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Abstract

Discovered in 1991, carbon nanotubes (CNTs) have reachddrdfeont of many
industrial research projects. Carbon nanotubes are tub@phegre layers with remarkable
mechanical, chemical, thermal and electrical propenigsch make them useful in various
applications. Depending upon their structure CNTs are otypes i.e. single walled carbon
nanotube (SWCNT) and multiwalled carbon nanotube (MWENT

The nucleation and growth of vertically aligned MWCNT degeolson p-Si substrate
by microwave plasma enhanced chemical vapour depositi®E(@WD) process have been
carried out. Several characterization techniques suchsasining electron microscopy,
transmission electron microscopy, high resolution tragson electron microscopy, energy
dispersive spectroscopy, Raman spectroscopy and glangtegp&nay diffraction were used

for characterization of carbon nanostructures.

Various parameters were found to affect the growth androstructures of
nanostructured carbon films like: gas flow ratio, depositime and cocatalyst thickness.
Carbon nanowalls were deposited using Ag-Fe coated Sratdss Continuous decrease in

density and increase in size of carbon nanowalls wéatease in growth time was observed.

Field emission characteristics of different CNTs aMtMZs carried out using a diode
configured field emission system. The threshold field aefti fenhancement factor were
determined from the current density vs. electric field Bodler-Nordheim plots for different
samples. It was found that Ag-Fe deposited films haveebetmission properties as
compared to CNT film deposited on Fe. CNWs also have godds®n characteristics.
CNWs deposited for higher time were found as better emsitte
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CHAPTER 1

| ntroduction

"This chapter introduces the field of carbon nanostructures like CNT, CNF,
CNP, CNW etc. Various properties of CNT have been discussed. The synthesis
techniques of carbon nanostructures and various proposed growth mechanisms

have been described. Application of carbon nanotubes has been discussed.

1.1 Carbon Nanotubes (CNTSs)

Carbon, a group IV element, has two criygstaforms: diamond and graphite. Carbon
nanotubes (CNTs) are allotropes of carbon. Theséndeidal carbon molecules have novel
properties that make them potentially useful in many iegjdns in nanotechnology,
electronics, optics and other fields of materials reme as well as potential uses in
architectural fields. They exhibit extraordinary strengtial unique electrical properties, and
are efficient conductors of heat. CNTs are memberkeofullerene structural family, which
also includes the spherical buckyballsThe ends of a CNT might be capped with a
hemisphere of the buckyball structure. CNTs are namedemdsis of derived from their
size, since the diameter of a nanotube is on the ofdefew nanometers, while they can be
up to several millimetres in lengthCNTs are categorized as single-walled nanotubes
(SWCNTs) and multi-walled nanotubes (MWCNTS) depending upemumber of walls.

CNTs may consist of one up to tens and hundreds okotme shells of carbons with
adjacent shells separation00.34 nm i.e. (002). The carbon network of the shells is lglose
related to the honeycomb arrangement of the carbomsatin the graphite sheets. The
amazing mechanical and electronic properties of the nanotibes in their quasi-one-
dimensional (1D) structure and the graphite-like arramgegnof the carbon atoms in the
shells. Thus, the nanotubes have high Young’'s modulus astetstrength, which makes
them suitable for composite materials with improved maedcal properties. The nanotubes
can be metallic or semiconducting depending on thaictral parameters. This opens the

way for application of the nanotubes as central elésnan electronic devicésncluding

(M
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field-effect transistofS(FET), single-electron transistors and rectifyingdgis. Possibilities
for using of the nanotubes as high-capacity hydrogen g#oraedia have also been
considered

1.2 Structure of Carbon Nanotube®

It is convenient to specify a general CNT in terms wéetor G, , and the chiral angle
0, which are shown in Fig.1.1. The chiral vectayi€ defined in Tablel.1 in terms of the
integers (n,m) and the basis vectors a and b of the grageet, which are also given in the
table in terms of rectangular coordinates. The integers) uniquely determine {Cand 6.
The length L of the chiral vector,GTablel.1) is directly related to the tubule diameter d.
The chiral angléd between the Cdirection and the zigzag direction of the graphenetshe
(n,0) ( Fig.1.1) is related in Table 1.1 to the integersn{h, We can specify a single-wall
carbon nanotube by rolling of graphérsieet that the two end points af &liperimposed to

one another.

Fig.1.1: Graphene sheet with the lattice vectors a and b arahgle® and ¢ show the
type of nanotube : Armchair, Zigzag, Chiraf™.

(2)
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Table 1.1 Different parameters of carbon nanotubes (CNTSs).

Name Formula Value
Carbon-Carbon distance Cc-C 1.421 A°
Length of unit vector v3acc 2.46A°
Chiral vectors C= n&+mb n,m integers
Circumference of nanotubgs L=Cy=ay/(n*+mf+nm) 0<m<n
Circumference of nanotubds d =  a/(n’+n?+nm)

I
Chiral angle Sinp = vam |
2 (n*+mf+nm)

The unit cell of the carbon nanotube is shown in Flgds the rectangle bounded by the
vectorsCy and tube axis.

There are two types of CNT: Single walled carbon nalveg (SWCNT) and
Multiwalled carbon nanotubes (MWCNT). A SWCNT is allba cylinder of a graphite
sheet. The inner diameter of SWNT is typically 1 nm. ®@IMI' consists of many concentric
seamless cylinders or SWNTSs. The intertube spacing in M¥VislTypically ~ 0.34 nm. The
diameter of MWNTSs ranges from 2 nm to 25 nm as shoviag ih.2.
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Fig.1.2: Schematic diagram of (A) Singlewalled CNT (B) Multivalled CNT*2
Depending on the orientation of vector C, nanotubeslassified into three categories:

(a) Armchair tubes, for this, n = m, i.e. all (n,n) tubes are called @nair tubes.
(b) Zigzag tubes for this, m = 0, i.e. all (n,0) tubes are called zigzdups.
(c) All other tubes are called chiral tubes with a chirgleyb, defined as angle between the

vector C and the zigzag direction as shown in fig 1.3.

@) (b)
Fig: 1.3 Schematic models of (a) zigzag (b) Armchair and(c) @al CNT 2.

1.3 Properties of CNT

CNT is a arrangement of carbon atoms that possegqaeaiset of specific properties:
mechanical, electrophysical, field-emission, optical eneémical. Utilization of CNTs filled
by nanoparticles of different materials comes agmifsgtant step forward in the development
of nanotechnology. The investigation of the properde€NT coupled with the magnetic
materials is one of the most advanced area of reseahely. have variable electronic and
mechanical properties. They can carry the highest dudesrsity among any material. They
have high aspect ratio and high melting point.

1.3.1 Electronic Properties

Electronic properties of CNT have received the greatésttion in nanotube research

and applications. Extremely small size and the highly sgimenstructure account for the

(4)
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remarkable electronic and magnetic properties of the tnbes. SWCNTs, ropes of
SWCNTs and MWCNTs show quantum wire characteristicd/@NTs are essentially non
semiconductingor metallic, whereas, SWCNTs can be either metalticsemiconducting
(band gap~ 0.4 - 0.9) depending on their precise structure. SWCNTs posgessal
properties which emerge from the strong one dimensioratitlycrystalline perfection of the
cylindrical graphene structure. The band gap for a semictinduabe (n —n3 3K) is given
by

Eg=2dcy/ D

wherey is the nearest neighbour — hopping parameter and range=ebe?.5-3.2 eV,

dec = 0.142 nm, C-C bond length and D is the tube diarheter

1.3.2 Electrical Properties

In view of the symmetry and unique electronic structurgraphene, the structure of
a CNT strongly affects its electrical properties. CMNKkhibits very high electrical
conductivity along its axis. For a given (n,m) nanotube,3 m, the CNT is metallic; if n -
m is a multiple of 3, then the nanotube is semicondgcwith a very small band gap,
otherwise the CNT is a moderate semiconductor. Thygs=ath) CNT are metallic, and CNT
(5,0), (6,4), (9,1), etc. are semiconducting. In theorytaliie CNT can carry an electrical
current density of 4x£0A/cm? which is more than 1,000 times greater than metals, asich
coppef®.

1.3.3 Thermal Properties®

All CNT are expected to be excellent thermal conductosg the tube, exhibiting a
property known as “ballistic conduction” but good insulatdaterally to the tube axis.
Because of their small size, quantum effects are irmpgrand the low-temperature specific
heat and thermal conductivity show direct evidence of 1Dntigation of the phonon
bandstructure. It is predicted that CNT would be ableawsmit up to 6000 W/m.K at room
temperature while copper transmits 385 W/m.K. The temperattakility of CNT is
estimated to be up to 288 in vaccum and about 7%D in air. At higher temperature, a

SWCNT,SWCNT bundle, and MWCNT all have specific healues close to graphite.
()
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However, at lower temperature, because of quantum comgineeffects they show unusual

behavior.

1.3.4 Mechanical Properties

CNT have high strength, coupled with extraordinary flexibibtyd resilienceThe
small diameter of a carbon nanotube also has an inmpodffect on the mechanical
properties, compared with traditional micron-size grapfibices. Perhaps the most striking
effect is the opportunity to associate high flexibility dmgh strength with high stiffness™
a property that is absent in graphite fibres. These piep@®f CNTs open the way for a new
generation of high performance compositésThe mechanical properties are strongly
dependent on the structure of the CNT. Some of the grepare as shown in table 1.2.

Table 1.2 Mechanical properties of carbon nanotubes.

Young’'s modulus Tensile Strength Density
(TPa) (GPa) (g/cn)
MWNT 1.20 150 2.6
SWNT 1.054 75 1.3
Graphite 0.35 75 2.6

1.4 Applications of CNTs

CNTs have extraordinary electrical conductivity, heatduwtivity and mechanical
properties. They are probably the best electron fieldtemifThey are polymers of pure
carbon and can be reacted and manipulated using thentteasdy rich chemistry of carbon.
This provides opportunity to modify the structure and tanape solubility and dispersion.

Furthermore, CNTs are molecularly perfect, which methat they are free of
property-degrading flaws in the nanotube structure. Theienia& properties can therefore
approach closely the very high levels intrinsic to thd@imese extraordinary characteristics

give buckytubes potential in numerous applications.

(6)
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1.4.1 Field Emission

CNT are the best known field emitters of any material uthe sharpness of their
tip'®. The sharper the tip, the more concentrated will lbelactric field, leading to better
field emission. The sharpness of the tip also meanghbg emit at especially low voltage,
an important fact for building electrical devices thélize this feature. CNT can carry high
current density, possibly as high as 1013 AlcFurthermore, the current is extremely
stablé®,

An immediate application of this behaviour receiving coesable interest is in field-
emission flat-panel displays. Instead of a singletedacgun, as in a traditional cathode ray
tube display, there is a separate electron gun (or ni@angpch pixel in the display. The high
current density, low turn-on and operating voltage, darddy, long-lived behaviour make
buckytubes attract field emitters to enable this appdinatOther applications utilising the
field-emission characteristics of CNT include: cold-cath lighting sources, lightning
arrestors, and electron microscope sodfces

1.4.2 Energy Storage
CNT have the intrinsic characteristics desired in neltaised as electrodes in

batteries and capacitors, two technologies of raprdiyeiasing importance. Buckytubes have
a tremendously high surface area (~1008igjn good electrical conductivity, and very
importantly, their linear geometry makes their surfaghliyiaccessible to the electrolyte.

Research has shown that CNTs have highest revers#gacity of any carbon
material for use in lithium-ion batteri€s In addition, CNTs are outstanding materials for
supercapacitor electroddsnd are now being marketed. CNTs also have applications in a
variety of fuel cell components. They may also be usegas diffusion layers as well as
current collectors because of their high electricaldoetivity. Their high strength and
toughness to weight characteristics may also prove val@ehpart of composite components
in fuel cells that are deployed in transport applicatiovisere durability is extremely

important.

1.4.3 Conductive Adhesives and Connector

The CNTs are attractive as conductive fillers for usghielding, and electronics
materials, such as, adhesives and other connectorss(ddg:s).

(7)
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1.4.4 Molecular Electronics
The idea of building electronic circuits out of the esis¢ building blocks of

materials - molecules - has seen a revival in the fpasstyears, and is a key component of
nanotechnology. In any electronic circuit, but particlyl as dimensions shrink to the
nanoscale, the interconnections between switches athdr active devices become
increasingly important.Their geometry, electrical conisitg, and ability to be precisely
derived, make CNT the ideal candidates for the conmectio molecular electronics. In

addition, they have been demonstrated as switches tivesise

1.4.5 Thermal Materials
The record-setting anisotropic thermal conductivity of CNEnabling applications

where heat needs to move from one place to anogwsh an application is electronics,

particularly advanced computing, where uncooled chipsnootinely reach over 16G.

CNI's technology for creating aligned structures and risboh CNT? is a step
toward realising incredibly efficient heat conduits.dadition, composites with CNT have
been shown to dramatically increase the bulk thermadwctivity at small loadings.

1.4.6 Solar Cells

Solar cells developed at the New Jersey Institute of Tdaby use a carbon
nanotube complex, formed by a mixture of CNT and budlg/lfenown as fullerenes) to
form snake-like structures. Buckyballs trap electronthoafh they can't make electrons
flow. Add sunlight to excite the polymers, and the bucKgbwill grab the electrons.
Nanotubes, behaving like copper wires, will then be ablmake the electrons or current

flow.

1.5 Synthesis of CNTs

There are three techniques for the growth of MWCNTSs:
1. Arc discharge

2. Laser ablation

3. Chemical vapour deposition (CVD)

(8)
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1.5.1 Arc discharge
The arc-discharge method is the one by which CNTs iese produced and

recognized. In arc discharge method, two graphite rodsused. Firstly the chamber is
evacuated with a vacuum pump, and then an appropriate rdnglaie is introduced at the
desired pressure. Thereafter a dc arc voifaigeapplied between the two graphite rods (Fig
1.4). When pure graphite rods are used, the anode evaporfies fallerenes”, which are
deposited in the form of soot in the chamber. Howevemall part of the evaporated anode
is deposited on the cathode, which includes CNTs. These ,GNade of coaxial graphene
sheets and called MWNTSs, are found not only on the topcidf the cathode depdsibut
also deep inside the depdSit

Graphite rod

DC arc discharge

power source
@I Vacuum pump

Fig: 1.4 Schematic diagram of Arc discharge methdd.

Large-scale synthesis of MWNTs by arc discharge has hebieve&®** using He
gas. When a graphite rod containing metal catalyst (Feet€q,is used as the anode with a
pure graphite cathode, single-walled carbon nanotubes (SWRA%are generated in the
form of soot. It was found that GHyas was the best for forming MWNTs with high
crystallinity with few coexisting carbon nanoparticl@e hydrogen arc discharge is used to

producing MWNTs with high crystallinify, and a new morphology of carbon, the ‘carbon
rose®

©)
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1.5.2 Laser Ablation

Historically, laser ablation was the first techniquedu® generate fullerene clusters
in the gas phaé® Carbon is vaporized from the surface of a solid dishgraphite into a
high-density helium (or argon) flow, using a focused pulseseéff>’ A graphite target is
placed in the middle of a long quartz tube mounted in a tenpe controlled furnace
(Fig.1.5).

Laser beam —= —>=
L
—= ——

Graphite — =7 Water-cooled
target —— \_Cu collector

1200°C furnace

Fig : 1.5 Schematiagram of laser ablatiori®.

After the sealed tube has been evacuated, the fureageetature is increased to
1200°C. The tube is then filled with a flowing inert gas angtanning laser beam is focused
onto the graphite target by way of a circular lens. THser vaporization produces carbon
species, which are swept by the flowing gas from the regiperature zone and deposited on
a conical water-cooled copper collector.

These nanotubes are formed with 4 to 24 graphitic layetgleeir lengths can reach
300 nm. Their yield and quality are dependent on the furnaggetature. At 120 all the
observed nanotubes are free of defects and closed @&nthelf the oven temperature is
decreased to 960 the number of defects increases, and below’@0® nanotubes are
found®®. When a small amount of transition metal has beddead to the carbon target,
SWNTSs are produced. However, during this process, the surfabe target becomes metal-
rich and the yield of SWNTs decreases.

(10)
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1.5.3 Chemical Vapour Deposition (CVD)

CVD is a common method for the commercial productionasbon nanotubes. CvVD
is a process of chemically reacting a volatile compouna material to be deposited, with
other gases, to produce a non-volatile solid that depatmtsistically on a suitably placed
substrate. Today, high temperature CVD process for produaimdiims and coatings have
found increasing applications in such diverse technologgethe fabrication of solid-state
electronic devices, the manufacture of ball bearings attthg tools, and the production of
rocket engine and nuclear reactor comporiénts

The fundamental sequential steps that occur in evely G\cess are shown in fig.1.4 and
include:

yvwv

Main gas flow
l Desorption of volatile
o Gas phase reactions | surfacereaction products

Readsorption of
film precursor

Transportto surface
Film Surface diffusion

Adsorption of Nucleation and Step
film precursor island growth growth

Fig. 1.6: Sequence of gas transport and reaction process cobtiting to CVD
film growth 2,

(1
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1. Convective and diffusive transport of reactans from tleiglets to the reaction
zone.

2. Chemical reactions in the gas phase to produce new reagprcies and by
products.

3. Transport of the initial reactants and their productsi¢osubstrate surface.

4. Adorbtion (chemical and physical) and diffusion of #hepecies on the substrate
surface.

5. Heterogeneous reactions catalyzed by the surface leadiihg formation.

6. Desorption of the volatile by products of surface reast

7. Convective and diffusive transport of the reaction by prodawtay from the
reaction zone.

1.5.3.1 Thermal CVD

In this method Fe, Ni, Co or an alloy of the thretalygéic metals is initially deposited
on a substrate. The specimen is placed in a quartz Bba boat is positioned in a CVD
reaction furnace, and nanometre-sized catalytic rpatdicles are formed after an additional
etching of the catalytic metal film using Nigas at a temperature of 750 to 1080 For
growing carbon nanotubes some hydrocarbon, such asameetbthane, acetylene, ethylene
is used as carbon source. Figure 1.6 shows a schenagfiamiof thermal CVD apparatus in
the synthesis of carbon nanotubes. The nanotubegdoane MWCNTY'.

THECQRMO Heahing Coil
COUPLE
UL LA LR ER T
=]
QUTLET LR RN R AR A NAt]] MASS FLOW
O 1= METER
HEATER
0N
$ CeHe
CONTROL
BOX 0\
TEMPERATURE T HEATER
CONTROLER ADJ OFF

Fig.1.7: Schematic diagram of thermal CVD apparatu®.
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1.5.3.2 Plasma enhanced chemical vapour deposition (PECVD)

The plasma enhanced CVD method generates a glow discitaegehamber or a
reaction furnace by a high frequency voltage applied betviwe electrodes. Figure 1.7
shows a schematic diagram of a typical plasma CVDrapawith a parallel plate electrode
structure. The substrate is placed on the groundedadectin order to form a uniform film,
the reaction gas is supplied from the opposite platealyi® metal, such as, Fe, Ni and Co
are used on for example a Si, §i0r glass substrate using thermal CVD or sputteringerAft
nanoscopic fine metal particles are formed, a carlobotaming reaction gas, such agHg,
CHa, CHa, CHe, CO is supplied to the chamber during the discHarggarbon nanotubes
will be grown over the metal particles on the substiat glow discharge generated from
high frequency power.

Fig.1.8: Schematic diagram of plaan€VD apparatus'.

The catalyst has a strong effect on the nanotubeed@ngrowth rate, wall thickness,
morphology and microstructure. Ni seems to be the switsdble pure-metal catalyst for the
growth of aligned multiwalled carbon nanotubes (MWNT)e diameter of the MWNTS is
approximately 15 nm. The highest yield of carbon nanotubesalaut 50% achieved at
relatively low temperatures (below 38Y). There are various types of PECVD process as

follows:

(13)
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(a) DC plasma enhanced CVD

(b) Plasma assisted hot filament CVD
(c¢) RF —plasma enhanced CVD

(d) Microwave plasma Enhanced CVD

In our experiment we have usedicrowave plasma enhanced CVD Microwave
plasma is different from other plasma sources. Inrtt@ghod power coupling to the plasma is
achieved from microwave source and electrode holding thstraie can be independently
biased with a DC or RF source at the desirable levetshibits several properties and offers
the unique characteristics of the microwave plasmdijsasissed below: It can be maintained
at high gas pressures, the electron density is highteimicrowave plasma than others and
its reactivity is expected to be very hitfh The high electron temperature (1-10eV) and high
plasma density (Z&/cn?) result in high density of nucleation and growth rateis lan
electrodeless discharge, thus provides contaminationlégesition of CNTSs.

CH,/H,

Microwave l
Generator , |

Plasma

L~

1
N P - .

‘H B [ substrate

™~ Heater

\

1/

Wave Guide

Pump

Plasma cavity
Fig.1.9: Schematic diagram of Microwave plasma enhanced CVD

Microwave plasma enhanced CVD (MPECVD) is very populah fiigquecy plasma
CVD techniqué’® as shown in fig 1.9. MPECVD consists of a 2.45GHz microwave
generator and power coupling is achived through rectangular waike. The reacton
chamber is a quarz tube, placed in the path of the ma@svthrough an applicator in the
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rectangular wave guide. The substrate is loaded in tieareon an electrically floating
substrate holder. Plasma of hydrocarbon-diluent mixtarsustained in the reactor at desired
power level and discharge pressures and carbon fiimslegresited on the substrate. The
substate is heated by both the highly energetic plasmaespaud the microwave radiation.
In this method the large area deposition of CNTs ispoassible due to the confined plasma
within the quartz tube forming the cavity and the sizeheftube is limited by the wave
guide dimensions. The resulting film may be contaminatedrasult of etching of the quartz
tube by the atomic hydrogen and energetic ions produced inetsragy if very high power is
used.

1.6 Growth Mechanism of CNTs

In general two possible mechanisms have been proposee fgrawth of CNT as described
below.

(a) Base growth mechanism

When there is a strong interaction between the nagilsupport, then this mechanism
is assumed to be adopted for the growth of CNT. If therst®a strong interaction between
the metal and support the hydrocarbon molecule which & as¢he source of the carbon for
the growth of carbon nanotubes cannot lift the meteigta from the suppoit. Then the
tube grows away from the metal particle which is depodste the surface of the support.
Here the metal particle helps only in the nucleatiothef CNT. Fig 1.10 shows the base
growth mechanism of CNTSs.

Base Growth

CnHnm

r :l;l.?' C—F f' 4—c g '_a‘
77 A

Support
Fig.1.10: Schematic representation of base growth mechaniSm
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(b) Tip growth mechanism
When there is a weak interaction between the mathtlze support then the growth
of CNT follows this mechanism. In this case the megaaticle which is loosely bonded to the
support will be lifted by the carbon source molecule dwedchtalyst remains at the tip of the

developing nanotube.

Tip Growth Mechanism
CiHn 2 C+H;

m

; ) | pgads |
WA A U i Ve
Support

Fig.1.11: Schematic representation of the tip growth mechanis®.

Tip growth mechanism is represented schematically in Eit, initially the carbon
precursor gas approaches the metal catalyst particle rahergoes decomposition at the
contact of the metal and support. Thus, formed metastabt®n diffuses through the metal
particle, simultaneously lifting the metal catalyst [deti as there exists a weak interaction
between the metal and the support. Then the tube grawiswously by using the metastable
carbon which is formed by the decomposition of the aeséylat the tip of the tube. This
carbon diffuses through the metal catalyst particle &vdhs the inner walls of the
multiwalled CNT as depicted in Fig.1.11. The diametereftube is also dependent on the
size of the metal particle and the facet in whick deposited over the support.

1.7 Field Emission

Field electron emission (FE) is a phenomenon involvirg dlectric field induced

emission of electrons from the surface of a condens&eérial, into vacuum or into another
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material. This second material may be a gas, a liquida non-metallic solid with low
electrical conductivity. FE occurs at surface locathere the local surface electric field is
particularly high. To generate significant amountsrafssion, fields of 1 V/nm or more are
required. The exact field needed depends both on the radttive materials involved and on
the amount of electron current being generated.

A simple model (the Fowler-Nordheim model) shows ttet dependence of the
emitted current on the local electric field and the whnkction is exponential-like. As a
consequence, a small variation of the shape or surrounditite emitter (geometric field
enhancement) has a strong impact on the emitted current.

CNT as electron field emitters was already apparemh fthe first articles reporting
extremely low turn-on fields and high current densitie$995. Only a few studies followed
during the next two years. From 1998 onwards, the perspdotivee nanotubes as field
emission devices spurred efforts worldwide: a first crudplay as well as a lighting element
was presented. Later studies addressed issues of largepsodietion compatible with
microfabrication technology and strove towards bett@derstanding of the emission

mechanism.

CNT can be used as electron sources in two differgetstpf set-ups, namely single
and multiple electron beam devices. One possible applicatf a single electron beam
instrument is an electron microscope that uses a snagletube as a field emission electron
gun to produce a highly coherent electron beam. Conveftdlyanel displays are the most
popular example of multiple beam instruments where rimaous or patterned film of

nanotubes provides a large number of independent electaonsy.

As the field amplification increases with decreasiadius of curvature, for sharper
tip it is the better. Nanotubes are thus ideally suitefiedd emitters, as their elongated shape
ensures very high field amplification. Electron emisslmas already been observed on a

single nanotube on application of a potential of 100V.

Electron sources are becoming increasingly importanésearch and everyday life.
Although the conventional, thermoelectronic emitteense to be declining, cold electron
emitters using field emission show great potential ton@rous applications.

(17)
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CHAPTER 2

Experimental and Characterization Techniques

In this chapter, the experimental techniques wused for growth and
characterization of carbon nanotubes are discussed. Microwave plasma enhanced
chemical vapor deposition (MPECVD) method was used for the deposition of
these films. Scanning electron microscopy (SEM), Transmission electron
microscopy (TEM), Energy dispersive X-ray spectroscopy (EDS), Raman

spectroscopy and X-ray diffraction were used for the characterization of carbon

nanostructures and catalyst nanoparticles.

2.1 Experimental set-up for Microwave Plasma Enhiaced
Chemical Vapour Deposition (MPECVD)

A tubular MPECVD set up was used for the deposition afostructured carbon
films. The experimental set-up consists of a microwgeeerator, wave guide and tubular
quartz tube. An aluminium cylinder was attached withgbhartz tube. A rotary pump was
used to maintaining pressure of the order>TI6rr. The pressure was monitored by a pirani
gauge. A set up of mass flow controllers (model 247 C MK®uments Inc., USA) with a
4-channel display was used to monitor and control the dbreactant gases.

A quartz tube of ID = 40 mm, OD = 45 mm inserted verticddhpugh a rectangular
wave-guide as shown in fig 2.1. The lower end of the tuae aftached to the aluminium
cylinder and the upper end to the mass flow controllers.t@tbsvas placed in the middle of
the quartz tube-waveguide intersection on a quartz tube hwder. The required substrate
temperature was achieved by the microwave induction anddhtinuous collisions by the
energetic plasma species. A window has been provided tath@eplasma.

(18)
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CzH,

Micro wave generator

Wave guide

Sliding short
circuit

To rotary pump

Fig.2.1: Schematic of MPECVD set up used for the growth ofamostructured carbon
films

The microwave generator consists of a high voltage psugply (model GMP12KE,
Sairem, France) with a maximum input power of 2.4 kW. dinput of the supply was fairly
stable and ripple-free. The output power can be variesd 1+turn potentiometer. The power
from the supply was fed to the microwave head throughlavotjage multiconductor cable
connected to a magnetron which was capable of givingxanmmum output power of 1.2 kW
at a frequency of 2.45 GHz in continuous wave mode. Theomave head and the isolator
were connected to the plasma cavity through a standard WIR&84€ guide, a three stub

tuner and a sliding short circuit.
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Fig.2.2: Front view of MPECVD set up.

2.3 Experimental Procedure

Following steps were follows to clean the p-Si(1Q@)strates before deposition of thin
films.
(a) Initially clean the p-Si(100) substrate were rinsed in 18E4solution in distilled water

for one minute.
(b) Then they were cleaned ultrasonically using trichldrglehe, acetone and propanol.
Growth of nanostructure carbon film was carried outgigatiowing steps:

(1) Deposition of thin film of metal (Fe) on substrateghmrmal evaporation technique.

A thin film of cocatalyst (Ag) is deposited over Fe.
(2) Pretreatment of Ag-Fe-Si substrates in Ar apgleisma in MPECVD system.

(3) Deposition of carbon films by introducing hydrocarboaHg} in the plasma.

(20)
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2.4  Characterization Techniques for carbon nanostuctures

2.41 Electron Microscopy

Electron microscopy techniques have been found to beusefyl for the analysis of
the microstructure of carbon nanostructured materidiesd@ techniques are explained as

follows:

(@) Scanning Electron Microscopy(SEM)

SEM is a type o€&lectron microscope that images the sample surface by scanning
it with a high-energy beam cedlectrons in araster scan pattern. The electrons interact
with the atoms that make up the sample, producing sigmati€ontain information about the
sample's surfacegopography, composition and other properties such as electrical

conductivity’.

Figure 2.4 shows a schematic diagram of a SEM. Therefegun, which is the source
of electrons, is usually a tungsten filament in thenfef a hairpin which is directly heated.
The resulting electron emission is accelerated by applyimariable potential between the
grid cap and anode, which therefore changes the enerthe adlectron beam. Commonly,
accelerating potentials from 1-40 kV are used. Alternaéilextron sources to tungsten
hairpins are also available, the most usual being afrizshthanum hexaboride which can be
directly or indirectly heated. LaB electron sources produce higher brightness electron
emission with a longer lifetime than tungsten filanserdut the vacuum requirements are

more stringent.

The diameter of the electron beam formed by the guof ithe order of several
micrometres which is far too large to be used for imagendtion. The beam diameter is
demagnified by electromagnetic lenses (called condenssede and focused by a third lens
(the objective lens) into a spot having a diameter @@va nanometres. This small spist
scanned across the surface of a sample in the formaster byscanning coils housed inside
the final lens. Interaction of the primary electraraim with thesample causes a variety of
signals to be generated which can be detected and used tdatactthe brightness of a

cathode ray tube scanned in synchronization with therraéthe scanning bedf
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Since the magnification of the image is the ratitheflength of a scanned line on the
sample to the length of scanned image, magnificatiarbeachanged simply by adjusting the
area over which the electron beam scans. The useghification range for a SEM is
usually between about 15 X and 200000 X, thus allowing comparisdms moade with a
simple visual examination as well as very high magnicatimaging. Secondary electrons
are detected by means of a positively biased scintillatoch attracts the low energy
electrons and turns them into light. The signal imgnaitted via light guide to a
photomultiplier and then the amplified and processedasign used to modulate the

brightness of the display cathode ray tube.
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Fig.2.3: Schematic diagram of the Scanning Electron Microscefy’.
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SEM is very useful technique for topographic study in SWEHIwell as MWNTs
films*®. With the help of SEM, density, diameter, and lengthaligned CNTs can be
estimated. Typical resolution of SEM is about 5 nm aad be used to image single
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individual MWNT. This technique can also be used to deternfieeatnount of impurities
such as amorphous carbon or carbon coated catalystlgmtoexisting with CNTs samples

within the limits of resolution.

(@) Transmission electron microscopy(TEM)

TEM is a technique in which a beam of electrons is tratsththrough an ultra thin
specimen, interacting with the specimen as it passesagh. An image is formed from the
interaction of the electrons transmitted through thecsnen; the image is magnified and
focused onto an imaging device, such as a fluorescennsoea layer of photographic film,
or to be detected by a sensor such as a CCD camera.

TEM are capable of imaging at a significantly higher hkagmn than light
microscopes, owing to the small de Broglie wavelengthelectrons. This enables the
instrument to be able to examine fine detail even ad asia single column of atoms, which
is tens of thousands times smaller than the smaksstivable object in a light microscope.
TEM forms a major analysis method in a range of sifierfields, in both physical and
biological sciences.

Figure2.4 shows the schematic diagram of TEM and is ¢otediof: (1) two or three
condenser lenses to focus the electron beam on the sg&)pda objective lens to form the
diffraction in the back focal plane and the image efsample in the image plane, (3) some
intermediate lenses to magnify the image or the atifion pattern on the screen. If the
sample is thin (< 200 nm) and constituted of light chenmeéainents, the image presents a
very low contrast when it is focused.

The high resolution transmission electron microscop®&TEM) image is an
interference pattern between the forward scattered l@dlitect electron beams from the
specimen. In the present study, TEM (CM 12) was operateergnat 120kV. HRTEM
(TECNAI 20UT, 200 kV) was used for the lattice imaging.
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Fig.2.4: Schematic diagram of the conventional Transmission Elgon
Microscope imaging mode

To obtain an amplitude contrast image, an objectivehd@gpn is inserted in the back
focal plane to select the transmitted beam (and pgs&iM diffracted beam): the crystalline
parts in Bragg orientation appear dark and the amorphous &ragg oriented parts appear
bright. This imaging mode is called bright figldbde (BF),as shown in Fig. 2.5 (a). If the
diffraction is constituted by many diffracting phaseacteof them can be differentiated by
selecting one of its diffracted beams with the obyectiiaphragm.

For this, the incident beam must be tilted so thatdiffeacted beam is put on the
objective lens axis to avoid off axis aberrations, Fig.2)5 This mode is called dark field
mode DF. The BF and DF modes are used for imaging mateviaanometer scafe®?
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Fig.2.5: Schematic representation of (a) Bright field modeb] Dark field mode.

Both conventional TEM and analytical TEM was used i@ microstructural analysis
of CNT samples. By using conventional TEM, the inner dtementernal microstructure,
compartment length of the CNTs and their growth mode< wevestigated. For TEM
specimens, carbon film was peeled off from the sutesad ultra-sonicated in acetone from
10-20 minutes. Few dropes of this suspension were then placedrbon coated copper
grids. The grid was then mounted on the specimen holdexxamined in the microscope.

2.4.2 Energy Dispersive X- ray Spectroscopy (EDX)

EDS was used for elemental study of the nanotubeshenoktrticles embedded inside
CNTs. The EDS spectra were recorded at an operatingyeadtb200 kV, probe size 15 nm
using low background double tilt holder and GENESIS softwarddta acquisition.

The basic principle involves the measurement of enengyirgensity distribution of
X- ray signals generated when an electron beam stilsgecimen. The X- rays emitted are
used to identify the chemical composition of the specifée energy of each X- ray photon
is characteristic of the element which has producebhi. X- ray peak positions, along the
energy scale, identify the elements present in the@lkeamh detector used in the EDS uses a

lithium drifted silicon detector. This detector is operatgdiquid nitrogen temperatures.
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When an X- ray beam strikes the detector, it geneyateso electrons within the body of
silicon which generates electron- hole pairs. The mastand holes are attracted to the
opposite ends of the detector under a strong elecédd &nd produce a current pulse the
magnitude of which depend on the number of electron- haftecpaated, which in turn
depends on the energy of the incoming X- rays. Thus arayspectrum can be acquired
giving information on the elemental composition of thatenial under examination. All

elements above Li may be detected with an acquiditios of ~100 seconds.

2.4.3 Raman spectroscopy

Raman spectroscopy isspectroscopic technique used icondensed matter
physics andchemistry to study vibrational, rotational, and other low-frequenwdes in a
system. It relies oninelastic scattering, or Raman scattering, of monochromatic
light, usually from daser in thevisible, near infrared or near ultraviolet range. The
laser light interacts wittbhonons or other excitations in the system, resulting in thergy
of the laser photons being shifted up or down. The shéhergy gives information about the
phonon modes in the systemfrared spectroscopy vyields similar, but complementary,
information Typically, a sample is illuminated witHaser beam. Light from the illuminated
spot is collected with é&&ns and sent through enonochromator. Wavelengths close to
the laser line, due to elastikyleigh scattering, are filtered out while the rest of the

collected light is dispersed onto a detector.

The phenomena underlying Raman spectroscopy can be desbybeaimparison
with infrared spectroscopy as shown schematically in Fg-Phe primary event in infrared
absorption is the transition of a molecule from augib state (M) to a vibrationally excited
state (M*) by absorption of an infrared photon with gyeequal to the difference between
the energies of the ground and the excited states. Meeseeprocess, infrared emission,
occurs when a molecule in the excited state (M*) emifghoton during the transition to a
ground state (M). In infrared spectroscopy, one derivegrnmdtion by measuring the
frequencies of infrared photons that a molecule absammianterpreting these frequencies in
terms of the characteristic vibrational motions of th@lecule. In complex molecules, some
of the frequencies are associated with functional grob@gs iave characteristic localized
modes of vibratiot.
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As is also shown in Fig.2.6, the same transitions betwasdecular vibrational states
(M) and (M*) can result in Raman scattering. A key ddéfece between the Raman and
infrared processes is that, in the former processpliodons involved are not absorbed or
emitted but rather shifted in frequency by an amount corneipg to the energy of the
particular vibrational transition. In the Stokes procegsich is the parallel of absorption, the
scattered photons are shifted to lower frequencies amnadlecules abstract energy from the
exciting photons; in the anti-Stokes process, which iallgarto emission, the scattered
photons are shifted to higher frequencies as they pickeuprtérgy released by the molecules
in the course of transitions to the ground state.

To be active in the infrared spectra, transitions mase la change in the molecular
dipole associated with them. For Raman activity, intrast, the change has to be in the
polarizability of the molecule. These two moleculaamcteristics are qualitatively inversely
related. A Raman spectrum is obtained by exposure ahpledo a monochromatic source
of exciting photons and measurement of the frequencigeacattered light.

ABSORPTION 50 < y, < 4000 cm™
M + hyy ——> M7 200 2.5
IR
EMISSION Ap # O
M¥——> M + hy
L v _l
i_ n = =0
STOKES ¥, ¥ 20,000 cm
M o+ hyy —> M+ hlig -3 5000 A
RAMAN
ANTI - STOKES A=< #0
M¥+ hyg —= M + hiy,+v)

Fig.2.6: A comparison of infrared and Raman phenomenaa= dipole moment,v,=
vibrational frequency, vo= exiciting frequency.
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Because the intensity of the Raman scattered compasienuch lower than the
Rayleigh scattered component, a highly selective mapowitor and a very sensitive
detector are required. The exciting photons are typicdlipuch higher energies than those
of the fundamental vibrations of most chemical bondsystems of bonds, usually by a
factor ranging from about 6 for O—H and C—H bonds to aBOG0tfor bonds between very
heavy atoms, as for example in 12. The 514.5 and 488 nm linesafrargon ion laser are

often used as exciting frequences

A typical Raman system consists of the followingib@smponents: (1) an excitation
source, usually a laser; (2) optics for sample illumamgti(3) a double or triple
monochromator and (4) a signal processing system ciogsist a detector, an amplifier,
and an output device. A diagram showing various componétite ®aman spectrometer is
shown in Fig. 2.7. A number of stages are involved in tdggiigition of Raman spectrum.
A sample is mounted in the sample chamber and lasgrididocused on it with the help of

a lens.

Monochromator |_|Detector
unit Detector eletronics
Computer
]
Laser Plotter
Lens
Plasma
filter
Mirror Lens Sample

cell

Fig.2.7: Schematic diagram of Raman Spectroscopy

In a conventional Raman system using a photomultiplibe {PMT) detector, light
intensity at various frequencies is meusured by scanningahechromator. A plot of signal

intensity against wavenumber constitutes it Raman spectrum
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2.4.4 X-ray Diffraction

X-ray diffraction (XRD) is a versatile, non-destrweti technique that reveals
detailed information about the chemical composition angtallographic structure of
natural and manufactured materials. For thin films GAXiRDsed.

By glancing angle X- ray diffraction(GAXRD) it is pakk to study the structural
properties of the thin films as well as the near théasarregion of materials. XRD has
been used for the investigation of the structure of SWNidles and MWNTE™". The
XRD data for the MWNTs exhibits a dominant peak at ~2@ich is attributed to the
reflection from the layered structure of the MWNT.

In the present study GAXRD is used to confirm the graphiature of the carbon
sample along with phase of the catalyst materialsl dse the growth of nanostructured
carbon films. A microprocessor controlled X- rayfidttometer ( Philips) with CukK
radiation {= 1.5418A0) was used in the present study. The diffractonseéguipped with a
12 kW rotating anode with sample rotation facility. Tlenple rotation helps to expose all
the planes to the incoming X-rays, thereby avoidingpiiegerential orientation effects. The
schematic diagram of the GAXRD is shown in Fig: 2.8.

The X- ray beam from the source, narrowed by an intidks, falls on the sample
surface at glancing angle which could be varied from @Cfo X- rays diffracted from the
sample surfac pass through the Soller slits, which dirthe divergence of X-rays in the
vertical direction by allowing only axial rays to passotigh it. The signal then falls on a
graphite flat single crystal, acting as beam monochtomahe signal was then fed to the
photomultiplier tube interfaced to a computer which sttnesdata.

During measurements, the incident angle was kept cor{dfaint present study ) and
the sample was rotated in a vertical plane. The X+tubg was operated at 4 kW using 100
mA current. The interplanar spacing (d) was determined usegitagg’'s formula,

nA = 2dsid
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Fig.2.8: Schematic diagram of X-ray diffractometer.

Crystal structure was identified by comparing the expenially observed d values
with ASTM data cards and the reflections were indexetth wroper Miller indices. Full
width at half maximum (FWHM) of the XRD peaks was usedestimate the average
crystallite size by using Scherrer’s formafa

R =0.9/p co®

Where R is the average crystallite sigehe FWHM of the most intense peak on thesRale
in the radians antl the wavelength of the X- rays used.

(30)

Document Produced by deskPDF Unregistered :: http://www.docudesk.com



CHAPTER 3

GROWTH AND CHARACTERIZATION OF CARBON
NANOSTRUCTURES

In this chapter, growth of aligned carbon nanotubes films using C:H:-H: gas
mixture with catalyst (Fe) and cocatalyst (Ag) over Si substrate, in microwave
plasma enhanced CVD process, has been discussed. Growth of nanostructured

carbon film having large density of uniformly distributed carbon nanowalls have

been discussed under wvarying deposition time. XRD, SEM, TEM, Raman

3.1 Experimental details
(i) Deposition of catalyst layer

Iron (Fe) film of thickness ~ 10 nm was deposited on p-Si (Bd®strate using
thermal evaporation technique at a base pressure of 3.5 Xd®. Another set of samples
was prepared using a non catalyst Ag film of thickness ~6mmaabke the Fe catalyst film on
p-Si(100) substrates by thermal evaporation technique.

(i) Pretreatment of catalyst coated substrates

These substrates were kept inside the vacuum chamib&PBCVD system. The Fe
and Fe-Ag coated substrate was pretreated in Ar plaamEOfminutes at input microwave
power of 550 W, followed by Hflow for 5 minutes. Formation of the nanoparticles due t
plasma treatment is shown in Fig.3.1, which happens becdtise heating the substrate by
active plasma species. The hydrogen plasma etches Batarfd Ag-Fe films and cleans the
top surface of catalyst film. Under these condititimes substrate temperature was estimated
to be ~606C.

(iif) Deposition of Carbon films

C.H, gas was introduced into the chamber, using mass flow dentndich acts as a
precursor gas for the growth of carbon nanotubes. Samytleslifferent growth time were
deposited to study the time evolution of surface morphatagyed as F101, F102, F103.

(31
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Another set of samples was deposited on p-Si substrat@ghan underlayer of
Ag(~6nm thick) along with Fe(~10 nm thick) layer. These weepared under the same
conditions. Three samples named as A101, A102, A103 were itiepoBhe experimental
parameters for these samples are listed in Table 3.1.

In order to study the effect of varying gas flow ratios pfecursor eH, gas, five
samples named Al, A2, A3, A4, A5 were prepared. The expeta@inparameters for these
samples are listed in Table 3.3.

In this set, carbon films with varying growth time wedeposited. Five samples
named as AO01, A02, A03, A04, AO5 were deposited keeping the nausowwower,
deposition pressure, gas flow ratesH& H, = 20: 80) constant. Table 3.4 gives details of the
parameters used for this set of samples.

Initially a non catalyst Ag film of thickness ~6nm waspdsited on p-Si(100)
substrates by thermal evaporation technique as discusseel aavthis film, catalyst (Fe)
film of thickness ~10 nm was deposited by thermal evaporaéichnique. These substrates
were then used for the deposition of carbon nanostrgctliteese substrates were pretreated
in Ar plasma for 10 minutes and then Has is introduced and after that for deposition
acetylene gas (€, Ar = 20: 80 ) to deposit carbon films maintaining total pues at 5 Torr
is introduced.

Table 3.1Parameters used for the growth of nanostructured cditbn

Parameters Prettienent Conditions Growth Conditions
Microwave power 470 W 470 W
Substrate temperature 600°C 660
Pressure 5 Torr 5 Torr
Catalyst thickness (Fe) 10 nm 10 nm
Co catalyst thickness (AQ) 6 nm 6 nm
Gas Ar+ H -8, + H,
(32)
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Table 3.2Growth parameters for samples deposited at differentsit@potime.

Sample F(Fe)&A(Ag) | Growth time (minutes) Gas flow ratio
F101 1 15:75
F102 2 15:75
F103 3 15:75
A101 1 15:75
A102 2 15:75
A103 3 15:75

Table 3.3Parameter used for the study of effect of gas flowsain the growth of CNT
films.

Sample Gas flow ratio (GH2: Hy) Growth time (min)
Al 10:75 1
A2 13:75 1
A3 15:75 1
A4 17:75 1
A5 20:75 1

Table 3.4Parametres used for the study of effect growth tinbeastant microwave power
on the growth behaviour of carbon nanowalls.

Sample Growth time (minutes) Gas flow ratio
A0l 1 20:80
A02 2 20:80
AO3 3 20:80
A04 4 20:80
(33)
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3.2 Results and discussion
3.2.1 Effect of plasma Treatment on the Fe and Ag-Fe film

The Fe films deposited on Si substrates by thermal eatipo technique were
continuous and smooth as shown in fig 3.1(a). Howeveer #r and H plasma pre-
treatment, the continuous films converted into well-s&ea and quasi spherical particles as
shown in Fig. 3.1 (b). The size of these particles dafifem 20-100 nm. Breaking of
continuous Fe film into nanoparticles is due to theinanus collisions of active ions in the
plasma with the film and due to heating in the microwplesma the Fe nanoparticles
agglomerate and become isolated bigger nanoclusters.

Fig3.1(c) shows the nanoparticles of Fe deposited filrh ait underlayer of Ag. The

size of nanoparticles in this case varied from 45-75nm.

Fig. 3.1: SEM micrograph of Fe film (a) as deposited and (lafter plasma pre-treatment
showing formation of nanoparticles (c) Ag-Fe film after plasma pe-treatment.

(34)
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3.2.2 EDX studies

It was important to study the distribution and formatefnAg and Fe nanoparticles after
plasma heat treatment. It was expected that Ag wouldiateshe agglomeration of Fe
nanoparticles because of negligible solubility of AgFHe and vice-varsa. This results is
controlled separation between Fe nanoparticles wiiegmportant for the growth of CNTs.
Figure 3.2 shows the EDX spectrum of Ag-Fe nanopartictes pfasma heat treatment. The
spectrum confirms the presence of Ag nanoparticles anthReparticles. The presence of
Cu peak is due to the Copper grid used for mounting the samplexggen peak may be due
to oxidation of the surface of grid. The encircled red dpofigure shows the location

choosen for obtaining the EDX spectra

0

-I EO‘?‘G‘BI"IQ“'. Fiild F;D-Inl 1

60+

Counts
™
L=3

Erlerg,' (KEV)

Fig.3.2: EDX spectra of catalyst Fe with an underlayer of Ag nanopatrties
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3.2.3 HRTEM studies of Ag-Fe nanoparticles

Fig 3.3 shows carbon coated nanoparticles in which $iEe aanopatrticles varies from 35 —
75 nm.

Fig.3.3: TEM micrograph of nanoparticles of pre-treated Ag-Fe film.
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From figure it can be easily seen that there is tianan contrast of nanoparticles.
The smaller particles are dark while the larger onediginer. From HRTEM analysis, the
small dark size particles are silver particles of pléhtl). Small sized Ag particles are
observed dispersed in the matrix of larger sized Felwisicconfirmed from the HRTEM

analysis. The d-spacing is corresponds to 0.23%hith is of Ag(111) plane shown in the
inset.

3.2.4 XRD Studies

The typical XRD pattern of the Ag-Fe nanoparticleg @i1(c)) is shown in Fig. 3.4. Strong
peak at ~23Dcorresponds to the silicon which was used as a subsTiatelow intensity
peak at ~38%is due to the Ag (111) plane. The low intensity broadek @ ~44.8 may be

attributed to the bcc Fe (110). It is clear from XRD gattthat there is no alloy formation
between Fe and Ag.

Si (120)
)
8
2
2 Ag (111)
S .
€ : Fe (110)
20 ' 30 ' 40 ' 50
20 (Deg.)

Fig.3.4: GAXROf sample after heat treatment.
3.2.5 Carbon nanostructures deposited over Fe and Alge catalyst layer

Fig. 3.5 shows SEM micrographs of Ag-Fe deposited film amdd&posited film.
Surface morphology is clear from the micrographs. Theigeotcarbon nanostructures is
more for sample A101 (Fig 3.5i(a)) as compared to F101 ®Gigd) sample. This may be
due to well separated Fe particles when an underlaydverf s present increases the

(37)
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Fig.3.5: SEM micrographs of carbon nanostructures over Ag-Fe anée catalyst
for i(a,b) 1 min ii(c,d) 2 min iii(e,f) 3 min

(38)
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Number of reactive sit8Swhich promote to 1-D carbon nanostructure growth, whilease

of only Fe film, due to the formation of iron silicidess amount of 1-D carbon nanostructure
are formed because it hinders the 1-D carbon nanostrugtaveth. Formation of iron
silicide is proved by the XRD spectra. As the depositio is increased, highly dense 1D
structure are obtained as shown in figure 3.5ii(c). Borde F102 some CNTs are present at
the base and top surface consists of flakes (fig.3.5Mh further increase in deposition
time flakes are obtained for both samples A103 and F103rshofg. 3.5iii(e,f). In other
words as the deposition time increases the catalydiclpar get deactivated due to
decomposition of excess carbon over their surfacellgdeading carbon nanoflakes.

3.2.6 TEM Studies

Fig 3.6(a) shows the TEM micrograph of sample A101. Theraliteneter of CNTs was
found to be 19-39 nm while inner diameter was 6-17 nm. Fig 3.paH@ws a single
nanotube and it consists of many hollow compartmentsnequal length. Each hollow
compartment has inner diameter is maximum at its bagdedacreasing towards the tip (fig
3.6a (ii). The length of nanotube varies from 600 nm toui7 For sample F101 the TEM
micrograph shows that the length of CNTs is typic&B0 nm and the inner and outer

diameters are varying from 6-12nm and 13-38 nm respectively [fip8ig.
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(b)

Fig 3.6 TEM mcrographs of sample (a) A101 and (b) F101
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TEM micrograph of sample A102 and F102 is shown in figure 3.@r(@ (b). From
TEM micrograph of sample A102 and F102 is shown in figure 3.2arfd (b). From TEM
micrographs we found that the inner diameter of samp@®? varied from 4-21 nm and outer
diameter 18-31 nm and impurities are present on the sidetkad! to higher concentration of
carbon and for sample F102 the inner diameter of tubed/énom 7-19 nm and outer 18-28
nm and here spiral shaped nanotube is formed. It is spieduhat, due to presence of stress
the breaking of catalyst (Fe) particles takes place thaddifferent position of catalytic

particle are shown in fig.3.7 (b).

Fig.3.7: TEM micrograph of sample A102 (a) and 10z (b)
3.2.7 GAXRD Studies

The typical GAXRD pattern of the sample A101 and F101 esvehin fig 3.8(a) and
(b) respectively. It is clear from the fig 3.8 (a)tthaere is no alloy formation between Ag
and Fe. Strong peak at ~ Z6idicates the presence of (002) planes of graphite. Thegpeak
~ 38.2 shows the presence of Ag (111) and low intensity peak at5® i3attributed to Fe
(110). The diffraction due to Si was found at 2 &@responds to Si (103) which is used as
substrate.
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From fig 3.8 (b) the low intensity peaks observed betwe 40-48were due to Fe
(110) and FeSi. The peak at ~ Zbifdicates the presence of (002) plane of graphite and

peak at ~ 56 Xcorresponds to Si used as a substrate.

G (002)

Ag (111

i % Si(103)

Intensity (a.u.)
Fe (110)

: : : : — : :
20 25 30 35 40 45 50 55 60
20 (Deg.)

@)

B G(002)

Intensity (a.u.)

Fe(110)

Si(311)

20 30 40 50 60 70
20 (deg.)

(b)

Fig.3.&: GAXRD of sample (a) A101 and (b) F1C
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3.2.8 Raman studies
The Raman spectrum for sample A101 and F101 from fig.3.&8n@h)b) respectively

shows the graphitic or G-band at ~ 1560 and 1564 cm-1 resggcind the defect induced
D-band at ~ 1335 and 1328 cm-1. From fig 3.9 (b) it is clearttt®aMWNTSs are having
more defects due to larger D-band because this band cardssjpointrinsic defects.

(a)
G Band
~1560
D Band A
S
S
P
‘©
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£
T T T T T T T T T
1300 1400 1500 1600 1700
Raman shift (cm 'l)
D Band
~1328 (b)
: G Band
~1564
S
g
>
)
C
9
=
12'00 ' 13'00 ' 14'00 ' 15'00 ' 16|00 ' 17'00

Raman shift (cm ™)

Fig.3.9: Typical Raman spectrum of sample A101(a) and sample F101) (b
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From Raman spectra we speculate that MWNTs which aireed on Fe catalyst
without any underlayer are more defective as campared t&€NIVg grown on a co-catalyst
Ag underlayer over Fe as shown in fig 3.9 (a) and (b).

For qualitative analysis of graphite-like structures, ititensity ratio of the D-band to
the G-band is measured. For sample A101 I(D)/I(G) ratie 0.7 and for sample F101 ~ 1.08
suggesting that CNTs has a large number of defects wiakesm of using Ag underlayer they
are less defective.

3.2.8 Growth of Carbon nanostructures by changing the gasofiv ratio of
CoH;
CNTs were deposited with different flow ratio oft;. Flow rate of GH, varied from

10 to 20 sccm while Hflow rate, deposition time, deposition temperature, aondking
pressure were kept constant as shown in table 3.2. Fig (3dW®% she SEM micrographs of
CNTs grown on varying concentration given in table 3.2.

From fig 3.10 (a) it was noticed that no 1-D structu@agn was occurs in sample
Al (CoH2:H; flow ratio of 10:75) and randomly aligned 1-D structure welbserved for
sample A2 (fig.b) (with flow ratio 13:75). When the floatio was 15:75, high density of 1-
D structure was observed (fig 3.10(c)) which are verticlyned shown in inset (fig.3.10c).

Further increase in the flow raticesulted distortion of 1-D structure, top surface
consists of flakes and some CNTs are observed ategeds shown in fig 3.10(d). Flakes are
formed when the flow ratio was 20:75 and no CNTs are grown

At lower concentration of £, nanotube growth may not occur because of very low
concentration of carbon species and presence of hightyerisetching species. Further
increase in the £, flow a balance is set up between carbon supply and etchings@ec
hence CNTs were grown. Again increase igHLflow ratio results increase in the
concentration of carbon source and a overabundance coimg@sition and not enough
precipitation, results in amorphous carbon and 2-D grefvtianostructures. In our study the
optimum flow ratio was found to be 15:75 fosHG:Ho.
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Fig.3.10: SEM micrographs of sample Al(a),A2(b),A3(c),Ad4(d)5(e) with varying flow

ratios
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3.2.9GROWTH AND STRUCTURE OF CARBON NANOWALLS

Results and Discussion
3.2.9.1 SEM Studies

The ~6 nm thick film of Ag-Fe coated on Si substrate Wwaated in Ar and H
plasma. The precursor gas was used for growing the cagrarstructures. Fig.3.11 show the
surface morphology of samples A01, A02, AO3 and A04 respegtivih varying deposition
time from 1- 4 minutes given in table3.3. These carborsfitonsist of uniformly distributed
nanowalls. These nanowalls with its sharp edges pe@rging normal to the substrate. The
catalyst islands are formed at the initial stagehefgrowth as shown in fig 3.11(a). It is clear
from the fig 3.11(b)-(e) that, on increasing the growthetigensity of the nanowalls
decreased while its size increased. Fig 3.11(f) shows alyaifired view of sample A04.

The surface morphology after preheating were unlikelyetohe main reason for the
formation of nanowalls, because after the preheatihtfe surfaces showed almost the same
type of morphology—similar to fig 3.11 (a). If metal ¢krrssize is larger than the diffusion
length of the cardfi, then CNT growth cannot occur. Large catalyst partioteso catalyst
promote the growth of 2D structlte In our experimental conditions, Fe clusters are
observed to be tightly packed after plasma treatmentadpeesence of non catalyst Ag thin
barrier layer as shown in Fig 3.11(a). This resulted inr&bowalls growth and no 1D
growth was observed.

It is speculated that, initially CNT growth takes plasel abundant carbon radicals
are not only dissolved and precipitated by the catalysicfees but are also inserted in the
sidewalls of the tubes during CNT growth, thus forming 2Micstres. It is believed that
abundant carbon radicals rapidly terminate the CNWwtradue to catalyst saturation and
remaining carbon species are mainly inserted in the 2iotgte originating in the vicinity of
the CNT tips. This 2D structure grows longer and becom&@ @ayer on the top of the
CNT.

An important observation during the discussed growth proisefisat without any
external biasing the nanowalls grow almost normal tetistrate surface. This suggests that
the growth of CNW could be influenced by the self biasepudl established on the

immersed substrate surface in the high density plasmdiett lines of which are invariably
(46)
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Fig.3.11: SEM micrograph of (a) H2 — plasma treated AgFe filmnd carbon films
deposited at (b)1 (c) 2 (d) 3 (e) 4 minutes (f) magnifiechage of sample A05
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terminated normal to the surf3édhe electrostatic force would force these carbomwaills
to align with the field direction perpendicular to théstrate surface, an energetically most
favourable orientation.

3.2.9.2 TEM Studies

Fig 3.12 shows the TEM micrograph of CNW along with CNTarfithe fig 3.12 (a)
it is clear that initially CNT are formed and thenamtinuous maze type structure are formed
on top of the tips of the CNT. Higher magnification TEMcrograph of CNW is shown in
the fig 3.12(b).Variation in contrast can be easily de@m the micrograph and dark contrast
is due to corrugation of the CNW. A bamboo-shaped CNT tegetith CNW is shown in
the fig 3.12 (c).

CNT
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Fig.3.12: TEM micrograph of sample A04 (a) CNT with contiunous raze type
structure (b) CNW with corrugating walls (c) BS CNT with CNW.
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3.2.9.3 Cirystallographic structure
3.2.9.3 GAXRD studies

Fig.3.13 shows typical X-ray diffractogram of carbon maalls. The peak at 2620
corresponds to the (002) planes of graphite. The smatisityepeaks are also observed at ~
38.2 and at ~ 443is corressponds to Ag(111) and Fe(110) respectively. This sagbast
during pretreatment of Ag and Fe does not resulted anyfallmation.
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Fig.3.13: A typical X-ray diffr actogram of carbon nanowall film

3.2.9.4 Raman Studies

Fig 3.14 shows the first order Raman spectra of the Isa®pl and A0O4 . Each
spectra shows three charactristic spectra corresporgtaphite. For sample A02 two strong
peaks at 1337 ctand 1566 cim are observed, which correspond to disorder induced D-
band and G-band related to in plané sibrations. Similarly peaks are observed at ~ 1340
cm® and 1569 cif for sample AO4. The peak at 1566 tialls well within the range of a
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series of the peaks that have been observed for carlbotubas, and the disorder induced
D'-band peak at 1607 ¢m CNW usually suffer from defects and are known forirthe
relatively large intensity I(D)/I(G) ratfd. The I(D)/I(G) ratio for sample A02 was ~ 1.281

and for sample AO5 ~ 1.06. Intensity ratio for sample A@2 wore as campared to AO05,
which suggests, less defects.
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Fig.3.14. Raman spectra of sampl¢(a) AOland (b) A04
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3.2.11 Effect of catalyst film thickness on the growth and rarostructure of CNTs

SEM micrographs of Ag-Fe films with thickness of Ag filk6 nm and ~10 nm
respectively keeping the catalyst film thickness ~10 nrasiRa treatment (Ar+h for 15
minutes are shown in Fig.3.15(a,b). From figure it is cleat the size of particles was small
for ~16 nm thick film while it become broader with incredle film thickness. The average
particle size for ~16 nm and ~20 nm film was 45-75 nm, 130 — 240 rpeatasly i.e.
particle size increases with increase in film thickne$his could be attributed to the non
uniform fragmentation of the Fe-Ag layer during Ar% plasma treatment process and their
agglomeration. The average particle size is much lahger the film thickness. Here a lot of
tiny particles and Ag and Fe nanoparticles merge in ongh@nand at different positions and
due to this separation the growth of CNTSs is faster. Ddaster growth they have no time to
align themselves and will grow in any direction whickules entangled growth of 1D carbon

nanostructures.

Fig.3.15: SEM micrograph of Ag and Fe film (a) 6 nm Ag (b) 1@m Ag with 10 nm
Fe film.

The CNT films grown on these substrates and their $fdiographs are shown in
figure 3.16. This shows that as the thickness of the fibreases, the flakes are formed and
base has some CNTs and when thickness is reducedhinenis less formation of flaky
structure on the top surface.
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Fig.3.16: SEM micrograph of Ag with Fe catalyst (a) Ag

thickness of ~10 nm

3.3 Summary

The structured parameters of various nanstructured cdilpm synthesized have

been summarized in Table 3.5. Samples having Ag underlagefertgth of CNT formed

have been found to be maximum in sample A101 and withguinderlayer the length of

CNT is for maximum for sample F101 and thus the optimurokt@ss of Ag metal

underlayer for the growth of CNTs having high aspect rafibss using an metal underlayer

we found long CNT as campared to without any underlayer, uhdesame conditions.

Table 3.5 Details of prepared samples.

Sample Microstructure [.D(nm) O.D.(nm) | CNT length
A101 Dense CNTs 6-17 19-39 600-1.7 um
A102 Highly dense 4-21 18-31 500- 800nm

CNTs
A103 flakes - - -
F101 Less CNTs 6-12 13-38 300-500 nm
F102 Some CNTs with 7-19 18-28 nm 250-450 nm
flakes
F103 flakes - - -
(53)
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CHAPTER 4

Field Emission Properties of Carbon nanostructures

This chapter contains introduction of field emission and measurements of
different CNT films and nanowalls. A simple diode configuration was
used for the field emission measurement in which cathode was made of a
flat stainless steel plate on which carbon film on Si substrate were
mounted. A highly polished stainless steel plate was used as anode. The
tfield emission characteristics of different films have been correlated with

their microstructural features.

4.1 Intfroduction

Field emission is a mechanism to extract electroom fa solid surface. It is a
guantum effect where under a sufficiently high exteelattric field, electrons near the
Fermi level tunnels through the energy barrier and esecafieetvacuum leveP (Fig.4.1) .
Compared to thermionic emission, this is a preferred am@sim for certain applications
because no heating is required and the emission cusrehiost solely controlled by the
external field. The emission current from a metal azefis determined by the Fowler—
Nordheim (F-N) equation:

| = aVZexp(-hp*%pV )

Where |, V, ¢, B are the emission current, applied voltage, work functiamd field
enhancement factor, respectively. For metal, withcipivork function and a flat surface the
threshold field is typically around 4®/ um which is impractically high. The work function

is a basic material property that cannot be varied scgumily.

(54)

Document Produced by deskPDF Unregistered :: http://www.docudesk.com



All the field emission sources rely on field enhancenaergt to sharp tips/protrusions,
so they tend to have smaller virtual source sizes beaafuhe primary role of thg factor.
The larger thes, the higher the field concentration, and therefoee ldwer the effective

threshold voltage for emission.
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Fig.4.1: Potential- energy diagram shows the effect of an exial electric field on the
energy barrier for electrons at a metal surface.

A carbon nanotube (CNT) is a new carbon allotroe #as discovered in 19%1
Electron field emission from CNTs was first demortstiain 1995°"°® and has since been
studied extensively. CNTs have the right combination of pt@se nanometer-size diameter,
structural integrity, high electrical and thermal condugtjvand chemical stabilit§?, which
makes them excellent electron emitters. Carbon ndest(CNT) have recently emerged as a
promising class of electron field emitters. They havéowa threshold electric field for
emission and a high emission current density which miagen tattractive for technological

applications.

In the first report of electron emission from CNTRinzler et al. studied field
emission from an individual multiwalled nanotube (MWNaitached to a graphite fiber

along the field directiofi’. With a bias voltage of less than 80 volts, emissiaments of 0.1
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to 1 uA were obtained at room temperature. They also reporiad efmission could be
enhanced by opening the tips of the nanotubes. Density-duattiheory calculations
showed that under emission conditions large electrid fwesent at the tube tip could
stabilize the adsorbates and lower the ionization piatetiiereby making it easier to extract

electrons.

The CNTs can emit very large electron current. Expenisifrom a single MWNT tip
revealed that it is capable of emitting stably for mitvan 100 hours at - 2A current .
Under the applied electric field, the CNTs can alidgpng the field direction due to the
electrostatic force’’. SWNTs generally have a smaller diameter and higheredegf
structural perfection than MWNTs hence a capability fhieving higher current densities
and a longer life time . A theoretical study predicteat tan open-ended SWNT has much
better field-emission properties than a closed SWNT, dubd electronic effects that alter
the bonding mode and decrease the work function. Indivi@ddls are excellent electron
field emitters with a low turn-on field for emissiondaa high emission current density. These
emission characteristics are directly related toutligue structure and chemical bonding of
the CNTs.

FE from CNTs has shown to be one of the most promignogerties as far as its
practical application is concerned. This is because Cpf€sent many advantages over
conventional emitters due to their unique structure andepties such as (i) high chemical
stability and high mechanical strength (ii) high meltinghpand reasonable conductivity (iii)
high aspect ratios (iv) large- scale production at lowt,cleave longer life time and are
capable of producing high current densities at low operatiigges’.

4.2 Experimental set-up for field-emission studies

Field emission set-up (shown in Fig. 4.2) consists of &lyigolished stainless steel
UHV chamber having

(a) External diameter ~ 34 cm (b) Internal diamet@® cm (c) Height ~ 23.5 cm

The chamber has ports for fitting gauges for measuring lo@v agh vacuum.
Additional ports for feed-throughs for making electricahnections and a viewing window
for monitoring are also present. Inside the chambergtige arrangement for having the
cathode and anode plate insulated from each other. Tue am a highly polished stainless
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steel plate having a diameter of 19 cm. The movemenhefcathode can be digitally
controlled by using a controller to the accuracy @fmd, which in turn gives the adjustable
distance between the cathode and anode. The chamb@niscted to a rotary pump (DS 102
of Varian make) for obtaining initial vacuum of the ardé 10° torr. The pressure upto this
range is measured by digital Pirani gauge (model no PHG-Maatkch). A turbo pump
(TV-301 Navigator of Varian) with turbo controller (Turb@-301 of Varian) is connected to
the chamber through a separate port, with the help of vehidtcum of the order ok20°

can be obtained. Pressure of this order can be measitihetthe help of a Penning gauge.

Fig.4.2: Experimental sepufor field emission studies.

The sample can be mounted on the cathode platesilviht paste. The anode plate is
connected to the positive terminal of the high volt&yfe@ power supply unit (model no
H5KO02N of Aplab of 5 k V rating) through an ammeter. A higisistance of 7.7 M is
connected in series with the power supply for limiting turrent and to avoid accidental
damage of power supply and current meter. The cathodeusdgd to the power supply and
also grounded to earth through the chamber body and mochem&tic of the diode type

field-emission measurement set-up is shown in Fig. 4.3.
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Fig.4.3Schematic of the diode type field-emission measuremergtaup.

A high resolution CMOS camera (ARTCAM-200MI) is assemidadtop of the glass view
port and interfaced with PC with high speed transfer \8812.0 interface for taking the in-
situ pictures of emission from CNT films. For the leWaracteristic measurement, a circular
polished SS plate was kept on the anode for collectiagetbctrons. While for emission
pattern images, a conducting fluorescent screen is ptaegdhe anode.

This field emission set-up has several salietitifea as listed below:

1. The chamber is of highly polished stainless steel matghah makes the chamber
UHV compatible.

2. A turbo molecular pump backed by a rotary pump is used tovachigressure of
~10° torr.

3. In situ adjustment of distance between the electradpsssible without stopping the
experiment.

4. Field emission images can be captured by the high pre€$#tdS camera and saved
in PC in situ via the USB 2.0 interface.

The field emission measurement of nanostructured cdilbmwere carried out in a high
vaccum chamber using a simple diode configuration. Thensatic diagram of field
emission measurement set up is shown in fig.4.2.
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Field emission data was analyzed using Fowler — Nordheih) (fReory, according
to which current density of a metal tip is dependent on dhbel lelectric field (k) and
chemical state(i.e. work functiap) of the emitter as

aJ(E%oc / @) exp (-Bp *¥Ein)

where B = 6.83 x 18 VeV*’m* The schematic of electron emission methodology faom
emitter under the applied electric field and relationweenh the k. and the E and
corresponding F-N formula are shown in fig 4.4.

In case of CNTs the value pfcan be determined experimentally from the slope of F-
N plot between In (1/9) versus 1/V provideg is known. The slope of F- N plot is given by

Slope = - Bp *?d/ B

E=V/d,

Eloc=ﬁ.V/d

Anode

Fig.4.4: FE from a tipf nanotube
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4.3 Results and Discussion
4.3.1 Field Emission Characteristics of sample F101 and A101

Fig 4.4 (a) shows the J versus E plots of sample F10A40d. The field emission
quality of a sample is determined in terms of threshaddd.f The threshold field &
(corresponding to 1Q@Ncm? emission current density) 3.8 Mh was observed for F101

sample while for sample A101 it was 2.G.n.

Field emission was found highvalues and low threshold field for the sample A101
as campared to the F101 sample. This is due to increase denisity of CNT (due to which
emitter site density increases) as discussed in chaplieils suggested that presence of metal

Ag underlayer provides low metal-CNT contact resistanhehich leads to high emission
current.
Fig.4.4 (b) shows the F-N plot of sample F101 and A101. FoplsaR101 deviation

in the high field region F-N plot may be due to presenceedécts which are not present in

A101. Field enhancement factor are shown in table 4.1.
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Fig.4.5(b): F-N plot for the samples (i) F101 (ii) A101

Table 4.1 FE Parameters for Carbon Nanotubes

Sample Threshold Field (Vjim) Field Enhancement
Factor(p)

F101 3.8 2728

A101 2.6 4863

4.3.3 Field Emission Characteristics of Carbon Nanowall<CNW)

Figure 4.5(a) shows current density (J) versus electriemu(E) plots of sample A0l
and AO4. The best emission characteristic was observesample A04. The observed
threshold field Eth values for these samples aremgim table 4.1 it shows that the Eth value
is less for sample AO1l at less deposition time. Theeased density, smaller size and
improved alignment of CNW are possibly responsible fo tecreased Eth values for
samples with less deposition time. But the field enhauece factor is lager in case of A0O4

this may be due to the field amplification becauseléingth is increased with increasing

deposition time.
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The corresponding F-N plots for all these two samplesgiven in fig.4.5(b). The
straight line with negative slope in high field regioaasly shows that the emission process
from the CNW are also followed the F-N model. It isac that sample A04 shows superior

emission characteristics because of increased surfeae@btthe CNW at higher growth time.

Table 4.2 FE Parameters for CarbonNanowalls.

Sample Threshold Field (Vjim) Field Enhancement Factor(
B)
Ag01 4.3 2651
Ag04 4.4 4627
400
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4.4Summary
In our study it was found that, sample A101 (grown with Agtahunderlayer with
Fe Catalyst layer) has low threshold field (2.@) as campared to sample F101(3.8rk)Y
(grown on catalyst Fe layer). The valueBd#863) is also maximum for this sample (A101).
The microstructure of this sample consisted of dense CNitss an Ag metal underlayer (~6
nm thick) has been observed to improve the field emigsioperties of CNT film.

Field emission by carbon nanowalls were also found gobd.low threshold field of (4.3

V/um) was found for sample AO1 due to high density of nansvedlsmaller size. The field

enhancement factor is found maximum for sample A04 (4627) duerease the surface
area of carbon nanowalls with increase in depositiore tiwhich increases the emission
properties.
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Conclusion

This work has been carried out to study the various grosldihed aspects of carbon
nanostructures by MPECVD process and to correlate ttr@stiuctural features of the films
to their field emission characteristics.

* The presence of Ag metal film (~ 6 nm thick) beneath thalysitfilm increased the
particle size distribution. GAXRD study of the preated substrates confirmed the
absence of Fe-Ag alloys.

* A comparative study was carried out for Ag-Fe and Fe fileposited on Si
substrates. Highly dense and vertically aligned bambopesh&NTs were grown at
gas flow ratio (GH2:H»)15:75 with deposition time 1 minute for all the sampldssT
infers that 1 minute was the optimum time for depositmavoid formation of carbon
nanoflakes over 1D structure. It was found that Ag-Fa @eposited on Si substrate
provided better growth of CNTs as compared to the Fe fiomghe same growth
parameters used. This was due to the increased partmde dstribution. The
structural parameters (length, diameter) of CNTs inAgd-e film were found to be
different than in the Fe film due to the presence efalunderlayer.

* The field emission measurements of different CNTs@N§Vs were carried out in a
diode configurated field emission system. The field emmsstudy of CNTs and
CNWs indicated that the electron emission processgsridkent on the structure and
surface morphology of the film. CNWs also showed goow&ion characteristics.

* In our study, the film consisting of CNTs grown ovee Bubstrate having Ag metal
underlayer was observed to have low threshold field (~ ar@y/as compared to
CNTs grown over Fe (~3.8MM). This has been attributed to the efficient electron
emission from CNTs having high density. The presence etctiefvas also expected
to enhance electron emission as open ends of gra@yesl act as additional
emission sites.

* CNWs also have good emission characteristics. On inoged®e deposition time the
CNWs were found to be good emitters having field enhancefaetor 4627 which is

due to the increase in the surface area with incregbe time of deposition.
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Scope of future work

Mechanical and electronic properties of CNTs are expéctedry with variation in the
alignment of CNTSs.

* In the present study a metal underlayer was used to iepghavstructural properties
hence further study on the growth mechanism of CNT<eararried out to improve
the alignment of CNTs, which can be useful in fieldcelen transistors, Single
electron transistors and rectifying diodes.

» CNTs can be patterned and aligned for fabricating funatidevices such as: field
emitters, scanning probe, sensors and nanoelectronics.

» The effect of different metal underlayers (Ti, Al the structure and field emission
properties of CNT film can be carried out.

* Varying thickness of Ag metal underlayer can be furthedied and investigation of
field emission performance of different CNT and CNWhwAg as an underlayer may

be carried out.
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