gas (i.e., Jyo= 10sccm, 20sccm and 30sccm),respectively .
The variation of the number density of hydrocarbon ions with flow rate of
carrier gas and explanation for the process obtained in Figs. 2 and 3 are
same as in Fig.1. When ammonia is taken as a carrier gas, the possible
governing equation [36] for the above process is

NH;" (Ammonia) + CH, (Methane) — NH,4 (Ammonia) + CH; " (Methyl)

Now, when nitrogen is taken as a carrier gas, then possible governing
equation is

N, (Nitrogen) + CH, (Methane) —no reaction

But for N, the possible reaction [37] is
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N (Nitrogen) + CH,; (Methane) — HCN™ (Hydrogen cyanide) + H,
(Hydrogen) +H(Hydrogen)

3

[u—y
X
[
(=)
o

8x 108}
6x 108}

a
4x 108} b

2x 108}

Number density of hydrogen ion (n;jg)( in cm”
|

200 400 600 800 1000

Time (sec)

(]

Fig.4. [llustrates the time evolution of number density of hydrogen ions (in cm’
%) for different flow rate of argon carrier gas (where a, b and ¢ corresponds to
Ja= 10sccm, 20sccm and 30sccm, respectively). The other parameters are
given in the text.
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~ 1x10°
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Fig. 5. Depicts the time evolution of number density of hydrogen ions (in cm’
%) for different flow rate of ammonia carrier gas (where a, b and ¢
corresponds to Jyyz= 10scem, 20sccm and 30scem,respectively). The other
parameters are given in the text.
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Fig. 6. Depicts the time evolution of number density of hydrogen ions ( in cm’
3Yfor different flow rate of nitrogen carrier gas (where a, b and ¢ corresponds
to Jnp= 10scem, 20scem and 30scecm,respectively). The other parameters are
given in the text.

Figs. 4, 5 and 6 displays the variation of number density of hydrogen
ions (in cm™) with time for different flow rates (in sccm) of argon (Ar),
ammonia (NH3) and nitrogen (N,) carrier gases, respectively. It can be
seen from Figs. 4, 5 and 6 that as the flow rate of carrier gas is increased
the number density of hydrogen ions decreases. This may be ascribed to
the fact that with increasing the carrier gas flow rate, the density of both
hydrocarbon and hydrogen ions does increase, but hydrogen ions being
more reactive than hydrocarbon ions further react with higher
hydrocarbon ions in the plasma thereby increasing the density of
hydrocarbon ions but decreasing their own numbers within the plasma.
The possible governing equations are

Ar'+H, >Ar+H,'

H, +H,— H;" +H
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H;'+ CyH, —» CH'y+H,

From Figs.1 and 4, Figs. 2 and 5, and Figs. 3 and 6, we can compare the
time evolution of densities of hydrocarbon and hydrogen ion with the
carrier gas inflow. It can be inferred from Figs.1 and 4, Figs. 2 and 5, and
Figs. 3 and 6 that for the same carrier gas inflow, the hydrogen ion decays
faster than the hydrocarbon ion which validates the fact that hydrogen
ions are more reactive than the hydrocarbon ions and hence induces the
formation of higher hydrocarbons within the plasma.

The increase in the number density of hydrocarbon and decrease in the
density of hydrogen with flow rate of carrier gas is in accordance with the

results of Denysenko et al.[15].

50

Height of CNT( in pum)

0 100 200 300 400 500 600

Time (sec)

Fig. 7. Depicts the time evolution of height of CNT (in pm) for different flow
rate of argon carrier gas (where a, b and c corresponds to J,,= 10sccm,
20sccm and 30sccm). The other parameters are given in the text.
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Fig. 8. Depicts the time evolution of radius of CNT (in nm) for different flow
rate of argon carrier gas (where a, b and ¢ corresponds to J,,= 10sccm,
20sccm and 30sccm,respectively). The other parameters are given in the text.

Figs. 7 and 8 illustrates the variation of height ( in um) and radius of
CNT(in nm) with time as a function of argon carrier gas inflow rate (i.e.,
Ja= 10scem, 20sccm and 30sccm), respectively. It can be seen from Figs.
7 and 8 that both the height and radius of CNT increases with carrier gas
flow rate. This may be ascribed to the fact that as the density of
hydrocarbon increases with the carrier gas flow rate, a larger number of
hydrocarbon and carbon radicals become readily available for CNT
growth, thereby increasing its height. Now, the increase of carrier gas
inflow leads to lesser number density of hydrogen ions, thereby reducing

the etching effects of hydrogen and hence giving larger radius of CNT
tip.
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Fig. 9. Depicts the time evolution of height of CNT (in um) for different flow
rate of ammonia carrier gas (where a, b and c corresponds to
Jnus=10scem,20scem and 30scem, respectively). The other parameters are
given in the text

Fig. 9 illustrates variation of height of CNT (in um) with time as a
function of ammonia carrier gas inflow rate (i.e., Jxyz= 10scem, 20scecm
and 30sccm). The height of CNT increases with inflow rate of ammonia.
This is because as the density of hydrocarbon increases with the ammonia
carrier gas flow rate, a larger number of hydrocarbon and carbon radicals

become readily available for CNT growth, thereby increasing its height.
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Fig. 10. Depicts the time evolution of radius of CNT (in nm) for different flow
rate of ammonia carrier gas (where a, b and ¢ corresponds to Jyu;=10sccm,
20scem, and 30sccm, respectively). The other parameters are given in the text.

Fig. 10 illustrates the variation of radius of CNT (in nm) with time as a
function of ammonia carrier gas inflow rate (i.e., Jxyz= 10scem, 20scecm
and 30sccm). The radius of CNT decreases with inflow rate of ammonia.
With ammonia gas, the increase of carrier gas inflow leads to lesser
number density of hydrogen ions. Now, in ammonia gas environment,
there are nitrogen ions also along with hydrogen ions and although
reduced hydrogen number density would decrease the etching of CNT by
hydrogen ions. However, there would be some etching by nitrogen ions
and hence the combined effect of etching by nitrogen and hydrogen
would eventually result in reducing radius of CNT tip with gas inflow

rate.
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Fig. 11. Depicts the time evolution of height of CNT (in um) for different flow
rate of nitrogen carrier gas (where a, b and ¢ corresponds to Jy,=10sccm,
20sccm and 30scem, respectively). The other parameters are given in the text.
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Fig. 12. Depicts the time evolution of radius of CNT (in nm) for different flow
rate of nitrogen carrier gas (where a, b and ¢ corresponds to Jy,= 10sccm,
20sccm, and 30sccm, respectively). The other parameters are given in the text.

Figs. 11and 12 illustrate the variation of height (in pm) and radius of
CNT (in nm) with time as a function of nitrogen carrier gas inflow rate

(i.e., Jno= 10sccm, 20scem and 30scem). The height and radius of CNT
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decreases with inflow rate of nitrogen. This may be ascribed to the fact
that with the nitrogen carrier gas flow rate, a larger number of CN
radicals formed in N, environment, which are volatile at room
temperatures, and reduces the carbon flux to catalyst particle thereby

producing lesser height and radius of CNTs[38].
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Fig. 13. Depicts the time evolution of height of CNT (in um) for different
carrier gases Ar, NH; and N, for a fixed flow rate of 10sccm for all the three
carrier gases. The other parameters are given in the text.
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Fig. 14. Depicts the time evolution of radius of CNT (in nm) for different
carrier gases Ar, NH; and N, for a fixed flow rate of 10sccm for all the three
carrier gases. The other parameters are given in the text.

Figs. 13 and 14 depicts the time evolution of the height of CNT (in pm)
and radius of CNT (in nm) for different carrier gases i.e., Ar, NH; and N,
for a fixed flow rate of 10sccm for all the three carrier gases. Finally,
from Figs.13 and 14, we can see that the height of CNT (in um) and
radius of CNT (in nm) is largest for argon followed by ammonia and then
nitrogen. Thus, one can conclude that argon is the best carrier gas among
those considered in the present problem followed by ammonia and then
by nitrogen for better growth of CNTs in a reactive plasma medium. The
results obtained in the present model comply with the experimental works
of Kayastha ef al. [6], Mi et al. [7], Jung et al.[8], Mi and Jia [10] ,Qian
et al. [11] and Malgas et al. [13].
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9.5. CONCLUSION

A theoretical model is developed to investigate the effects of three
different carrier gases and their flow rates on the growth of CNT by a
PECVD process. The three different carrier gases e.g., argon (Ar),
ammonia (NHj3) and nitrogen (N,) are considered and their flow rates are
varied to investigate their effects on height and radius of CNTs. The
results hold good when, the flow rate of CHy (Jcns) and H; (Jyp) 1s fixed
and the substrate and catalyst temperatures are assumed to be the same.
The initial ion number density and neutral atom density for hydrogen,
hydrocarbon and carrier is assumed to be the same at 0.56 x10° cm™ and
1x10"em™, respectively. The ion and neutral temperature for hydrogen,
hydrocarbon, and carrier is taken to be the same at 2200K and 2000K,
respectively.

The main findings of the work can be summarized as follows:

(1) With Ar acting as a carrier gas, CNTs with better height and radius
are obtained. This is due to the fact that number density of
hydrocarbon increases and of hydrogen ions decreases with Ar
carrier gas flow rate .The reaction mechanism is governed by
Ar'(Argon) + CH, (Methane) — CH;  (Methyl) + H (Hydrogen)+
Ar(Argon). Since increase in hydrocarbon density, makes carbon
radicals readily available for CNT growth thereby contributing to
height of CNT. The decrease in hydrogen ion density reduces the
etching effects of hydrogen and hence giving larger radius of CNT
tip.

(2)With NHj as a carrier gas, CNTs with better height but smaller
radius are obtained. This is because number density of hydrocarbon

increases and of hydrogen ions decreases with NHj carrier gas
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flow rate. The possible reaction equation is NH;" (Ammonia) + CHy4
(Methane) — NH4 (Ammonia) + CH;  (Methyl). The increase in the
height of CNT with ammonia flow rate is due to the larger
availability of carbon radicals with hydrocarbon density. The
reduction in radius of CNT is due to the combined etching effects of
both hydrogen and nitrogen.

(3) When nitrogen is taken as a carrier gas, both the height and radius of
CNT decreases. The possible reaction equation is N(Nitrogen) + CHy
(Methane) — HCN™ (Hydrogen cyanide) + H, (Hydrogen) +H (Hydrogen).
The reduction in both the height and radius of CNT with the
nitrogen carrier gas flow rate is because in N, environment, a larger
number of CN radicals formed which are volatile at room
temperatures and reduces the carbon flux to catalyst particle thereby

producing lesser height and radius of CNTs.
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CHAPTER 10
FUTURE SCOPE OF THE WORK

The work carried out in the thesis aims to study the growth of carbon
nanotubes (CNTs) in a plasma medium with and without catalyst. The
subsequent field emission from CNT is approximated based on the results
obtained. The present thesis may help to provide a better insight into the
growth of CNTs in a plasma environment and effects of plasma
parameters (such as electron densities and temperatures, ion densities and
temperatures) and process parameters (such as substrate bias, substrate
temperature, flow rates of carrier gas etc.) on the growth profiles of CNT.
The results may be extended to realize field emissions from CNT. The
main findings of the work carried out in the present thesis can be
summarized as:

1. The plasma parameters (i.e., electron densities and temperatures,
ion densities and temperatures) contribute to the growth of CNT
with smaller radius in plasma environment. The spherical CNT tip
and cylindrical CNT surfaces grow with smaller radius when
subjected to higher plasma densities and temperatures.

2. The presence of negative ions in a plasma environment is seen to
enhance CNTs growth with smaller radii.

3. The growth of CNT in different plasma mediums such as carbon
tetraflouride, methane, hydrogen, and argon is studied and it is
found that CNT grows with larger radius in carbon tetraflouride,
followed by argon, methane and hydrogen plasma.

4. The plasma composition affects the growth of CNTs and it is seen

that if plasma is composed of heavy and light positive ions then the

305



growth of CNTs with smaller radii is enhanced as relative
concentration of light to heavy ions is increased.

5. The growth of CNTs on a catalyst-substrate surface in a plasma
environment can be controlled more efficiently and CNTs with
desired growth profiles can be grown in such cases. The
hydrocarbon density and substrate bias contributes to CNTs with
larger heights and increase in hydrogen ion density gives CNTs
with smaller radii owing to its etching effects.

6. The substrate temperature is set up to be an important parameter in
the growth of CNT assisted by catalyst in a plasma ambiance. The
height and radius of CNT increases with substrate temperature.

7. Different carrier gases influences CNTs growth differently. The
carrier gas such as argon gives CNTs with larger height and radius,
CNTs with larger height but smaller radius are seen to grow in
ammonia carrier gas whereas nitrogen carrier gas impedes both the
height and radius of CNT.

8. Based on all the above findings the field emission from the CNTs
can be approximated. It may be seen that CNTs grown in higher
plasma densities and temperatures, in presence of negative ions, in
presence of heavy positive ions, in different plasma mediums such
as hydrogen, with increased densities of hydrocarbon and
hydrogen, and in different carrier gases with increasing flow rates,
and at higher substrate temperatures would give better field
emissions.

There is still a lot of work to be done and many questions that need to be
answered before a complete picture of the growth of CNT in a plasma

medium is painted. Some of the questions may be:
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Q1. What is the exact role of radicals in the growth of CNT in a plasma

medium? Are they detrimental to growth of CNT?

Q2. The role of atomic hydrogen in the growth of CNT is still an

unanswered question.

Q3. There can be various combinations of substrates and catalysts for the
growth of CNTs and different combinations yield different
nanostructures ranging from nanofibres to nanotubes but the exact
reasons behind different nanostructures growth in different substrates

and catalysts needs to be looked into?

Q4. PECVD (plasma enhanced chemical vapor deposition) process is
largely preferred over the conventional CVD (chemical vapor
deposition) method for its low temperature growth and alignment
effects. But what temperature during a PECVD process really
qualifies to be called a low temperature ? Moreover, the electric field
alignment of CNTs may be an important avenue of research.

Q5. Does the quest to achieve CNTs at low temperatures a deterrent to its
yield?

All these questions among many others are yet to be answered before

large quantities of CNTs at preferably low temperatures are obtained such

that CNTs can be employed on larger scales for their more realistic

applications.
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