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ABSTRACT

Graphene is the two dimensional monolayer of densely packed carbon atoms
arranged hexagonally in the lattice in two dimensions. Vertically aligned
graphene sheets are the potential candidate in the applications of the field
emission devices, electronic sensors, and electron emission displays etc. There
are various techniques available through which graphene can be synthesized,
however, plasma based techniques e.g. plasma enhanced chemical vapour
deposition (PECVD) are exclusively used to synthesize vertically oriented
graphene sheets at low temperatures. The present thesis aims to elucidate the deep
insights of the growth mechanism of the graphene sheet in the reactive plasma

environment and consequent field emission characteristics from them.

In the present work, the multiscale analytical models describing the
growth mechanism of the graphene sheet without catalyst and on the catalyst-
substrate surface have been developed separately. The model dealing with the
growth of graphene in the plasma without catalyst incorporates the charging of
the graphene sheet in the plasma, particle and energy balance of the plasma
species (charged and neutral species), and energy balance of the graphene sheet.
The simultaneously coupled model equations have been solved for typical glow
discharge plasma parameters. It is found that plasma parameters (number
densities and temperatures of electrons and ions), presence of dopant species
(nitrogen species), and presence of negatively charged species significantly affect
the growth characteristics of the graphene sheet, and consequently affects the
field emission properties of the graphene sheet.

The multistage model dealing with the plasma-assisted catalyzed growth
of graphene sheet mainly incorporates two sub-analytical models. One is the
plasma sheath model that accounts the excitation of the gaseous sources due to
applied plasma power and kinetics of the plasma species and the other one is the
surface deposition model that incorporates the adsorption and dissociation of
carbon bearing species over the catalyst nanoislands active surface (free surface

available for the adsorption of the plasma species) to generates building species
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(carbon species) via various surface processes, diffusion of building species over
the catalyst nanoislands surface, formation of carbon clusters, nucleation and
growth of graphene island, and vertical growth of graphene sheet. The solutions
of the model equations have been carried out for experimentally determined
initial conditions. It is found that the plasma parameters, doping elements
(nitrogen and boron), type of gaseous sources, and plasma operating parameters
have great influence on the growth characteristics of the graphene sheet and thus,
affect the field emission properties of the graphene sheet. In addition, the growth
of graphene sheet over the CNT template is also studied. It is considered that
graphene sheet growth over the CNT surface is defect guided and density profiles
of the defects created over the CNT surface can be controlled by suitably varying
the plasma operating conditions and henceforth affect the growth characteristics
(i.e., number density and dimensions) of the graphene sheets grown over the CNT
surface. A good comparison of the obtained theoretical results with the available

experimental observations confirms the adequacy of the present model.

The present work of the thesis can be extended to fabricate the thin and
long vertically oriented graphene sheets for their potential applications in the
field emitters as the field emission characteristics of the graphene sheet depend
on its geometrical characteristics, i.e., height and thickness. Moreover, the
present work can also be extended to investigate the growth of other carbon based

nanostructures.
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Introduction

1.1 Background

Nanostructures, cornerstones of nanotechnology, are the interdisciplinary area of
development activity and research which is growing explosively across the
globe. Nanostructures have ability to bring revolution in the area of material
sciences. Nanomaterials are of huge interest because of their unique scale in
which atleast one of the dimension is of the order of nanometer scale (10° nm)
and at this scale materials show unique optical, electronic, mechanical, and
thermal properties. The surface atoms on nanomaterials are responsible for their
miraculous properties. The scientific history of nanostructures began when
Michael Faraday synthesized colloidal gold nanoparticles [1] but researchers
took interest in graphitic carbon nanostructures after the discovery of one
dimensional carbon nanotubes (CNTSs) by lijima [2]. We are familiar with
graphite which is used in day to day life in the pencil. The two dimensional
graphitic nanostructures like graphene, carbon nanowalls (consisting few layers
of graphene sheets), and nanoflakes etc. gathered the huge research interest as a
consequence of their distinctive properties compared to other 0D, 1D, and 3D
carbon based nanostructures. The 2D graphene sheet is elected as the potential
candidate for the application in electronics due to their high mobility and high

ballistic transport [3].
1.2 Structure of Graphene

Graphene is the monolayer of densely packed carbon atoms arranged
hexagonally in the lattice in two dimensions. All other forms of carbon
nanostructures with different dimensions can be obtained using this basic

structure of graphene. Rolled graphene sheets results in the one dimensional
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carbon nanotubes, stacked graphene sheets results in the three dimensional
graphite, and wrapped graphene sheets can be transformed into zero dimensional

fullerenes as shown in Fig 1.1.

(a) Two dimensional (2-D) Graphene

(b) zero dimensional (c) onedimensional | (d) three dimensional
(0-D) Fullerene (1-D) Carbon (3-D) graphite
nanotubes

Fig.1.1. Transformation of two dimensional graphene into different
dimensional carbon nanostructures [4].

Prior to the discovery of graphene, it was believed that two dimensional
(numerical values of third dimension is extremely small compared to the
numerical value of other two dimensions) stable structure cannot exist.
However, after careful study of the structure of graphene, scientists proposed
that distortions in the graphene sheet make the graphene stable [5]. This reveals
that graphene is not perfectly flat and has ripples (out of plane distortions) on its

surface. Mayer et al. [6] observed the ripples inside the graphene membrane [6].

Atomic structure of graphene can be understood on the basis of the
orbital theory. Atomic number of carbon is 6 and thus, electronic configuration
of carbon is 1s?2s?2p®> which clearly shows that carbon has four valence

electrons. Generally, two valence electrons occupy 2s orbital and other two
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electrons occupy 2py and 2py planar orbitals whereas, 2p, orbital remain vacant.
Depending upon the occupancy of valence electrons in the respective orbitals,
two hybridizations are possible in the solid allotropes of carbon. One of the
precious allotrope of carbon is diamond in which carbon atoms form sp®
hybridization and other allotrope is graphene in which carbon atoms form sp?
hybridization (see Fig.1.2). In sp* hybridization, out of four valence electrons
each occupy 2s, 2py, 2py, and 2p, orbitals, respectively, and all four electrons
make four strong covalent ¢ bonds with neighbouring atoms constructing the
tetragonal shape. However, in sp® hybridization, only three valence electrons
take part in forming three planar covalent ¢ bonds with neighbouring carbon
atoms and the remaining electron form out of plane weak-n bond. These ¢ bonds
in sp? and sp® hybridization are responsible for high mechanical strength of
diamond and graphene, and the © bonded electrons in graphene are responsible
for high conductivity and also contribute in the interaction between the stacked

graphene sheets [6-8].
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Fig.1.2. (a) Formation of planar ¢ bonding with neighbouring carbon
atoms and (b) detailed representation of orbitals of carbon atoms and
formation of sp? hybridization in graphene.
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1.3 Properties of graphene

Graphene, ultra thin (10° order thinner than human hair) possible material
composed of single layer of carbon atoms in the form of hexagonal rings. Owing
to the outstanding mechanical, electronic, chemical, thermal, and optical
properties, graphene gained the huge research attention in the field of physics
and chemistry.

1.3.1 Mechanical properties

The parametric scales to measure the mechanical strength of any material and
their corresponding numerical value for the graphene are listed in Table 1.1
which clearly states that graphene is the strongest imaginable material ever
discovered because of the presence of strongest C-C bonds in sp?
hybridization. It is much harder than diamond, lighter than feather and about
300 times harder than steel. Owing to high mechanical stability, graphene can

be seen as the display screens in the near future.

Table 1.1. Parameters defining the mechanical strength
of the graphene [9,10].

. Numerical value for
Parametric scale

graphene
Young’s modulus 1 Tpa (tera pascal)
Elastic stiffness 33N m
Tensile strength 130 giga pascal
Thickness 0.35-1 nm

1.3.2 Electronic properties

With the zero band gap, graphene is regarded as the semimetal that consist
both holes and electrons as the charge carriers and offers resistivity (10° Q
cm) lower than the silver. In the two dimensional structure of the hexagonal
rings in graphene, three of the four valence electrons of each C- atom are
occupied in making C-C bond with other three C-atoms leaving fourth
electron free for electrical conduction in third dimension. In graphene,

mobility of holes is same as of electrons which is about 15x10° cm? v* §*
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[11]. Moreover, single layer graphene also show Quantum Hall Effect (QHE)
at the half integral multiple of 4e%/h [12].

1.3.3 Chemical properties

Graphene offers the huge binding sites to other atoms and molecules for the
adsorption or desorption to/from its surface. Most of the adsorbents have
tendency to donate the electrons to the graphene, thereby, increasing the
carrier concentration in it and thus, making it highly conductive [13]. This
inherent property makes graphene to be the promising candidate for the gas
sensors. Moreover, single layer graphene is much more reactive than
multilayer graphene. At normal conditions, graphene show inert behaviour.
However, it shows reactive nature when exposed to the crucial reactive

environment.

1.3.4 Thermal properties

Hexagonally arranged carbon atoms in graphene provide good path for heat
transfer via lattice vibrations. Graphene is considered as the good thermal
conductor. The thermal properties of any material can be measured on the
basis of its specific heat and thermal conductivity. The thermal constant of the
material determines how fast a material can cool down or heat up. Thermal
constant for the single layered graphene is about 0.1 ns [14]. At room
temperature, the thermal conductivity of the graphene is exceptionally large
(2000 W m™* K™Y).

1.3.5 Optical properties

Although, having the thickness of the nanometer regime, graphene can be
seen through naked eyes and absorb significant incident light in the infrared-
to-visible range. Adding a layer to monolayer graphene decreases the
transmittance by 2.8% at 550 nm wavelength [15]. It is hard to identify single
layer graphene due to such high transparency; however, the visibility of
graphene can be enhanced when it is deposited on the silicon oxide or silicon

wafer or on the combination of both.
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1.3.6 Magnetic properties

The magnetism in pristine graphene sheet is weak and can be induced by
doping it with magnetic impurities. However, these impurities tend to
interfere with the electronic properties of graphene. Wang et al.[16] coupled
the graphene sheet with the magnetic insulator (yttrium iron garnet) to induce
ferromagnetism in graphene while maintaining its exceptional electronic

properties.

1.4 Applications of 2-D graphene nanosheet

The vertically oriented graphene sheets are promising material for the electrical

energy applications such as in batteries, cells, field emission devices etc.

1.4.1 Applications in electron emission devices

Field emission is the property of the material to eject the electron from its
surface under the influence of external electric field. The high electrical
conductivity, atomic thickness, high aspect ratio, and high specific area of
vertical graphene, render them to be the superior field emission candidates.
Experimentally, field emission properties of any solid material are calculated by
measuring the emission current density at turn on voltage. However, field
enhancement factor is the physical quantity that characterizes the field emission

property of the material.

Soin et al. [17] have calculated the field enhancement factor using

Fowler-Nordheim (FN) equation; J = A(B°E? /go)exp(—B(p% / BE), where
constant A is 1.54x10 ™ AV eV and constant B is 6.83x 10 % Vm™ev*2
The work function ¢ of few layer graphene (FLG) is assumed to be same as
that of graphite at 5eV. The value of the field enhancement factor g is

calculated from the slope of the high- field and low- field regions of the FN plot

using the following equation;

ﬂ:—(Bq)%)/slope
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For pristine FLGs, the field enhancement factors calculated are 815 and 4710
for the low field and high field regions, respectively. Upon nitrogen doping, the
field enhancement factor increases to approximately 3120 and 17350 for the low

field and high field regions, respectively.

1.4.1.1 Graphene-based Field Effect Transistor (Graphene-FET)

Graphene in the form of nanoribbons with controlled width, termination,
and edge structure are predicted to be used for FET applications. Chen et
al.[18] have fabricated graphene nanoribbon (GNR) FET devices with
GNRs as channels of FETs. They have observed that the resistivity of a
GNR increases as their width decreases which could be the consequence
of edge states. In addition, they found that dominant electrical noise of

GNR at low frequencies to be dominated by 1/f noise.

1.4.1.2 Graphene-based electron emission display

Lei et al. [19] fabricated the 21 cm long graphene based (CNT-graphene
hybrid) electron emission display panel using the screen printed triode
edge emission geometry shown in Fig. 1.3. The aim of using CNT-
graphene hybrid is to minimize the electrostatic shielding induced by the
proximal bulk substrate and obtained the high emission efficiency (greater
than 90%) at low driving voltages (less than 60 V), much fast emission
response (less than 1ms), and extraordinary stable lifetimes (less than 3%

variation in 10 hour).

e ANOdE (phosphor/ITO/glass)

- hd
‘e graphene

ZnO tetrap

Dielectric (50 ym, sio.)

Fig. 1.3. Graphene based screen-printed triode
edge electron emission geometry [19].
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1.4.1.3 Graphene-based X-ray tubes

Among several carbon based nanostructures, graphene is considered to be
the superior candidate for electron emission applications compared to
other carbon based electron emitters because of its ability of stable field
emission in high residual pressure region (10 Pa). The high current
density and stable field emission properties of graphene make them
promising candidates for X-rays, electron microscopes, and microwave
generators. Matsumoto et al. [20] fabricated the X-ray tube using
graphene nanosheet as the cathode material (grounded) and Beryllium
(Be) as the anode (positively biased) and found the drastically high
emission current at 5KV voltage supply and at 8.5 KV emission current

exceeds the ImA.

1.4.2 Application in fuel cells

Fuel cells are the devices that convert chemical energy of the fuel into
electrical energy via numerous chemical reactions occurring at the
interface of the anode which is employed with the catalyst to assist the
oxidation of the chemical species. The non agglomerated morphology of
the vertical oriented graphene sheets enhance the deposition of catalyst
[21] and also provide the fast electron transport between the collector and

reactions sites [22].

1.4.3 Application in biosensors

Vertically oriented graphene sheets are believed to be the suitable
candidate for biosensors applications due to their open structure, high
carrier mobility, high surface to volume ratio, and long exposed edges
which augment the accessible area to analytes. The graphene based
sensors are highly performing sensing material because they show high
sensitivity (2 ng ml™) and much fast response (order of seconds) [22]. The

schematic of the graphene based electronic sensor is shown in Fig.1.4.
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Fig. 1.4. Schematic of graphene based FET bio sensor [22].

1.4.4 Application in rechargeable batteries

The vertically aligned graphene sheets are considered to be promising
material as anode in the Lithium ion batteries as shown in Fig.1.5.
Vertical graphene sheet provides the numerous collecting sites to capture
Lithium ions (Li*). Moreover, better electrical connection and minimum
contact between vertical graphene sheet and substrate surface provide
minimum transport resistance for Lithium ions. Thus, vertical graphene
sheet as the anode of the Lithium ion battery provide the high cycling
stability and reversible capacity [23, 24]. It has been reported that the
sandwich of vertical graphene and lithium alloying material i.e., GeOy

increases the lithium capturing capacity [25].

e Li current collector

‘ Cu current collector

L sandwich nanoflakes electrode

Fig. 1.5. Schematic of the Li ion diffusion mechanism in the
VG@GeOy sandwich nanoflakes-based electrode [25].
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1.4.5 Application in gas sensors

Gas sensors detect the air pollutants such as carbon monoxides, sulphur
oxides, nitrogen oxides, ammonia etc. Graphene based electronic sensors are
preferred because graphene offers the high adsorbing sites for the atomic
impurities. When gas molecules are adsorbed over the graphene surface, they
change the carrier concentration of the graphene (either in magnitude or sign)
which in turn changes the conductivity in graphene (either in magnitude or
sign). The change in sign depends on the electronic property of the gas i.e.,

whether the gas is electron donor (NHs) or electron acceptor (NOy) [22].

1.5 Synthesis techniques of 2-D graphene nanosheet

Since graphene discovered by A. Geim and K. Novoselov in 2004 by exfoliation of
graphite into graphene using adhesive tape, several other approaches have been reported
for the efficient synthesis of graphene at large scale. All of these methods are suitable for
the synthesis of graphene with different characteristics and have their own advantages
and disadvantages. These synthesis methods can be broadly classified into two

categories:
1. Top-down category

2. Bottom-up category

1.5.1 Top-down category

The top-down category involves the subtractive approach in which bulk
graphite sources are exfoliated /cleaved to obtain graphene sheets. This

approach has been experimentally realized by mechanical and chemical routes.

1.5.1.1 Micromechanical exfoliation

In the micromechanical exfoliation, the graphene sheets of different
thicknesses are obtained by repeated peeling off the weakly bonded
graphene layers from graphitic materials such as single crystal graphite
flakes (Kish graphite), highly pyrolytic graphite (HOPG), and natural
graphite [26,27]. The external force of ~ 300 nN/um? is needed to separate a
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monolayer of graphene from graphite [28]. Novoselov et al. [29] prepared
graphene films by repeated peeling off layers of graphene from small mesas
of HOPG via scotch tape. The films were then transferred onto the silicon
substrate (see Fig.1.6). This method is simple and easy for the production of
pure and high quality graphene samples but has the limitation of the large

scale production for industrial applications.

Fig. 1.6. Steps involved in mechanical exfoliation method:
(a) adhesive tape is pressed against a HOPG surface so that
the top few layers are attached to the tape (b), (c) the tape
with crystals of layered material is pressed against a surface
of choice, and (d) upon peeling off, the bottom layer is left
on the substrate [30].

1.5.1.2 Chemical exfoliation

In a little altered way of exfoliation by mechanical route, another approach
to obtain graphene by exfoliation is via chemical route i.e., by chemical
exfoliation of bulk graphite. In this process, reactant (surfactant) is
intercalated with graphite to break the van der waals interactions among the
graphene sheets in graphite bulk, which is then followed by ultrasonication.
The accomplishment of this technique is directed by the fact that the solvent

must have comparative surface energy as that of the graphene [31].
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1.5.1.3 Chemical Synthesis

This method is used to obtain graphene films from graphite via chemical
route but without exfoliation. This method was firstly adopted by Horiuchi
et al. [32]. The natural graphite is first oxidized to weaken the interlayer
bonding among the graphene layers in graphite followed by dispersion in
methanol and several centrifugation steps to obtain thin films of graphene
(see Fig.1.7). In an another chemical method, sulphuric acid, nitric acid, and
potassium permanganate are intercalated between the layers of graphite
followed by heating at high temperatures to obtain thin graphene films by
the evaporation of acid molecules. The chemical synthesis routes holds the
promise for the large scale production of graphene and also offers the
advantage to manipulate but this route has the disadvantage of producing
graphene with poor electronic properties due lots of defects and generation

on account of several chemical steps involved in the synthesis process.

o ST e S
‘::ﬁ;ﬁ;%:{g_r Oxidation
Jay%ﬁﬁ
P s 3
Graphite
Graphite oxide
(GO)
Exfoliation
& J 37
s & S S Reducti
- ““5-..‘,‘.'\ . eduction
ot P o an &P —
2 2 G D
Chemical converted Graphene oxide

graphene (CCG)
Fig. 1.7. Preparation of chemically converted graphene by reduction
of graphene oxide [33]
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1.5.2 Bottom-up category

1.5.2.1 Thermal decomposition of SiC

This is a popular growth technigue to synthesize graphene epitaxially on a
substrate. In this technique, graphene sheets are formed when crystalline
silicon carbide wafers are heated at high temperatures for a short time in a
controlled atmosphere of argon (or vacuum) to sublimate the silicon atoms
of the SiC surface [34]. The numbers of layers of the graphene are
dependent on the deposition temperature. Bommel et al.[35] were the first to
fabricate graphene films on both the 6H-SiC surface by the heat treatment in
the range of 1000-1500 °C. In a similar process, de Heer’s [36] group have
produced ultrathin graphene films of 1-3 monoatomic graphene layers on
6H-SIC surface and investigated their electronic characteristics. This
technique is considered to be deployable for semiconductor industries but
thickness control of the graphene sheet and large scale production restrict
this technique to be employed at an industrial scale.

SiC substrate Initial state

FI

Si
C

C0Cg000050%0—
000000006000

SIC sibstrats Si sgblimation via
heating

graphene

SiC substrate Graphene formation

I.

Fig. 1.8. lllustration of an epitaxial growth on a SiC substrate.
After the sublimation of silicon, carbon remains on the surface
where it would became graphene later [34].
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1.5.2.2 Chemical Vapor Deposition (CVD)

CVD is the parent of the group of many synthesis methods because of the
high versatility shown by it. In this process, gaseous sources (precursors) are
introduced in the chamber. The energy required to activate gaseous reactants
Is supplied with the aid of heat, thus, it is generally known as thermal CVD.
The typical CVD process generally includes two types of reactions: (i) the
homogeneous gas phase reactions between various gaseous species which
results in the generation of highly energetic radials, ions and neutral species
and (ii) reactions occur on the heated substrate surface (heterogeneous
surface reactions) which results in the generation of building units of the
material (carbon in the case of carbon nanostructures) and other solid phase
radicals. The heated surfaces act as the fuel for the decomposition of the
precursors on the surface. Fig.1.9 shows the schematic of the CVD system.

The main stages of the deposition processes re illustrated below:

(i) Transportation of the gaseous species towards the substrate surface via gas
diffusion mechanism,

(i)  Adsorption and dissociation of the gaseous sources on the substrate surface
via various complex processes and desorption of by-products formed on the
surface,

(iii)  Diffusion and dissolution of the species (building units) which ultimately
leads to the growth of the graphene.

Heating l?caling
coils /tumacc
L .
/ C-Deposits
e o L J
Outlet CH,
—
/ Carrier gas
e »p L3

Quartz tube

Sample holder

Temperature
controller

Fig. 1.9. Schematic of the chemical vapor deposition system [37].
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The gases and the substrate surface (catalyst-substrate surface) are heated
to sufficient pre-process temperature. The temperature and gas atmosphere
are necessary to maintain during the experiment. After the growth of the
graphene it is required to cool down the reactor.

1.5.2.3 Plasma Enhanced Chemical Vapor Deposition (PECVD)

The branch of the CVD process in which chemical processes are preceded
with the plasma, is known as PECVD. In PECVD process, the gaseous
reactants are activated by electron impact processes in the plasma and
consequently, plethora of ions, radicals and neutral species are generated. In
place of high temperature growth in CVD, PECVD employs energetic
reactions at low temperatures due to the formation of cold plasma by
electrical ionization. The energy from the electrons is utilized to dissociate
the reactive gaseous sources (source gas molecules) leading to the
generation of the highly-energetic ions, and subsequently reactions between
these highly-energetic ions and gaseous sources begins to proceed in the
plasma. In place of neutral gas chemistry involved in CVD, the growth of
vertical graphene is more complex process as the gas phase and surface
reactions are influenced by the plasma source and plasma operational
properties, which subsequently affect the morphology and structure of as-
grown vertical graphene. Moreover, this method offers the advantage of
low-temperature processing and higher growth selectivity. To sustain the
plasma inside the reactor, gas pressure is kept low and source power is kept
high. In the PECVD growth process, proper knowledge of the source of
plasma excitation is crucially important. The various plasma sources
namely, microwave (MW) plasma, radiofrequency (RF) plasma, direct
current (DC) plasma, and combinations of them are used to ignite the
plasma. The process operating conditions with various sources gases used in
the different PECVD techniques are listed in Table 1.2.

1.5.2.3.1 DC-PECVD

DC glow discharge plasma is the simple and widely used plasma source.

The earliest report on the synthesis of so called graphite like nanostructured
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Table 1.2. Overview of operating parameters used in the different PECVD systems

Source of Gaseous Operating Substrate Flow
plasma SOUTCeS pressure  temperature rate Gas ratio Ref.

excitation (Pa) °C) (sccm)

M'a\'jlov"\‘;‘;“’e CHJ/Ar 17.33 450-500 i 1:8 [42]
(MW) CHJ4/N; 5.32x10° 1250 - - [43]
(MW) CH4/N, 5.32x10° >1000 - - [44]

0,
(MW)  CHoJNJAr  133x10°  650-1050 200 O'gﬁ"f [45]
2012
(MW) CH4/Ny/Ar 1.33x10* 650-1050 200 4% of C,H, [45]
(MW) CHa/H, 133 650-700 50 1:4 [46]
(MW) CHa/H, 220 550 - 1:20 [47]
(MW) CO/H, 250 700 50 23:2 [48]
(MW) CH4/H; 5.32x10° 700 200 1:8 [49]
(MW) CH4/Hy/Ar 1.33x10* 650 44 1:1:20 [50]
(MW) C,H2/NH; 1.33x10° - - >1:1 [51]
Inductively
‘;Olzgrfg CH, 12 630-830 10 - [52]
(ICP)
(ICP) CHJ/Ar 0.3 400 30.4 16.4:14 [53]
(1cp) CH4/H; 12 630-830 10 >1:9 [52]
(ICP) CH./H; 2.66-53.2 600-950 - >1:19 [54]
(ICP) CHa/H, 13.33 700 10 2:3 [55]
(ICP) C,H,/H, 4-5.33 550-600 5 4:1 [55]
CHy/H,,
CCP+ICP g;’;/}ﬁ 13.3 500 45 1:2 [56]
32,
C2F6/H2,
Direct
current CHy/H, 1x10* 1000 - 1:9 [57]
(DC) glow
DC glow CH./H, 9975 1000 - 8:92 [58]
0,
DC glow CH./H, 2.66x10* 900-1000 50 3'%’ of [59]
4
DC glow CH4/H,/Ar 1.3 550-800 87 1:1.25:5 [60]
10% of
CH, with
DCglow  CHJ/H,O/Ar  1.05x10° 700 1500 40% [61]
relative
humidity
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carbon by parallel plate dc glow PECVD was published by Obraztsov et al.
[38]. DC glow PECVD synthesis of vertical graphene has been realized on
two geometric setups: parallel plate and pin to plate [see Fig.1.10 &
Fig.1.11)]. In parallel plate DC glow discharge method, a dc voltage is
applied between planar cathode and anode across a space filled with low
pressure gas for breakdown to occur. The breakdown voltage or gaseous
ionization depends on the particular gas composition, pressure, and
electrode distance which are described by the Paschen’s law [39]. The
substrate is usually placed at the cathode or serves the cathode directly. The
glow discharge that is initiated can be divided into eight regions, and is
arranged from cathode to anode: Aston dark space, cathode glow, cathode
dark space (cathode sheath), negative glow, Faraday space, positive column,
anode glow, and anode dark space [40,41]. The electric field within the
cathode sheath and ions accelerated by the applied voltage are responsible
for the growth and alignment of graphene sheet in the vertical direction.
However, the pin to plate dc glow method is a non-uniform plasma source in
which asymmetric electrodes i.e., tungsten tip and a planar substrate are
used. This method results in the non-uniformity in the morphology and
structure of as-grown vertical graphene sheets on the substrate [40]. The
limitation of this technique is the necessity of a conductive substrate in order
to maintain glow discharge.

Gasesin =)

Quartz tube
-~

== DCbias }7 Anode

|

Substratee]

I

\ -
AC hoalcr*’r 1 Cathode

To pump &=

VW
Resistance -

Fig. 1.10. Schematic of the parallel plate DC-PECVD system [40]
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Fig. 1.11. Schematic of the pin to plate DC-PECVD system [40]

1.5.2.3.2 RF-PECVD

This is another popular source for vertical graphene synthesis which
operates in the MHz frequency domain. The electron density in the RF-
PECVD is much higher than the former case (DC-PECVD) and thus results
in more effective ionization of the gas molecules. Generally, the energy
from the RF generator is coupled to the plasma in three main modes: the
evanescent electromagnetic (H) mode, the propagating wave (W) mode, and
the electrostatic (E) mode [40].

In the H mode inductively coupled plasma (ICP), the energy from the
RF power is coupled by an inductive coil antenna through a quartz window.
The inductive circuit element can be of planar or cylindrical (helical)
geometry (see Fig.1.12). The time varying electric field is passed through
the RF coil antenna, as a result of which a time-varying magnetic field is
generated around the coil which in turn induces azimuthal electric current
inside the gas chamber and results in the breakdown of the gases and

production of high density plasma.

In W mode, a propagating static magnetic field is introduced to a plasma
excited by ICP with helical circuit element. This results in the generation of
plasma of larger volume and high energy density.

In E mode capacitively coupled plasma (CCP), RF voltage source is
connected to one of the circular electrode and the other electrode is

grounded. Both the electrodes are separated by a distance of 5cm. CCP
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cannot be used as an independent plasma source for the vertical graphene

growth due to relatively low electron energy and density.

antenna quartz window quartz tube
AW & antenna
<o -
R soure] N
’ [ source
(a)
plasma (b)

Fig. 1.12. Schematic of inductively coupled plasma with (a) planar
spiral antenna and (b) helical antenna [62]

1.5.2.3.3 MW-PECVD

MW-PECVD method employs electromagnetic radiation of high frequency
(2.54 GHz) to dissociate the gas molecules via high density of energetic
electrons. The technique is capable of activating the electrode less gas
discharges. Wu et al. [63] at first, reported the growth of 2D vertically
aligned carbon nanostructures (carbon nanowalls) during the growth of
carbon nanotubes and later synthesized carbon nanowalls on various
substrates using MW-PECVD [64,65]. The Fig.1.13 shows the schematic of
the MW-PECVD system used by Wu et al.[63]. The system is equipped
with a 500 W microwave power source which is coupled to a rectangular
quartz tube via traverse rectangular cavity to generate the plasma. The dc
bias is applied through two parallel electrodes positioned in the longitudinal
direction inside the quartz tube. No external substrate heating is provided in
this system; the substrate is heated by the plasma and is determined by the
power of the microwave source. Various other reports on the growth of 2D

vertical graphene sheets using MPECVD are summarized in Table 1.2.
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Fig. 1.13. Schematic of the MPECVD system used
by Wu et al. [63-65].

1.6 Growth mechanism of the graphene on the catalyst-substrate
surface in the reactive plasma environment

The nucleation and growth of graphene sheet in the reactive plasma environment is
a complex process. The schematic Fig. 1.14 illustrates the two elementary stages
during the plasma assisted catalyzed growth of graphene sheet: (a) all complex
processes in the reactive plasma (plasma bulk) which has already been discussed in
the Sec. 1.5.2.3 and (b) all elementary surface mechanism during deposition

processes which includes following elementary stages;

Q) Transportation of the highly reactive species to the catalyst-substrate surface
through plasma sheath.

(i) Fragmentation of the predeposited metal catalyst thin film into many
catalyst nanoislands [66],

(iii)  Surface reactions: adsorption and dissociation of highly reactive plasma
species onto the catalyst nanoislands active surface to generate building

units (carbon species) and atomic radicals via various surface processes [67-

75].
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(iv)  Nucleation stage: Diffusion of carbon species through catalyst nanoislands
and formation of graphene nuclei via various intermediate processes [76].

(V) Growth stage: lateral growth of graphene which eventually turns into

vertical growth under the influence of electric field induced in the plasma
sheath and other intermediate forces [77].

Energy from the plasma
energy e * energetic
e electrons gasstc coleinms electrons @~

Activation of gaseous source === Excitation, Dissociation, €l
Tonization

Energetic radicals and excited species

Surface processes @ _..---- SRR e

\ e Q g Sl Growth processes

- Adsorption

. Attachment and = F /
Interaction between formation of graphene A
carbon and hydrogen

radicals

e ” “Thermal dissociation

~* Ion-induced dissociatiqn

’

Incorporation of " »
graphene islands and
vertical growth of
graphene

nucleiisland
! g Decomposition of ions
,’ Dehydrogenation \
o Desorption of adsorbed species
3/ Evaporation of carbons
|

\
\

v

Electric Field

Diffusion

[ Carbon

‘1
| cluster

-

— Plasma Sheath

Vertical oriented ,
graphene sheet /

\ .
,Carbon species
\

Fig. 1.14. Schematic of the nucleation and growth mechanism of the vertically oriented
graphene sheet in the reactive plasma environment. The top most dark space shows the
bulk plasma region and the red dotted elliptical circle shows the main elementary step
wise processes (written in black) responsible plasma ignition and activation of gaseous
sources in the bulk plasma region. The grey coloured region between bulk plasma and
the substrate surface represents the plasma sheath region through which reactive
plasma species travel under the influence of strong sheath electric field and reach to the
substrate surface. The processes under the grey dotted elliptical circle includes the all
surface processes over the catalyst nanoislands active surface (written in red colour) to
generate building units and all growth processes (written in green colour) responsible
for the growth of vertically oriented graphene sheet.
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1.6.1 Formation of plasma sheath

In the plasma assisted growth of graphene sheet, the entire region of the plasma
reactor can be divided into three regions namely, plasma bulk, plasma sheath
and, substrate surface. Usually, bulk plasma region is highly dense that
comprises the large number of electrons and positively charged species by
maintaining the quasi-charge-neutrality condition i.e. number density of
electrons and positively charged species are equal in magnitude. The plasma
sheath region generally forms between the bulk plasma and interaction
boundaries or walls of the reactor. In the graphene growth mechanism, the
catalyst-substrate-surface interacts with the bulk plasma as the reactor boundary

and thus plasma sheath is formed between these two regions as shown in Fig

1.15.
Number density
L 3
Plasma = <
potential
()
©
=
8 3
) £
=4 2
5 R ; (ion number density) %
=
wn
~ R  (electron
e
e~ 1y number density)
——» Sheath width 47\

Substrate potential (-Q; )

Fig. 1.15. Mechanism of the plasma sheath formation between
bulk plasma region and substrate surface. The red curve shows
the rapid decay of the electron density in the sheath region. The
green curve shows that the sheath region mainly comprises the
positively charged ions. The black curve shows that bulk plasma
has almost constant potential and substrate or wall attain
negative potential due to the loss of electrons near the walls.
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1

. . : T, )2 :
Since electrons have much higher thermal velocity (m—ej than ions
e

(ljz (because, m, <m; and T, >T,), thus the electrons tend to move faster
i

than ions towards the deposition substrate which in turn develop the negative
potential at the deposition substrate surface after a very short time scale, leaving
the bulk plasma with the positively charged species due to which bulk plasma
acquire the net positive potential. As a result, a strong electric field is set up in
the region between bulk plasma region and substrate surface region which
reflects electrons back into the plasma and conversely, accelerate the ions
towards the deposition substrate. This non-neutral region between the plasma
bulk and deposition substrate is called plasma sheath. Generally, external
negative potential is also applied to the catalyst-substrate surface to induce

strong electric field in the plasma sheath region.

1.6.2 Surface deposition of reactive species

Prior to the deposition of reactive plasma species, the predeposited metal
catalyst thin film is pre-treated with hydrogen plasma at low temperature and low
pressure. The heavy bombardment of the plasma species segregates the catalyst
film into many catalyst nanoislands. The reactive plasma species (positively
charged and neutral species of carbon source gas and etching gas) from the bulk
plasma are accelerated towards the substrate surface through plasma sheath
region and gets adsorbed on the catalyst nanoislands active surface (free surface
available for the adsorption). The adsorbed species dissociate to generate building
units (carbon species) and etching species (generally hydrogen radicals) via
various surface processes [67-76] such as; thermal dissociation of hydrocarbons,
ion induced dissociation of hydrocarbons, direct carbon flux towards the catalyst
surface, loss of carbon due to interaction of neutral hydrocarbons with neutral
hydrogen, carbon evaporation and ion—ion recombination i.e. hydrocarbon ion

and hydrogen ion recombination as shown in Fig. 1.14.
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1.6.3 Formation of graphene nuclei and growth of vertical graphene
sheet

The carbon species generated on the catalyst surface diffuse and attach each
other to form carbon clusters, which in turn diffuse and collide with each other
to form graphene nuclei. These graphene nuclei diffuse and coalesce (or stitch)
together to form large graphene islands which can also be regarded as the planar
growth of the graphene sheet [77].

Once the growth of planar graphitic layers is initiated, internal stress or
tensile stress is developed at the graphene island boundaries. These internal
stresses may cause defects within the initial planar graphitic layer, which trigger
the growth of graphene in the upward direction. Under the influence of inbuilt
electric field associated with the plasma, the graphene sheet grows vertically
due to continuous supply of carbon species, Moreover, the diffusion and
attachment of carbon atoms at the peripherals of the growing graphitic platelets
additionally contribute to the vertical graphene sheet growth as shown in
Fig.1.14.

1.7 Factors influencing the morphology and growth of graphene sheet

The plasma assisted catalyzed growth mechanism of the graphene sheet includes
many critical parameters that influence the resulting structure, morphology, and
growth of graphene sheet. Some of them are discussed in detail below:

1.7.1 Effect of source precursors

Many extensive studies report the influence of the feedstock gas (source
precursor) on the structure, morphology, and growth of graphene sheet [43,45,
47, 48, 51, 56, 78-80]. The general carbon source gases with their corresponding
operating parameters and source of plasma ignition are listed in Table 1.2.
Generally, three different gases carbon source gas, etching gas and carrier gas
are used in the PECVD growth process. Each type of gas has different impact
on the graphene sheet growth.
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1.7.1.1 Impact of carbon source precursors

Most of the PECVD systems adopt the C,H, and CH, gases (hydrocarbon
gases) as the carbon source gas. Moreover, CF;, CHF3; and CjFg
(fluorocarbon gases) are some other popular carbon source gases. Some
experimental reports also adopted CO, and CO gases as the carbon source
precursors [81]. Shiji et al. [56] performed the comparative study for the
CH,4, CF4, CHF3, and C,Fg gases diluted with hydrogen and found that
graphene sheet growth rate is highest in the case of C,Fs followed by CHF3,
CH,, and CFy, respectively, and interlayer spacing is found minimum for
CH,4 followed by C,Fs, CHF3;, and CF4, respectively. Zhu et al. [55]
synthesized the graphene sheet with two different gas mixtures i.e. CoH,/H;
and CHa/H,. It is found that the vertical graphene sheet grown in the
C,H,/H; plasma shows the higher growth rate, more vertical orientation, and
uniform height distribution as compared to CH4/H, plasma. However,
thickness of the CH4/H2 grown graphene sheet is found to be less than the
CH4/H; grown graphene sheets.

1.7.1.2 Impact of etching gas

During the graphene sheet growth, the removal of amorphous carbon is
inevitable and crucial process for the high quality growth. Hydrogen radicals
(atomic hydrogen), oxygen radicals (atomic oxygen), highly excited
nitrogen species and atomic fluorine are the most commonly found etchants
in the growth atmosphere [44-46, 47-52, 57, 60, 82, 83]. It is reported that
the NH; is considered as the most effective source of atomic hydrogen
rather and H,. Kondo et al. [80] introduced the small amount of O, in the
C,Fs/H; plasma and found the much enhanced growth of vertical graphene
sheet due to the more effective control over the growth of amorphous carbon

layer.

Shang et al. [44] synthesized the vertically oriented graphene sheets
using CH4/N, plasma and CH4/H, plasma, and suggested that the nitrogen is
better etching agent than the hydrogen for the removal of unwanted

amorphous carbon. Meanwhile, insertion of nitrogen in the growth
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atmosphere leads to the incorporation of nitrogen species into the growing
graphene lattice which in turn affects the morphology, structure, and
properties of the resulting graphene sheet (nitrogen doped graphene sheet)
[84].

1.7.1.3 Role of carrier gas

In the PECVD process, the gaseous sources are activated by the electron
impact reactions between electrons and gaseous reactants. Thus, it is
necessary to preserve the electron energy for the production of the stable
plasma. One way to retain the electron energy is to minimize the inelastic
collisions responsible for the electron energy loss. The Argon (Ar) has high
excitation and ionization potential [85]. These features of Ar gas make it to
interact with electron via elastic collisions and make electrons capable to
increase the ionization rate of the system. Moreover, the chemical reactions
between Ar atoms and hydrocarbon species lead to the formation of carbon
dimmers (C,) [45] which increase the number of building units on the
catalyst nanoislands surface, consequently increases the degree of
graphitization.

1.7.2 Effect of gas proportion

The gas ratio or flow rate of the sources gases is the preliminary parameter to
control the growth, structure, and morphology of the vertically oriented
graphene sheet. It was reported by Wu et al. [46] that by suitably increasing the
hydrogen gas ratio in CH4/H,, different nanostructures deposits are obtained.
Wang et al. [52] studied the effect of CH,4 flow rate on the size and density of
the vertical graphene sheet and found the reduction in lateral size and increase
in number density of the vertical graphene sheet when CH, flow rates is raised
in the plasma. It is important to note that the optimum gas ratio to control the
growth characteristics of the graphene or any other carbon based nanostructure
strictly depend on the many PECVD conditions. Thus it is not justified to

mention the exact range for the quality growth of the nanostructure.
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1.7.3 Effect of temperature

As already discussed above, the PECVD growth of nanostructure is low
temperature process because thermal energy required in dissociating the source
species to generate building species is provided by the plasma that contains
highly energetic electrons and other activated positively charged and neutral
species (molecules and radicals). The substrate temperature is one of the most
important parameter in the PECVD technique as it directly affects the surface
processes (surface reactions over the catalyst nanoislands active surface) to
generate building species [86]. Generally, external heating is required in most of
the PECVD techniques to provide the sufficient energy to the reactive species
for their surface dissociation. However, MW-PECVD technique does not
require any external substrate heating. As name suggested, microwaves have
primary heating property which leads to the substrate heating. Moreover, RF-
PECVD technique also has ability to generate high energy and high density
plasma which also leads to substrate heating, whereas, DC-PECVD technique
rely on the external heating due to the limited input energy for glow discharge.
The substrate temperature not only affects the surface dissociation rate of the
reactive radicals but also influence the relative etching of the substrate surface
and nanostructure [59]. It is reported that the high substrate heating leads to the
higher growth of the graphene sheet and increase in the number density of
graphene nuclei. However, it is also believed that the defects densities over the

graphene sheet increases with increase in substrate heating [52, 55, 87].

1.7.4 Effect of substrate

Many experimental studies report the plasma assisted growth of vertical
graphene over the catalyst free and catalyst coated substrate surface (planar
substrate). When catalyst free substrate is subjected to reactive plasma, the
defects are produced over the substrate surface as a result of substrate etching
via highly energetic ion bombardment. These defects provide the nucleation
sites for dissociation of the reactive species and generation of building units,
and also provide the grain boundaries for the vertical growth of the graphene
sheets. However, catalyst coated substrate require plasma pre-treatment for the
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segregation on catalyst film into catalyst nanoislands and the vertical growth of
graphene sheets over these nanoislands is more pronounced as compared to the
former case discussed above. Moreover, growth of graphene over the CNT
substrate surface leads to the utilization of the field emission sites as compared

to the growth over the planar substrate.

1.7.5 Effect of pressure

Pressure is the one of the most essential PECVD process parameter which
affects the plasma characteristics and consequently, affects the PECVD growth
processes. The gas pressure affects the mean free path of the electrons (i.e.,
mean free path is inversely proportional to the gas pressure) which directly
influence the temperature, energy and density of electrons in the bulk plasma.
The gas pressure of the plasma reactor must be kept in the optimum range. At
very low pressure, mean free path of the electron can exceed the dimension of
the plasmas system which leads to the sufficient loss of density and energy of
electrons However, at high pressure, mean free path becomes smaller which
increases the collisions in the plasma and ultimately leads to the loss of
energetic electrons. Thus, high energy is required to stabilize the plasma at very
low or high gas pressures. It is reported that the growth of graphene sheet is

high at reduced gas pressures [88, 89].
1.7.6 Effect of input plasma power

Apart from above discussed operating parameters, input plasma power is also
one of the most important PECVD process parameter. The stability and density
of the plasma strongly depend on the input power. The sufficient energy to
activate the gaseous sources via electron impact reactions is provided by the
input power. Collison et al. [90] experimental found the effect of input plasma
power on the electron density and electron temperature which are the primary
scale for the measurement of the stability and strength of the plasma. It is
observed that when input plasma power is raised, the electron density and
electron temperature in the plasma increases. Srivastava et al.[91], Cho et al.
[89], Nang and Kim [92], and Ghosh et al. [93] found that the input plasma
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power greatly influence the growth characteristics of the vertical graphene sheet
in the reactive plasma environment.

1.8 Objectives and organization of the thesis

In view of the literature and studies on the growth of graphene sheet in plasma and
field emission from them, the proposed thesis aims to study the effect of plasma
parameters on growth and field emission characteristics of the graphene sheet. The
effect of plasma parameters such as number densities and temperatures of ions and
electrons on the growth of graphene sheet (without catalyst) in plasma
environment is studied in the present thesis. In addition, the catalyst-assisted
growth mechanism of the two-dimensional vertical graphene sheet in plasma
medium is discussed in detail and the effect of plasma parameters, process
parameters namely, input power and total gas pressure, different gas mixtures, and
doping on the growth and field emission characteristics of the vertical graphene
sheet is investigated in the present thesis. The plasma-assisted growth of graphene
sheet on CNT as a substrate is also studied in the present thesis. The entire work in
the present thesis is divided into eight chapters.

= Chapter 2 describes the growth of the graphene sheet (without catalyst) in
the plasma environment through condensation process. A theoretical model
comprising the charge neutrality, the particle and energy balance of all the
plasma species i.e., charged and neutral species is developed to study how
the growth (or thickness) of graphene sheet is affected by changing the
plasma characteristics, i.e., by tuning the plasma parameters (electron
density and temperature, ion density and temperature), parameters related
with the different type of plasma species i.e., negative ions, and by
introduction of nitrogen doping element in the plasma. By obtaining the
variation of the thickness of the graphene sheet with plasma parameters,
nitrogen doping and relative number density of negative ions, the
consequent variations in the field enhancement factor of the graphene sheet

is estimated.

= Chapter 3 includes the modeling for the catalyst-assisted growth of
graphene sheet in the presence of plasma. The model developed accounts for
the charging rate of the graphene sheet; number density of electrons, ions,
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and neutral atoms; various elementary processes on the surface of the
catalyst nanoparticle; surface diffusion and accretion of ions; and formation
of carbon-clusters and large graphene islands. The effect of various plasma
parameters and rf power on dimensions i.e., height and thickness and further
their repercussions on the field enhancement factor of the graphene sheet is

examined.

Chapter 4 presents a theoretical model to understand the growth and field
emission characteristics of the graphene sheet on account of effect of doping
of heteroatoms such as nitrogen and boron in a PECVD process. The
charging rate of the graphene sheet, kinetics of the electrons, ions, and
neutrals; adsorption, surface diffusion, and accretion of carbon species via
several processes on the catalyst surface; formation of clusters and graphene
islands; vertical growth of graphene sheet in the presence of doping species
are incorporated in the model to study the effect of nitrogen and boron
doping on the dimensions, i.e., thickness and height of the graphene sheet
and further the field emission properties of the graphene sheet are proposed

on the basis of the results obtained.

Chapter 5 presents a multiscale theoretical model to study the effect of
different gas mixtures on the nucleation and growth kinetics of a graphene
nanosheet in the reactive low-temperature plasma environment. The present
model describes the key processes involved in the catalyst-aided growth of
vertical graphene sheet in its entirety, from formation of carbon clusters,
nucleation and growth of graphene islands and growth of vertical graphene
sheet in the presence of different gas mixtures. In addition, the present
model considers the kinetics of various plasma species, i.e., electrons, ions,
and neutrals, charging rate of the graphene sheet, number density profiles of
carbon clusters and graphene islands, growth rate equation of graphene
islands, and vertical graphene sheet. The numerical solutions of the model
are used to investigate the consequence of different carbon feedstock gases,
i.e., CoH,, CHy4, and CF4 on the graphene sheet growth parameters (e.g.,
graphene sheet dimensions, i.e., height and thickness, growth rate of carbon

species and etchant species on the catalyst surface, and graphene sheet
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nucleation density) with time and further its repercussions on the field

enhancement factor of the graphene sheet.

Chapter 6 describes the multistage numerical model comprising the plasma
kinetics and surface deposition sub-models to study the influence of PECVD
process parameters on the plasma composition and characteristics and to
understand the insights of the evolution of growth characteristics of
vertically oriented graphene sheets (VOGS) grown in the Ar+H,+C;H,
reactive plasma environment. The spatial distributions of temperature and
densities of electrons, positively charged, and neutral species in the plasma
reactor are examined using inductively coupled plasma module (ICP) of
COMSOL Multiphysics 5.2 modeling suite. The numerical data from the
computational plasma model are fed as the input parameters for the surface
deposition model to control the growth characteristics of the plasma grown

VOGS over the catalyst-substrate surface.

Chapter 7 presents the theoretical model to describe the plasma-assisted
nucleation and growth kinetics of vertical graphene (VG) sheet on the CNT
surface. The model accounts the formalization of charge separation region
i.e., plasma sheath between the bulk plasma and substrate surface in one-
dimension along with the kinetics of all the plasma species (neutrals,
positively charged species, and electrons), rate of charge accumulation on
the graphene sheet surface, and growth of VG sheet on the CNT surface
owing to defects generation and various processes on the CNT surface.
Using the model, we demonstrated that variations in the plasma enhanced
chemical vapor deposition (PECVD) process control parameters such as the
total gas pressure, input power, and substrate bias can be used for significant
variation in the plasma composition and characteristics that in turn control
the ion bombardment and generation of carbon species on the CNT surface,
and consequently tune the VG sheet growth characteristics such as, height,

thickness and number density profiles of VG sheet on the CNT surface.

Chapter 8 summarizes the conclusion and future scope of the present work.
Moreover, the conclusions made in the present study are not only valid for

2D graphitic nanostructures but can also be extended to investigate the

Neha Gupta 31
Delhi Technological University, Delhi, India




Introduction | Chapter 1

growth characteristics of the other graphitic nanostructures in the reactive

plasma environment.
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Impact of plasma on the thinning of graphene
sheet

2.1 Brief outline of the chapter

The present chapter describes the growth of graphene sheet (without catalyst) in
the plasma environment through condensation process. A theoretical model
comprising the charge neutrality, particle and energy balance equations of all the
plasma species i.e., charged and neutral species is developed to study the
influence of plasma parameters (number density and temperature of electrons
and ions), nitrogen doping, and negative charged ions in plasma on the growth
of embryonic graphene sheet in plasma environment is developed.

2.2 Introduction

The growth of graphene nanosheets in the presence of plasma atmosphere has
gained a heightened interest in recent years. Subsequently, extensive studies have
been carried out to control the morphology, growth rate, dimensions, and
structure of graphene by effectively tuning the plasma parameters [1,2], growth
time [3], input power [4], substrate temperature [5,6], and plasma composition [6-
8].

Yu et al. [1] have reported a patterned synthesis of vertical graphene
nanosheets using plasma-enhanced chemical vapor deposition (PECVD) and
suggested that the electric field distribution above the substrate material plays a
key role in the graphene coverage. Malesevic et al. [2] have presented a possible
route for the mass production of freestanding few layer graphene (FLG) by
means of microwave PECVD. In this experiment, the average thickness of the
FLG flakes grown by above method was between 4 and 6 atomic layers. This

technique is most promising since it does not rely on the use of catalyst which
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implies that any material that can withstand elevated temperature can be used as
substrates. It was also observed that growth process slows down and the average
dimensions of the flakes decrease as the hydrogen gas flow increases relative to
methane flow, keeping all the other parameters constant.

Soin et al. [3] have grown vertically aligned few layered graphene (FLG)
nanoflakes on Si (100) substrate by microwave PECVD method. They suggested
that the growth of FLGs proceeds via the nucleation of highly stressed
nanocrystalline graphite layers. They also studied the time dependent growth of
FLG nanoflakes.

Kim et al. [4] have synthesized single-layer graphene on Cu foil in the
absence of H, flow by PECVD. In this case, they have observed that the average
grain size is ~0.4 pm when the plasma power is 10 W, but it sharply increases to
~3 um when the plasma power is increased to 50 W. It also sharply decreased to
~0.8 um at a plasma power of 170 W. This result is due to the increased amount
of hydrogen species at higher plasma power. They have experimentally
demonstrated that as plasma power increases there is reduction in the graphene
thickness (cf. Fig. 2a to 2c of Kim et al. [4]). It is found that the plasma plays an
important role in the graphene growth by generating hydrogen species during the
decomposition process of methane into active species. The amount of hydrogen
species increases with the plasma power, resulting in a drastic change of grain
size. When the plasma power is high enough, good-quality graphene with the
carrier mobility of ~3,200 cm®V's™ can be produced at 830 °C by using methane

as both carbon and hydrogen sources.

French et al. [5] have prepared carbon nanosheets using radio frequency
PECVD and studied the structure of graphene sheets at different substrate
temperatures. Their results suggest that the average number of graphene layers
reduces significantly with increase of temperature. Wang et al. [6] have used
microwave plasma to synthesize single- or double-layer graphene sheets on
copper foils using a solid carbon source, polymethylmetacrylate. They have
studied the effect of substrate temperature on graphene quality and observed the

reduction of defects at elevated temperature. In addition, they also synthesised
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nitrogen doped graphene sheets by treating graphene sheets in nitrogen/hydrogen

plasma treatment.

Shen et al.[7] have studied structural changes of few-layer graphene
sheets induced by CF, plasma treatment optical microscopy and Raman
spectroscopy. Their experimental results suggest a thickness reduction of few-
layer graphene sheets subjected to prolonged CF,4 plasma treatment while plasma
treatment with short time only leads to fluorine functionalization on the surface
layer by formation of covalent bonds. Seo et al.[8] have reported that the
thickness of the graphene sheet reduces upon addition of nitrogen to the

CH4/Ar/H; gas mixture.

Sodha et al. [9] in their theoretical model have investigated the growth of
embryonic dust particles in complex plasma and found that the radius of the

embryonic dust grains decreases with the number density of dust particles.

Graphene sheets grown via PECVD are reported to exhibit excellent field
emission characteristics. Malesevic et al. [10] experimentally studied the field
emission from vertically aligned FLG and found that the graphene can be
characterized by turn on fields as low as 1V/ um and the field amplification

factor up to several thousand has been reported.

Soin et al. [11] have also synthesized vertically aligned FLG on bare Si-
substrates by MWPECVD method and showed significant improvement in field
emission characteristics of FLG by nitrogen plasma treatment. They reported
field enhancement factors for pristine FLGs to be 815 and 4710 for the low field
and high field regions, respectively and for N-doped graphene, the field
enhancement factor increases to approximately 3120 and 17350 for the low field

and high field regions, respectively.

Palnitkar et al. [12] have studied the field emission of undoped graphene
films and of those doped with nitrogen and boron doped films. The N-doped
graphene shows the lowest turn-on field of 0.6 V/um, corresponding to emission

current density of 10 pA/cm?,
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2.3 Model

We consider plasma containing electrons, positively charged ions and neutrals of

carbon, hydrogen, and nitrogen denoted as species of type A, B, and C

respectively, negatively charged ions (SF; ) and graphene sheet is grown in the

presence of plasma. The positively charged ions are assumed to be singly
ionized. The growth of graphene sheet in plasma environment without catalyst
can occur by many ways, namely, cluster formation, nucleation, coagulation,
and growth of embryonic graphene sheet by condensation. However, in the
present investigation, we consider the embryonic growth of graphene sheet by
condensation in the plasma and the present model does not involve the kinetics
for the formation of embryonic graphene sheet (i.e., pre-grown graphene sheet)
as we aim to explore how the growth (or thickness) of graphene sheet is affected
by changing the plasma characteristics, i.e., by tuning the plasma parameters
(electron density and temperature, ion density and temperature), parameters
related with the different type of plasma species i.e., negative ions, and by
introduction of nitrogen doping element in the plasma.

The present model accounts the charge neutrality equation, particle balance
and energy balance equations all the plasma species that incorporates the
various processes i.e., (i) ionization of neutral atoms, (ii) electron-ion
recombination, (iii) accumulation of plasma species on the graphene sheet
surface, and (iv) elastic collision among plasma species (collision between ionic

species is neglected) and with the graphene sheet surface

Following Sodha et al.[9], the surface potential Vs on the surface of
graphene sheet can be estimated by equating the number of electrons and

number of ions striking on the graphene surface.

1 1 1
NEA T AN WA VAN [
e e | 1 1

where n,, T, are the number density and temperature of electron, Kg is the

Boltzmann’s constant, € is the electronic charge, T, is the ion temperature, N;;
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and m; are the number density and mass of ion j (where j refers to A and B type

2
of species considered in the model). X =n_£T—ej is accounted when
m

negatively charged species are considered in the plasma; where n_(: 5rnp) is

the number density of negatively charged ions, ¢, is the relative density of
negatively charged ions, n,=(m+ng), and m_ is the mass of negatively

charged ion.

2.3.1 Charge neutrality equation

ABC
Zngy+ D N =Ng+n_, (2.2)
]

where Z is the charge on graphene sheet surface, ng, is the number density

gn
of graphene sheet, and j refers to A, B, and C type of ions considered in the
model. lons of type C and the term n. are taken into account when doping
species and negatively charged species are considered in the plasma,
respectively.

2.3.2 Charging of graphene

This equation describes the charge developed on the graphene sheet due to

accretion of electrons and positively charged ions on the surface of graphene.

dz AB,C
E: Z Nijgn = YelNegn: (2.3)
J

2
where  ngg, = (It+ht+1h) 27Kg Te N, exp| — evs is the electron
Mg kBTe

collection current at the graphene sheet surface and 7y, is the sticking
coefficient of electron; I, t, and h are the length, thickness, and height of the

graphene sheet, respectively. n;.,, is the ion collection current at the graphene

jgn
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2.3.3

2.3.4

sheet surface and j refers to either A, B or C type of positively charged ion
considered in the model. lons of type C are taken into account when doping

species are considered in the plasma.

N

1

1
= 2
)2 eV,
Nijgn = (It +ht+1h) 27KgTi N i( eVs ] +exp£—sjerfc (evs J
m; Jz | kgT, KgT; kgTi

Growth rate equation of electron density

The equation describes the growth rate of electron density in the plasma

dn AB,C AB,C
d_;: 2 BN = 2. e — 7eNgalegn, 24)
i i

where f; is the coefficient of ionization of the constituent neutral atoms due

k
to external agency, «; (Te):ajo(%l'ﬁJ cm3/sec is the coefficient of
e

recombination of electrons and positively charged ions, and n, :(1_gr)np
when negatively charged ions are considered in the model. The first term in
Eq. (2.4) is the rate of gain in electron density per unit time on account of
ionization of neutral atoms and second term is the decaying rate of the
electron density due to electron—ion recombination and the third term is the
electron collection current at the surface of graphene. Species of type C are

taken into account when doping species are considered in the plasma.

Growth rate equation of positively charged ions

The equation describes the growth rate of j positively charged ion in plasma.

ij
_— :,Bjnj —ajnenij —ngnnijgn, (25)
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The first term in Eq. (2.5) is the gain in ion density per unit time on account
of ionization of neutral atoms, second term is the electron-ion recombination

and third term is the ion collection current to the surface of graphene sheet.

2.3.5 Growth rate equation of negatively charged ions

The equation describes the growth of negatively charged ion density in
plasma.

dn dnp AZB AZB
— =& —= ﬂj i~ Oljnenij —}/engnnegn. (26)
dr dz 5 i

The explanations of all the terms incorporated in Eq. (2.6) are same as of Eq.
(2.4).

2.3.6 Growth rate equation of neutral atoms

The equations describe the growth rate of neutral atoms in plasma.

dn
d_rA = aaNeMia = BaNa +Ngn (1-%ia) Niagn —Ngn? ANAgn: (2.7)
dn
B _ _ _
= = %""g Bghg +Ngn"Bgn ~"gn"Bgn’ (2.8)
dn
d—: =acNNic _:BC Ne + ngn (1— Yic )nngn - ngn7C ann J (29)

27l'kBTn

2
where njg, =(It+ht+|h)( J n; is the neutral collection current at

j
the surface of graphene sheet. The first term in Egs. (2.7)-(2.9) is the gain in
neutral atom density per unit time due to electron—ion recombination, second
term corresponds to the decrease in neutral density due to ionization, third
term corresponds to the gain in neutral density due to neutralization of the
atoms collected at the surface of graphene, and the last term in Egs. (2.7) and
(2.9) is the accretion of neutral atoms of species A and C, respectively on the

surface of graphene.
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2.3.7 Growth rate equation of graphene sheet

dm
o _
= MA7ANAgn *+ Mia7iaMiagn +Mc7cNogn + MicZicNicgn: (2.10)

dt
[h(z) +I(T)]E = MgNggn + MigNiggn + Mc7cNegn + MicYichicgn:  (2.11)

where mg= (Ixhxt)pg, is the mass of the graphene sheet, pg, is the density

of graphene. The Eg. (2.10) describes the gain in mass density of graphene
sheet due to collection of atomic and ionic species of type A and C. The Eq.
(2.11) represents the change in thickness of the graphene sheet due to
collection current of atomic and ionic species of type B and C. Species of
type C are taken into account when doping species are considered in the

plasma.

2.3.8 Energy balance for electrons

i(g nekBTe) _ [ﬁAnAgA +ﬁBntBj

dT 2 +ﬁc ncgc
B (E ke J(aAneniA +agNeNig JTe
2 + acNgNic

3
—NgnNegn {yegyg'n + Oegn (1— Ve )|:g§gn — (E Kg jTgn }}

fopOep + T o,
_(ng) eA%eA eB“eB (Te _Tn)ne
2 + focOec
foriOuni + fopi Oupi
—(EKB)( eAi OeAi eBi eBlj(Te —Ti)ne7 (2.12)
2 + fecideci

where T, is the temperature of neutral atoms, Ty, is the temperature of

graphene sheet, ¢&; is the mean energy of electrons due to ionization of

neutral atoms, gégn(Z)(z 5n(2) —evs) is the mean energy of electrons (at a

large distance from the surface of graphene sheet) collected by graphene

sheet, gjgn (Z) =2kgT, is the mean energy of electrons collected by graphene,
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1
n\(T )21 . - :
fei| = fejo (n_J][T_ej is the electron collision frequency due to elastic
jo e0

1
collisions with neutral atom; fgq :(8.3><105)7zrj2nj0Te02 is the electron

collision frequency due to collision with atom j in the absence of graphene,

rjis the mean radii of atomic species, Ty, is the temperature of electrons in

;i 2
the absence of graphene, fg; = fgjio 4 (T—ej is the electron collision
Nijo )\ Teo

frequency due to elastic collisions with positively charged ions and

is the electron collision frequency due to

n. 220T,
fejiO = 55 |0§ In leo

Teo? Nio3

collisions with ion j in the absence of graphene, &, {z 2%} is the fraction
J

of excess energy of electron lost in a collision with the neutral atom j,

me | . : . .
e l:z 2—6} is the fraction of excess energy of electron lost in a collision
;i
]

with  positively charged ion j, é'egn {zZr:]e } is the fraction of excess
gn

energy of electron lost in a collision with graphene, mjis the mass of neutral
atom, , n;is the number density of neutral atom j, n;,is the initial number
density of neutral atom of type j, and ng :(1—5r)np0 is the initial number
density of electrons when negatively charged ions are considered in the

plasma.

The first term on the right hand side in Eqg. (2.12) is the power gained
per unit volume by electrons due to ionization of neutral atoms and last four
terms refer to the energy loss by electrons per unit volume per unit time due

to recombination with positively charged ions in plasma, the sticking
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accretion and elastic collisions of electron at the surface of graphene, elastic
electron-atom collision, and elastic electron-ion collision, respectively.

Species of type C are taken into account when doping species are considered

in the plasma.

Substituting the value of %from Eq. (2.4) in Eq. (2.12), we get
T

(BaNaga + BeNaep + fcncec ) -

SR
ST
~ NgnNegn {Ve {gégn _(g ks jTe}
. (3
+5egn (1_7/8 )|:6‘egn —(E kBjTgn :|}

fenden + fepd,
_(§k8j{ eAeA T TeB EB:|(Te_Tn)ne

2 + focOec
fopiOeai + fegidemi
_(§k8j{ eAiYeAi eBi EBI}(Te _Ti)ne- (2.13)
2 + feCié‘eCi

2.3.9 Energy balance of positively charged ions

d|3
_{_(niA +Njg +Nic ) kgT, } =(Banagia + BeNpéip + fcNcéic)

dr| 2
fopiOeai + TopiOeni
+(§k8jne{ eAi eﬁ%l eBi eBl}(Te _Ti)
2 + eCi5eCi

3
_(E Kg |(@aNeia +agNeNig +acNeic ) T;
| |
Niagn€iagn T NiBgn€iBgn
Ngn I
* Nicgn€icgn

3 ( fianndina + fingdiag + fiAcé}AC)niA
_(E ksj +( figadipa + fisediss + fiscSic )Mis |(Ti—Tn),  (2.14)

+( ficcice + ficadica + ficadice ) Nic

where 5i|jgn (Z)(: [2— EV_IS_ jkBTij is the mean energy of positively charged
Bli
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ions (at large distance from the surface of graphene sheet) collected by graphene

sheet, &; is the mean energy of positively charged ions produced by the

is the

. nj- mj-Ti+mian
ionization of neutral atoms, fj;:| = fjjj0 (
0

Moo )| (M Tio +MiToo)

h

collision frequency of a j™ type of ion with j'™ ion of neutral atom ,

2m::
S =| ———— | is the fraction of excess energy of a i™ type positively
(mj: +my)

charged ion lost in a collision with neutral j' kind of neutral atom.
8 1/2 o[ MMy Tio To 2 T
fijo =| 3 | (27ke )" (5 +17) e ||| ™ +[ 0 |1 Ty and Ty

mg+m. ) Jl{m | [ m
IJ J IJ J'

are the initial temperatures of positively charged ions and neutrals, respectively.
Species of type C are taken into account when doping species are considered in
the plasma.

The first and second terms on the right hand side in Eq. (2.14) are the
energy gained per unit volume per unit time by the positively charged ions due
to ionization of neutral atoms, elastic collision of ions with electrons,
respectively and last three terms are the energy loss per unit volume per unit
time due to electron—ion recombination, sticking accretion of ions at the surface
of graphene, and elastic collision with neutral species, respectively. Since both
species of ions are assumed to be at the same temperature, the ion—ion collisions
do not contribute to the energy balance.

dn;;
Substituting the value of d—” from Eq .(2.5) in Eq.(2.14), we get
T

(3 : ) dT (Banagia + Bangéip + Pchcéic )
2 woE T  de 5 Kg (Bana+ Bang + fcnc )T

3
+§ ane [ feAi5eAi + feBié‘eBi + feCié‘eCi ](Te _Ti )
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3 3
niAgn (gilAgn - E kBTi j + niBgn (gilBgn - E kBTj

I 3
+Nicgn (gngn 5 kgTj j

(fiAA5iAA + fiagJiag +] |
Nia
fiacdiac
faadipa+ figgd
3 J{ iBA%iBA T TiBBOiBB +jniB
finnO;
iBC%iBC
{ficc5icc + fiCA5iCAj
+ iC
+ ficadice

— ngn

(Ti =T, ) (2.15)

2.3.10 Energy balance of negatively charged ions

d (3
d_r(z nkBTej = (,BAnAgA + ﬂangs)

3
5 kg (aAn—niA +agn_Nig )Te

3
—NgnNegn {7/egelzgn + 5egn (1_ Ve )|:‘9:gn - [E Kg jTgn }}
3
- [E kB)[ feA5eA + 1:eBé‘eB ] (Te _Tn ) n_
3
_(E kBj( fenideai + fegidesi )(Te —Ti)n_.  (2.16)
The explanations of all the terms used in Eq. (2.16) are same as in Eq. (2.12),

and this equation is considered when negatively charged ions are taken into

account in the plasma.

2.3.11 Energy balance of neutral atoms
d|3 3, [ 2ANeNia +apNeNig
—| =(ny+ng +nc )kgT, [=|]| =k T, +T;
dT|:2( A B C) B ni| |:(2 B[ +acnenic ]( ¢ I)J
+(O‘AneniA| pA +agNeNigl g +acneNicl e )]

foaden + fepO,
+§kB Ne eA%eA T 'eBYeB (Te _Tn)+
2 + focOec
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[( fianadiaa + fiasdiag ++ fiacSiac ) Nia
+( figadiga + figgdise + fiscSiec )Me |(Ti —Th )]
+(ficcSice + ficadica + ficadics )Nis
3 (1_ 7/iA) Niagn + Niggn
+ | =k )n (Tqn =T,
(2 ° gn! +(1_7iC)nngn .
3 " Nagn [7/ATn + 5Agn (l_ 7A)] + ntn5Bgn
|28 Mgn (Tn _Tgn)
+Ncgn [7CTn +0cgn (1_7’C ):I

—(g kBj(ﬂAnA + PN + fcnc ) Ty — Egisss (2.17)

where 1, is the ionization energy of the constituent atomic species,

Pi
Egiss =(Eadiss ~ Ep.diss + Ec giss ), Ejdiss 1S the energy dissipated per unit
volume per unit time by neutral atoms to the surrounding atmosphere,

2m;
Fjgn :[(—’)] is the fraction of excess energy of an atom lost in a
m
gn

j+m

collision with the graphene, T, is the ambient temperature. The dissipation

T,-T, :
energy, E =E M may be assumed to be proportional to
j.diss jidisso | (Tho —Ta)
the difference between the temperatures of the neutral atomic species T, and

the ambient temperature T,. The constant Ej,disso

is easily obtained by
imposing the ambient condition of the complex plasma system in Eq. (2.17)

for the constituent neutral species.

The first term on the right hand side of Eq. (2.17) is the power gained per
unit volume by the neutral species due to recombination of electrons and
positively charged ions, second and third terms are the rate of power gained
per unit volume by neutral atoms in elastic collision with electrons and
positively charged ions, respectively, fourth term is the energy gained per unit
volume per unit time due to formation of neutrals at the surface of the
graphene on account of ion collection currents. The fifth term refers to the
power loss per unit volume due to sticking accretion and elastic collisions

with graphene. The next term refers to the thermal energy loss per unit
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volume per unit time by neutral atoms due to ionization. The last term is the

energy dissipation rate per unit volume by neutral atoms to the surroundings.

d
Substituting the value of (nA +dnB+nC) from Egs. (2.7)—(2.9) in Eq.
T

(2.17), we get,

3 ap\NgNjp + agNeNig
Na+Ng+Nec K T.+T, =T
2( A B C) B |: ( +acn niC J( e i n):|

acNeNicl e

fonOon + TR0,
2k |:ne[ eAYA eB EBJ(Te _Tn)

+ feC 5eC

[aAn eNial pa +apNeNig | g +J
3

(finadian + fiagding + fiacdiac ) Mia
+| +( figadipa * fissdies + fiscdisc )Mis |(Ti —Th )]

+( ficcdice + ficadica + ficadice ) Nis

.\ (§ " j - {(1— Yia ) Miagn + Niggn ]Tgn
2 +(1=7ic )Nicgn

Nagn| 7aTa + Spgn (1=74) (Ta = Tn) ||

_(g kBjngn +Nggngn (Tn —Tgn ) +

_ann[ 7eTh +Scgn (1- VC)(Tn —Ty )}
_(_kB (ﬂAnA"'ﬂBnB

2 + fcne

jT —Egiss-  (2.18)

2.3.12 Energy balance of graphene sheet

d 3
dz (mgnC pTgn ) Negn {Vegggn + (1_ Ve ) 5egn |:g:gn - (E Kg )Tgn H
Nagn [7ATn + 5Agn (1_ J/A)(Tn _Tgn )}
3
_(E kBj +Nggndagn (Tn ~Tgn)
_"‘ann [7CTn + 5an (1_ vc )(Tn _Tgn )1

s s l
Niagn (giAgn +1 pA)+ NiBgn (giBgn +1 pB)

s
+ Nicgn (5ngn +1 pC )
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3
- (E Kg j[(l_ Y Ai ) Niagn + Niggn + (1_ YCi ) Nicgn :'Tgn

—(It+ht+Ih) [30' (Ton* -Ta?)

1

1
(BkaTy 2, (BkeTy 2
A ﬂ'mA B 7sz

+ ) ke (Ton=Ta) ], (229)

,_ &V
k BTi GVS

where gﬁgn (2)= - kgT; is the mean energy collected by
1— eVS kBTi
KgTi

ions at the surface of graphene sheet, C, is the specific heat of the material of

the graphene at constant pressure, & is the emissivity of the material of the

graphene, o is the Stefan —Boltzmann constant.

The first three terms in Eq. (2.19) are the rate of energy transferred to the
graphene 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 graphene per unit volume per unit time. The last term is the rate of
energy dissipation of the graphene through radiation and conduction to the

host gas.

2.4 Results and discussion

Using the analytical equations developed in Sec. 2.3, we investigate the effect of
plasma parameters i.e.,n,, To, Nig, Tjg, N_ and nitrogen doping on the growth
characteristics (i.e., thickness) of the graphene sheet with time and subsequently
on the field enhancement factor of the graphene sheet. The glow discharge and
input parameters used for solving the model equations are listed in Table 2.1,
2.2,2.3,and 2.4,
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Table 2.1. Initial parameters (at t=0) used in the present model

Parameter Description Initial Value
Ton temperature of graphene 2000 K
Tho neutral temperature 2000 K

Mip =My mass of ion and neutral of type A 12 am.u.
Mig =~ Mg mass of ion and neutral of type B lam.u.
Pgn density of graphene 4.2 glem®

coefficient of recombination of 1.12%107em/sec

“ao = B0 electrons and ions
Ve sticking coefficient of electrons 1
i sticking coefficient of ions 1
g emissivity of graphene 0.6
I pa ionization energy of type A species 11.26 eV
g ionization energy of type B species 13.60 eV
Ngn number density of graphene sheets 10* cm’®
o specific heat of the graphene 7x10°%ergs/gK
I length of the graphene sheet 100 nm
ho height of the graphene sheet 50 nm
to thickness of the graphene sheet 4 nm
¢ work function of graphene 5eV
Teo electron temperature 0.7eV
Tio ion temperature 2400 K
N mean energy of neutrals of type A 6.2 eV
& mean energy of neutrals of type B 10.7 eV
S mean energcyhzlr‘gsc/jpii nA positively 736V
S mean energé/h Z:g%pii rl? positively 129 eV
E disso dissipation energy of type A neutral 429 eV
€B,disso dissipation energy of type B neutral 19.6 eV
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Table 2.2. Additional parameters used for the calculation of undoped graphene sheet

Parameter Description Initial Value
Neo electron number density 10% cm’®
Nino number density of type A ion 0.8 ny
Nigo number density of type B ion 0.2 ng
Nao number density of type A neutral 110" cm?/sec
Ngo number density of type B neutral 110" cm?/sec

Table 2.3. Additional parameters used for the calculation of nitrogen doped graphene

sheet
Parameter Description Initial Value

Neo electron number density 10% cm’®

Mo number density of type A ion 0.5 ngp

Nigo number density of type B ion 0.3 ngo

Nico number density of type C ion 0.2 ngp

Nao number density of type A neutral 110" cm®/sec
Ngo number density of type B neutral 110" cm®/sec
Nco number density of type C neutral 110" cm¥sec

coefficient of recombination of 112 107em¥/sec

“eo electrons and ions
N mean energy of type A neutral 6.51 eV
&g mean energy of type B neutral 11.07 eV
& mean energy of type C neutral 8.2eV
Ein mean energy of type A ion 7.8eV
&in mean energy of type B ion 12.56 eV
&ic mean energy of type C ion 79eV
E disso dissipation energy of type A neutral 53.6 eV
&8, disso dissipation energy of type B neutral 46.5eV
&cdisso dissipation energy of type C neutral 21.2eV
I'oc ionization energy of type C species 14.53 eV
Mic = Mc mass of ions and neutrals of type C 14 a.m.u.
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Table 2.4. Additional parameters used when negatively charged ions are considered in

the plasma
Parameter Description Initial Value
oo number densityS sch;;):itively charged 10° em®
Miao number density of type A ion Npo /2
Nigo number density of type B ion Npo /2
N, number density of negatively charged £Nog
ion
Neg electron number density (=& )npo
Nao number density of type A neutral Npo
Ngo number density of type B neutral Npo
Teo electron temperature 0.7eV
T, temperature of r_1egative|y charged 0.6 eV

on

Figures 2.1 and 2.2 illustrate the variation of normalized thickness (t/to) of
graphene sheet for different number densities and temperatures of electrons and
ions of type B, respectively. From Figs. 2.1 and 2.2, it can be seen that the
normalized thickness of graphene sheet first increases with time and then attains
a saturation value. Moreover, it can be seen that the normalized thickness of
graphene sheet decreases upon increase in number densities and temperatures of
electrons and ions of type B. This is because with increase in electron density
and temperature ionization of neutral species increases which in turn augments
the ion density in the plasma. Thus, presence of large number of ions of type B
in the plasma leads to the higher ion bombardment over the graphene sheet
surface and results in the more effective etching of the side walls of the
graphene sheet. Moreover, neutral species available for accretion also decreases
due to more ionization and results in the thinning of the graphene sheet. The
results of Fig.2.2 are in compliance with the experimental observations of Kim
et al.[13] and Chan et al.[14].

Figure 2.3 illustrates the variation of thickness of undoped and nitrogen

doped graphene sheet with time. It can be seen from Fig. 2.3 that the thickness
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of graphene sheet decreases upon nitrogen doping. This can be attributed to the
fact that the nitrogen atom, being pentavalent produces an extra electron on the
graphene sheet surface which in turn increases the ionization of neutral atoms
and thereby increases the ion bombardment and decreases the neutral atoms
responsible for effective etching of the graphene sheet and accretion over the
graphene sheet surface, respectively. Moreover, the etching effect by nitrogen is
additionally considered as the basis for decrease of thickness of nitrogen doped
graphene sheet. The results of Fig. 2.3 are in consistence with the experimental

observations of Seo et al [8].

(b)

(c)

Normalized thickness (/t,) of graphene
(5] W [

2000 4000 6000 8000 10000
Time (s)

Fig.2.1. Temporal variation of normalized thickness of the
graphene sheet for different electron densities and temperatures

ie., (a)Nng=10%cm™ 1,,=07eV, (b)ny,=10" cm™> 1,,=06¢eV,

and (c) Ny =10° cm™ 1., =0.8 eV .

Figure 2.4 shows the time variation of the thickness of the graphene

sheet for different relative number densities of negatively charged ions (&, =
0.1, 0.2, 0.3, 0.4). It can be seen from Fig. 2.4 that the thickness of graphene
sheet decreases with increase of the relative number densities of negatively
charged ions in the plasma. This is because the neutral atoms available for
accretion on the graphene sheet surface decrease as the relative number

densities of negatively charged ions increase (cf. Fig. 2.5).
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Fig.2.2. Temporal variation of normalized thickness of the
graphene sheet for different densities and temperatures of ion of

type B, where (@) nigg ~10% em3, Tip = 2100K , (b)
Nigo =107 cm™3, 1.5 =2200K and (c) nyge =10 cm™, 7 = 2300K .
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Fig.2.3. Temporal variation of normalized thickness of undoped
and nitrogen doped graphene sheet.
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Fig.2.4. Temporal variation of normalized thickness of the
graphene sheets for different g, .

Figure 2.5 shows the time variation of the number densities of neutral
atoms of type A for different relative number densities of negatively charged

ions (& =0.1, 0.2, 0.3, 0.4). It can be seen from Fig. 2.5 that on increasing the

relative negatively charged ion density, the neutral density of type A atoms
decays faster. This is because, on increasing the negatively charged ion density
in plasma, for a fixed value of positive ion density, more and more neutral
atoms ionizes to produce ions and electrons. Thus, the neutral atoms available
for accretion decreases and as a result the thickness of the graphene sheet

decreases.

1.0
0.8+
0.6

0.4} §=0.4

Number density of neutral of type A (10'° cm)

2000 4000 6000 8000 10000
ime (s)

Fig.2.5. Temporal variation of normalized number density of
neutrals of type A for different &, .
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Using the results obtained, the field enhancement factor ﬂ(z? , Where h

and t are the height and thickness of the graphene sheet, respectively) [15,16]
is calculated for the saturated value of thickness corresponding to the different
plasma parameters, undoped and nitrogen doped graphene sheet, and different
relative number densities of negatively charged ions in the plasma. Since height
(h) has little influence on the field enhancement factor [17], it is assumed to be
fixed i.e., 1 um (estimated from the present investigation for particular set of

parameters) for the calculation of g . From the above discussions, it is clear that

thickness of the graphene sheet decreases with increase in the plasma
parameters (i.e., plasma density and temperatures), nitrogen doping , and on

increasing the relative density of negatively charged ions in the plasma, which

consequently results in the enhanced field enhancement factor (ﬂoc% for a

fixed value of h) of the graphene sheet. Therefore, it can be concluded that by
increasing the plasma parameters and relative density of negatively charged
ions in the plasma and on treating graphene sheet with nitrogen lead to larger 3
and hence enhanced field emission from the graphene sheet. Soin et al.[11] and
Palnitkar et al.[12] also reported the enhanced field emission characteristics of
graphene sheet upon nitrogen doping.
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Theoretical modeling of the plasma-assisted
catalytic growth and field emission properties of
graphene sheet

3.1 Brief outline of the chapter

In the present chapter, a phenomenological model describing the surface
deposition kinetics as well as the gas-phase processes of the species responsible
for catalyst assisted growth of graphene sheet in the reactive plasma is
developed to study the dependence of growth characteristics of graphene sheet
on the plasma parameters and henceforth account their effects on the field

enhancement factor.

3.2 Introduction

Plasma enhanced chemical vapour deposition (PECVD) technique offers
plentiful rewards, for instance, low temperature growth, better control over
nanostructure position, size, and shape, high versatility and growth of
nanostructures with selected properties [1,2]. Plasma plays a significant role in
the nanostructure synthesis [3]. The growth of nanostructures is strongly
affected by the ion & electron fluxes from the plasma and may well be
effectively controlled by the proper selection of the plasma parameters.
Extensive studies have been done to study the influence of RF power, feedstock
gas ratio, electron-temperature, hydrogen gas, and growth time on the structure,

growth rate and dimensions of the graphene sheet [4-8].

Nang and Kim [4] have observed that with the increase of plasma power
and growth time, the structural quality of the graphene films is improved and the
thickness of graphene is gradually decreased, finally saturating to a single layer
graphene (cf. Figs. 2 & 3 of Nang and Kim [4]).
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Liu et al.[5] have observed that upon increasing the RF power from 500
to 700 W, the deposited carbon material changes from 1-D to 2-D structure and
when the RF power increases to above 800 W the growth ratio decreases. The
decreasing growth ratio has been attributed to the etching effect of hydrogen
radical that overtake the benefit of providing more energetic ions at 800 W RF

power.

Jiang et al.[6] have studied the effect of gas flow rate on the growth of
graphene sheet. They observed that under a certain methane flow rate and ratio
of CH, to Hy, the size of the graphene flake increases with growth time and then
get saturated. They have shown that the synthesized films possess excellent

field emission properties with the field enhancement factor of 1.1x 10*.

Kim et al.[7] have synthesized graphene film on Ni foil by microwave
plasma enhanced chemical vapor deposition (MPECVD) method and found that
the number of layers of graphene increases by decreasing the mixing ratio of

hydrogen and methane.

Chan et al.[8] have shown that high quality graphene films on Cu films
are synthesized by increasing the hydrogen concentration by plasma-assisted
thermal CVD. Their results indicate that as the H;, flow rate increases, intensity
ratio of 2D peak to G peak, i.e., I.p/lg increases from 0.98 to 2.29.

To date, several experimental evidences incorporating the effects of
catalyst and electric field due to plasma on the vertical growth mechanism of
graphene sheet have been given [9-11]. In the catalytic growth, hydrocarbon gas
is dissociated on the catalyst surface whereas in the absence of catalyst the free
radicals, ions, reactive species are formed by the collision of feedstock gas

(hydrocarbons) and electrons in the plasma [12].

Zhu et al.[9] reported that initially graphene layers grow parallel to the
substrate and then the top carbon layers curl upward due to sufficient level of
force at the grain boundaries. They also revealed that the growth direction of the
carbon nanosheets is determined by the induced polarization of the graphitic

layers associated with the electric field in the plasma sheath.
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Terasawa et al.[10] have studied and explained the growth mechanism
of graphene on Cu by PECVD method. In their findings they have mentioned
that the growth of the first layer is due to the catalytic nature of Cu, while the
growth of the second and subsequent layers is mainly caused by the radicals
generated in plasma.

Ghosh et al.[11] have demonstrated the effect of substrate on the growth
of graphene nanosheets. They have explained the growth mechanism of vertical
graphene nanosheets assisted by electron cyclotron resonance chemical vapor
deposition (ECR-CVD) by eliciting the formation of nucleation centers for
nanographitic (NG) island formation during surface-plasma interaction,

coalescence of islands, and generation of stress at NG grain boundaries.

Moreover, many works on graphene synthesis have reported that the
plasma treated graphene sheets have better field emission (FE) properties [6,13-
16]. It has been observed that the field enhancement factor of graphene sheet is
inversely proportional to the thickness of graphene [17,18]and hence lesser

thickness corresponds to higher field emission current densities.

Malesevic et al.[13] have found that the few-layer graphene (FLG)
synthesized by the MPECVD technique are the good field emitter with low

turn-on field of 1V/pum and field amplification factor was observed upto 7500.

They have also revealed that the FLG grown with high H,/CH, gas ratio are
better field emitters as compared to low H,/CH, gas ratio.

Shih et al.[14] have investigated the effect of plasma treatment on the
growth, structure and field emission properties of the two-dimensional carbon
nanoflakes (CNFs) and revealed that the field emission properties get enhanced
on increasing the RF power. They have also illustrated the effect of substrate

temperature on the morphology of CNFs.

Wang et al.[15] have developed a back gated triode emission device
based on field emission characteristic of carbon nanosheets which were

synthesized by the RF-PECVD method. The field emission current was stable

Neha Gupta
Delhi Technological University, Delhi, India



Theoretical modeling of the plasma-assisted catalytic growth and field emission properties of

graphene sheet Chapter 3

for > 200 h at 1.3 mA emission current level. They imputed this result to the
high purity and uniform height distribution of the carbon nanosheets.

Srivastava et al.[16] have shown that the increase in microwave power
strongly affect the structure and morphology of the quasi two-dimensional
carbon films. The normal alignment of the films to the substrate, increased
density and reduced size are the main contributing factors to the characteristics

of field emission from the carbon nanofilms.
3.3 Model

The present chapter enlightens the catalyst-assisted growth of graphene sheet in
Ar+H,+C,H; plasma, C,H; acts as a carbon source gas. The plasma consisting of
electrons, ions of acetylene (C,H,"), hydrogen (H") denoted as ions of type 1
and 2, respectively, and neutrals of type 1(acetylene, C,H,) and type 2
(hydrogen, H,) is considered. Copper (Cu) catalyst over the silicon (Si) substrate
is considered. The complete d-electron shell of copper resulting in low chemical
affinity, minimal solubility of carbon, less precipitation of carbon from copper

bulk make copper an effective catalyst for the graphene [19].

The present model considers the following elementary processes for the

nucleation and growth of graphene sheet on catalyst-substrate surface in plasma.

(1) Firstly, the applied plasma power fragments the catalyst film to catalyst
nanoparticles, subsequently leading to the formation of localized nucleation

centres [3].

(2) The hydrocarbon ions formed due to ionization of gas within the chamber,
pass through the plasma sheath and then via thermal dissociation, hydrogen
induced decomposition (dehydrogenation) and several other processes, they
adsorb, diffuse and eventually attach each other to form C-atom clusters
[20].

(3) These carbon-clusters diffuse and collide to form graphene islands and
thereafter coalescence of these graphene islands lead to the formation of

large graphene islands. This leads to the parallel growth of graphene [20].
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(4) However, the coalescence of the graphene islands cause stress at the grain
boundaries, whose release favors the vertical growth of graphene [11]. The
electric field generated by plasma ensures the motion of hydrocarbon ions
towards the grain/island boundaries, leading to the formation of vertical

graphene sheet.

In a typical PECVD [21-23], plasma sheath (areas with uncompensated
surface charge) is formed near the boundaries of plasma-exposed substrate-
catalyst surface. The graphene sheet is thus produced in the plasma sheath
(rather in the plasma bulk) where the microscopic electric fields near the surface
accelerate the ions towards the plasma-exposed surface. In the present model,
we consider the sheath electric field (due to space-charge variation) to be
directed along the z - axis which accelerates all ions toward the substrate [24].
To investigate the sheath structure, fluxes, and energy of the plasma generated

species, the sheath Kinetics are considered.

Following Mehdipour et al.[24] and Lieberman et al.[25]

a a 2~ 6 ~ 8 -

[l&-l-ja-i-kaj.(npvp Zfizne, (31)
M,n v dv—p—en E-M_n f v (3.2
PPy, P p'p pntp :

d$(x)
i =—4r¥.q,5pN,, (3.3)

where Egs. (3.1), (3.2), and (3.3) represents the continuity equation, ion-
momentum balance equation, and Poisson equation, respectively, p refers to
either electron (e), CoH,", or H', n,, My, and v;, are their number density, mass in
plasma, and fluid velocity, respectively. fi;, E, fon, ¢, and g, are the ionization
frequency, electric field, collision frequency, electrostatic potential and charge

of the species respectively. &, is the p™" ion to electron number density ratio,

Zpép=Land0<¢ <L
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3.3.1 Charging of graphene

The charge developed on the graphene surface is determined by the accretion
of electrons and positively charged ions on the surface of graphene sheet.

Q [T] |1gn |Zgn —7e Iegn’ (3'4)

where Qis the charge over the graphene sheet, ,, is the sticking coefficient

of electrons, I;;

, lijgn and 1,4,are the ion and electron collection current at the

graphene sheet surface, respectively.

KeTi 12| 2 (eve )2
lijgn =My () (It +ht+1h)] —1 | 1~ =S
27°m. T kBTi

27°m, keTe KgTs

koT. |2 V
legn=( Be J ne(x)(lt+ht+lh)exp{e—5+eu_5} ,

where |, t,and h are the length, thickness and height of the graphene sheet,

respectively, Tj; is the ion temperature, m, is the ion mass (subscript j refers

to either 1 or2 type of positively charged ion as explained earlier),

2ep(x) _% . . . . -
nij (x) = nijo| 1-——3 is the ion density at any point within the plasma
mij Vio

sheath; v,yis the ion velocity, ¢(x)= ¢oexp[ ||] is the electrostatic

potential; ¢,is the negative potential at the surface and A4, is the Debye

length, T is the substrate or catalyst temperature (assuming catalyst and

substrate to be at the same temperature), Vsis the surface potential of the

graphene sheet (Refer Eq. (A2) of Appendix A), ne(X) = neo eXpP e|g( )}

kB e
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the electron density in plasma sheath, T. is the electron temperature, me is the
mass of electron,Us is the substrate bias and kg is the Boltzmann constant.

The negative substrate bias is to attract and accelerate the positive species in

plasma to stick into and form the nanostructures [26].

The first and second term on the right hand side of Eq.(3.4) describe
the charge developed on the graphene surface due to accretion of positively
charged ions of type 1land 2 i.e., ions of acetylene and hydrogen, respectively.
The third term represents the decrease in charge due to accretion of electrons

at the surface of the graphene sheet.

Kinetic equation of electron density

Ne (v) = (ﬁlnl + ﬂznz ) - (alnenil MESZUNLY, ) - 7/engn Iegn' (3.5)

where g, & p,are the coefficient of ionization of the constituent neutral atoms

due to external field, nis the electron number density, n;;and n;,are the ion

number density of ion type 1 and 2, respectively, nyand N, are the number

k
density of neutral type land 2, respectively. q; (Te)zajo(iﬂj cm®/sis the

e
coefficient of recombination of electrons and positively charged ions [27],

k = —1.21is a constant and j refers to either 1 or 2 type of ions.

Equation (3.5) indicates the growth of electron density in the plasma
system due to ionization of neutral atoms, recombination of electrons & ions,
and electron collection current at the surface of the graphene. The first term
on the right hand side of Eq. (3.5) is the gain in electron density per unit time
because of ionization of neutral atoms. The second term and third term
display the decaying rate of the electron density due to the electron—ion
recombination and the electron collection current at the surface of the
graphene, respectively.
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3.34

Kinetic equation of positively charged density
nil(T) = 'Blnl —oyn.Nyy = ngn Iilgn - ‘]ail + ‘]desorpl’ (3.6)
niZ(T) = BNy — NNy, = ngn|i29n —Jdaia * ‘]desorpz i 3.7)

where Jaij = Pi(27z'mij kBTij)‘“ 2 x% is the adsorption flux onto the catalyst
substrate surface, Pis the partial pressure of adsorbing species,

J desorpii = jijvexp(_‘g%B TiJ_)is the desorption flux from the catalyst-substrate

surface, | refers to either 1 or 2 type of ions, vis the thermal vibration

frequency, &, Is the adsorption energy, j;is the ion flux on the catalyst
. . . .
substrate surface, J,, = ijeXp( S%BTS)'S the flux of type 2 ion (namely

hydrogen) on account of thermal dehydrogenation, de, is the activation

energy of thermal dehydrogenation, j, is the hydrogen ion flux at catalyst-

substrate surface [28].

Egs. (3.6) and (3.7) refer to the growth rate of positively charged ions
in plasma system. The first term on the right hand side describes the gain in
ion density per unit time on account of ionization of neutral atoms. The next
two terms represent the rate of decrease in positively charged ion density due
to electron-ion recombination and ion collection current at the surface of
graphene, respectively. The fourth and fifth terms denote adsorption and
desorption of ions to/from the catalyst-substrate surface, respectively. The last
term in EQ. (3.7) represents the increase of hydrogen ion number density in

plasma because of thermal dehydrogenation.

Kinetic equation of neutral species density

nl(r) =Ny = A + Non (1_ 7i1) Iilgn N ngnylllgn’ (3.8)

N, (T) =N Ny =y, + Ngn (1_7i2) Ii29n B ngn7/2|2gn’ (3.9)
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3.35

1/2
where |. =n.(lt+ht+lh)(kBT/ ] is the neutral collection current at
Jgn ) 272'2mj

the surface of graphene, | refers to either 1 or 2 type of neutral atom, T, is

the neutral temperature, mj is the mass of neutral atom, n; is the neutral atom
density, 7i and %i is the sticking coefficient of corresponding neutral atoms

and ions, respectively.

Egs. (3.8) & (3.9) describe the growth rate of number density of neutral
atoms of type 1 and 2; the first term of the right side denotes the gain in
neutral atom density per  unit time due to electron—ion recombination. The
remaining terms represent the decaying rate of neutral atom density due to
ionization, gain in neutral density due to neutralization of ions collected at
the surface of the graphene, accretion of neutral atoms of species 1 and 2 on

the surface of the graphene, respectively.

Kinetic equation for the growth of graphene nuclei

In the preliminary stage, catalyst (Cu) film fragments into nanoislands of
Cu [3].The diameter of islands is known to be function of the thickness of
the catalyst film. The island size increases with the thickness of the catalyst
film [29]. Since the catalyst activities depend on the size of the catalyst
particle, therefore, morphology, growth rate and type of carbon nanostructure
formed changes with the catalyst-island size. Small catalyst particles favor the
growth of carbon nanotubes while the large catalyst particles promote the
growth of graphene [30]. The present model considers the size of the catalyst

nanoparticle to be 40 nm [10].

Following Mehdipour and Ostrikov [20], Tewari and Sharma [28]

—OF, Juo, . d
i(7tr2)= 2n  vexp L1420 J y +23 4 “i1%adsv2
dr g CH kT cH i1 d i1 Vv

B's

J. J —OE.
+3chm, +{Ji1(1—9t)+'16""0"°’H+Ji1 exp[ - TI j}mil}
4 B's
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r kgTs T,
cat’ cat
: " 3.10
X Ii +7/02H27Z-rcat CZHZQ’ ( . )

where 1 is the radius of the graphene nuclei, r.,, is the radius of the catalyst

nanoparticle, O.,¢ is the mass density of the catalyst particle.

1/2

8Ky T; Us ||, : :

lijg = N;Lﬂ;ﬂ'] nij(X)[l—Qyji]exp{— :BTS} is the ion collection
ij S

current at the surface of graphene nuclei; where, j refers to either 1 or 2 type

fi ¢’ 2 (86T, 1'%, ) is the neutral collecti

of ion, 7ji:%rkT)’ g :m’g( %mj) n; | is the neutral collection
g B's

current at the surface of the graphene nuclei, j refers to either 1 or 2 type of

neutral atom, Ve H, is the neutral atom sticking coefficient, n., (z QCHVO)

(Denysenko and Ostrikov [31]) is the surface concentration of CH; 6., is the

surface coverage by C,H, radicals [31] andy, (z 1015cm'2) is the number of

adsorption sites per unit area [31],m. (= 12 a.m.u) is the mass of the carbon

atom and my (= 26 a.m.u.) is the mass of type 1 (i.e, C,H;) ions, SE;(

1/2
~1.87 eV ) is the thermal energy barrier [20], Ji [: N [ks%__] j is the

flux of type j ion [28], y, (= 2.49x107 +3.29x1072 x E;; where E; is the ion
energy in eV) is the stitching probability[32], oass(~107*°cm?) is the cross-
section for the reactions of atomic hydrogen [31],J_ = (navth% ) is the flux

of impinging speciesa (where o« =C,H); C and H stands for carbon and

hydrogen species, respectively, N, and Vv,  are the number density and
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thermal velocity of « species, respectively [31], D, exp [_ES"CJ and D,
k

B's

-E . . -
exp(so'c'} are the surface diffusion coefficients of carbon monomers and
kBTS

C-atom clusters, respectively with corresponding activation energies E_,. =0.1

eVand E ., =0.82eV respectively [20].

sdcl

Eqg. (3.10) traces the development of graphene island on the catalyst
nanoparticle. The adsorption, surface diffusion, and accretion of carbon atoms
on the surface of the catalyst via thermal dissociation, ion induced
dissociation, decomposition of positively charged ions, interaction of
adsorbed acetylene ions with atomic hydrogen from plasma, thermal
dissociation of carbon source gas of acetylene ions, and other processes lead

to the formation of C-atom clusters [20]. The surface diffusion (with energy

barrier E_,., ) and agglomeration of these clusters lead to the formation of

graphene island (with radiusr, ) [20].

In Eqg. (3.10), the first term in the first bracket on the right side (see
Ref.26) accounts for the carbon yield on the catalyst surface due to thermal
dissociation of acetylene ions (with activation energy of thermal dissociation,

SE;); second term (see Ref. 31) denotes the carbon yield due to ion induced
dissociation of C,H, /ion-induced incorporation of neutrals (see Ref. 32);

third term refers the decomposition of acetylene ions, i.e.,C,H; ; fourth term

(see Ref. 31) describes the interaction of ions with atomic hydrogen from the
plasma; fifth term (see Ref. 31) is the rate of the incoming flux of carbon
atoms onto the catalyst particle. The terms in the second bracket refers to the
adsorption flux of type 1 ions to the catalyst surface, interaction of adsorbed
type 1 ions with atomic hydrogen from plasma, and thermal dissociation of

hydrocarbon source gas C,H, , respectively. The term D, exp (ES"C] and D,
kBTS
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-E e .
exp(SdC'] accounts for the surface diffusion of carbon monomers (with
kBTS

energy barrier Eg. (=0.1eV)) and C- clusters (with energy barrier Egy,
(=0.82eV)), respectively onto the catalyst surface per unit area mass density.
The factor l,14 @ccounts for the ion collection current on the growing

graphene island. The last term denotes the sticking of neutral atoms of type 1

i.e., acetylene to the graphene island.

3.3.6 Growth rate equation for graphene sheet

In the initial stage, formation of graphene islands result in the planar growth
of graphene. We believe that the length of graphene advance during the
course of the planar growth and we presume its value to be 1.6 pum [6].
However, the parallel growth of graphene eventually switches to the vertical
growth due to the stress developed at the graphene island boundaries. lon
bombardment, temperature gradients, and lattice mismatch between catalyst-
substrate surface and graphitic material are the main causes of this stress [33].
Under the influence of the electric field due to plasma, carbon atoms diffuse
at the graphene island boundaries raising the height and thickness of the
graphene sheet in the upward direction. Finally, the etching of carbon due to
hydrogen results in the decrease in the thickness of the graphene.

d(h ﬁxD exp B4 + Binc ﬂ-rgz ><(I- ) M
| & = 14 ! kBTS 27Z'rg gn X gn ' (311)

dr Pgn
+ (702H2 Icszgn)

df(t -oE
150 seon{ 3 st G o

B's
—OE; ||| h(z) 2
exp(ﬁn}aﬁL Veom, Ty ey g (3.12)

where Pan is the graphene sheet density and My, (leg) is the mass of the

growing graphene sheet.
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Equation (3.11) describes the increase in area of the graphene sheet due

to diffusion, of carbon atoms at the graphene island boundaries and ion &

neutral collection current at the growing graphene sheet. The first term on the

right side of the Eqg. (3.11) describes the diffusion (with energy barrier,

Eq ~0.13eVv ) [9] and attachment of carbon atoms (with energy barrier,

Einc ~0.4€V) [34] to the border of the growing graphene sheet. The factor

Iilgn

corresponds to the ion collection on the growing graphene sheet and the

last term accounts the sticking of neutral atoms of acetylene on the graphene

sheet.

Equation (3.12) describes the decrease in thickness of graphene sheet

due to etching of carbon by hydrogen atoms. In Eq.(3.12) the first term on the

right hand side refers the incoming flux of type 2 ion, i.e., hydrogen due to

thermal dehydrogenation of type 1 ions (with energy barrier SEg,, =1.7eV),

second term accounts the adsorption of type 2 ions to the surface. The third

term is the decomposition of positively charged ions of type 2, fourth term

describes ion induced dissociation of acetylene, and fifth term is due to the

incorporation of hydrogen ions due to thermal dissociation of acetylene ions

[31]. The last term denotes the sticking of neutrals of acetylene on the surface

of the graphene sheet.

3.3.7 Energy balance equation for graphene sheet

d 3
3

3
+[|ilgn (gislgn +171) + IiZgn (giSZgn + IZZ)_[E kle:(l_ﬂl) Iilgn + Ii2gnj|TS

1/2 1/2
—A[go-(Ts4—Ta4) +!n{8kBT") +n2(8kBT"J }kB(TSTn)], (3.13)

T Tmy
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where My, (= (I xhx t)pgn) is the mass of the graphene sheet, A(=It+Ih+th)
is the surface area of the graphene sheet, C, is the specific heat capacity of

graphene sheet (Cp=2.1 J g'K™), &3, (=2kgT,) is the mean energy of

e

electrons collected by graphene [27], 6, (z ZMm—

] is the fraction of excess
gn

energy of electron lost in a collision with graphene sheet [27],

2m;
8| =———— | is the fraction of excess energy of an atom lost in a

Jgn
(mj +Mgn)
collision with the graphene sheet [27], T, is the ambient temperature, T,, is
the temperature of the neutral atomic species, Izl(=11.26 eV) and

I22(=13.5ev)are the ionization energies of neutral atoms 1 and 2,

3 eV,
. s . kBTi (EVs .
respectively, &;4,(2) = - kgT; (see Ref.27) is the mean
1- eVS kBTi
I(BTi

energy collected by ions at the surface of graphene sheet, ¢ is the emissivity

of the material of the graphene sheet and o is the Stefan —Boltzmann

constant.

Equation (3.13) illustrates the effect of RF power on the mass of the
graphene sheet. The first two terms in Eq. (3.13) represents the rate of energy
transferred to the graphene sheet due to sticking accretion and elastic collision
by constituent species of complex plasma. The third term accounts the
ionization of neutral species 1 and 2 resulting in the collection of ions on the
surface of graphene sheet and fourth term is due to sticking accretion of ions
1 and 2 on the graphene surface. The last term is the rate of energy dissipation

of the graphene through radiation and conduction to the host gas.
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3.3.8 Field enhancement factor

Following Watcharotone et al.[17] and Miller et al.[18], the expression for
the field enhancement factor of graphene can be written as

IB ~—, (34)

where h is the height of the graphene sheet and t is the thickness of the
graphene sheet.

3.4 Results and discussion

The present chapter serves an analytical model for studying the plasma-sheath-
related effects on the graphene growth. In particular, we study the role of
different plasma parameters on the growth and field emission properties of
graphene sheet with catalyst effects. In the plasma process, substrate-catalyst
surface is separated from the plasma by a sheath. The electric field directed
from the plasma bulk toward the surface plays a vital role in the growth process
of graphene sheet. Due to the variations of the plasma parameters, the sheath
thickness changes which in turn affect the electric field strength, thereby,
affecting the electron and ion collection current to the graphene surface.

We assume that the applied plasma power ionizes the neutral gas atoms,
thereby, creating active species, which fragments the catalyst film into catalyst
nanoparticles. Various processes such as thermal & ion-induced dissociation of
hydrocarbon gas, decomposition & adsorption of positively charged ions of
acetylene, interaction of ions with hydrogen, surface diffusion of species and
severalothers have been taken into account to the catalyst surface. In the present
example, we have accounted the parallel as well as vertical growth of graphene
sheet. At the first stage, the diffusion and attachment of carbon atoms at the
catalyst surface results in the formation of C-clusters. These clusters diffuse and
stitch together to form graphene islands leading to the parallel growth of
graphene.During the second stage, the parallel growth of graphene sheet
switches to the vertical growth due to the development of stress at the graphene

island boundaries.The nucleation and growth behaviour of vertical graphene
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sheet is strongly affected by the in-built electric field associated with
plasma, which is responsible for delivery of carbon atoms to the graphene island
boundaries and surfaces of the growing vertical graphene sheet. At this stage,
graphenesheet grows in height via ion and neutral collection current at the
graphene island boundaries and thickens due to diffusion and attachment of
carbon atoms at the peripherals of the growing carbon platelets. Further increase
in height and thickness occurs due to ion and neutral collection current at the
lateral surfaces as well as at the top surface of the growing vertical graphene
sheet. This is in accordance with the growth possibilities proposed by Zhao et
al.[12] for two-dimensional nanostructures. In this case, they proposed that the
growth may occur at the contact line between the graphene and substrate, at the
active steps/edges on two sides of the graphene sheet, and at the free edges of
the graphene sheet [cf. Fig. 2(f) of Zhao et al. [12]]. The growing edges are then
terminated by the etching effect of hydrogen.

0 O&——
0 hydrocarbon
0 o radicals

catalyst
O nanoparticles

graphene
island

O\ graphene sheet

A\
o
¥ o)

Fig. 3.1. Schematic representation of the formation of graphene sheet on the catalyst-
substrate surface under plasma; (a) formation of catalyst nanoparticles on the
substrate surface, (b) cluster formation due to the diffusion of carbon atoms on the
catalyst nanoparticles, (c) diffusion of clusters leading to the formation of graphene
islands,(d) growth of graphene sheet at the bondaries of graphene islands, (e) scheme
of the graphene sheet considered.
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Figure 3.1 shows the schematic representation of the growth stages of

graphene sheet on the catalyst- substrate surface in the presence of plasma. The

sketch represents the fragmentation of catalyst film into catalyst nanoparticles,

diffusion of carbon monomers to the catalyst particles, diffusion of carbon

clusters leading to the formation of graphene island and lastly the vertical

growth of graphene sheet due to stress developed at the island boundaries.

Table 3.1. Boundary conditions used in the present model

Parameter Description Initial Value
Neg electron density 10 cm®
Nito number density of type 1 ion 0.7n,
Miso number density of type 2 ion 0.5n,
i number density of neutral species 10% cm’®
Teo electron temperature 1.7eV
Tio ion temperature 2200 K
Tho neutral temperature 2000 K
Tg substrate temperature 600 °C
Q charge on t:::ng;sg)hene sheet 1 stat C
my mass of ion 1 26 a.m.u for C,H,"
m., mass of ion 2 1am.u for H
Py density of catalyst Cu 8.96g/cm®
oy O st e
Ye sticking coefficient of electrons 1
Zii sticking coefficient of ions 1

Numerical calculations have been carried out to study the dependence of

the dimensions (i.e., thickness and height) of the graphene sheet on the plasma

parameters (i.e., electron density and temperature, ion density of both type 1 and

2, and temperature) which subsequently influence its field emission properties.

We have solved the Egs.

(3.1-3.13) simultaneously with the aid of

MATHEMATICA SOFTWARE using all the appropriate boundary conditions
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given in Table 3.1 to study the dependence of height and thickness of graphene
sheet on plasma parameters.

Figure 3.2 shows the variation of potential of the rectangular graphene
sheet along the vertical growth axis i.e., z-axis. From Fig. 3.2, it can be seen that
the potential of the rectangular graphene sheet decreases linearly as the distance

from the surface is increased.

Z (1n m)
2x1077 4 x0T 6x107  8x107  1x10°®
~Lxlo B
—2.x10713 ¢
)
o -3ax107B3 ]
=
g
~ —4.x1078
-
—5x10 B

Fig. 3.2. Shows the variation of potential due to the
rectangular graphene sheet along the vertical growth axis (z-
axis).

Figure 3.3 shows the time-variation of the thickness of the graphene

sheet for different electron number densities and electron temperatures (i.e.,

3

Neo =10%m™? and T,, =15V, e =10em® and T, =1.7ev, ny =10%cm*®

and T, =1.9eV). From Fig. 3.3, it can be seen that the thickness of the graphene

sheet increases with time and then attains a saturation value. The figure also
shows the decrease of graphene sheet thickness with electron density and
temperature. This happens because for larger values of electron density and
temperature, rate of ionization of neutral atoms increases due to which number
density of positively charged ions and electron increases, therefore, the number
of neutral atoms of type 1 available for accretion decreases. Hence, the

thickness of the graphene sheet saturates at a lower value.
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Fig. 3.3. This figure illustrates the time variation of the

thickness of the graphene sheet for different electron
densities and temperatures (where a, b, and ¢ correspond to

neo =101%cm?® and T =15eV, ng=10"cm?® and
Teo=176V, ngo=102cm® and Te=19eV,
respectively). The other parameters are given in the text
and Table 3.1.
Figure 3.4 illustrates the variation of thickness of graphene sheet with

time for different number density and temperature of ions of type 2 (i.e.,
Nioo =10"%cm™ and Tio = 2100 K, Njyg =10"em™ and Tio = 2150 K, Njyg =10%cm
and T, =2200K). From Fig. 3.4, it can be seen that the thickness of

graphenesheet decreases with increasing number density of type 2 ions, i.e., of
hydrogen ions. This is answerable to the fact that with increasing density of
hydrogen ions, the etching of graphene sheet at the edges increases. We assume
that two processes occur in our growth mechanism, viz., carbon deposition on
the surface and etching of the graphene sheet. On increasing the number density
of hydrogen ions, the etching effect becomes more prominent resulting in the
decrease of the thickness of the graphene sheet. The theoretical findings of Fig.
3.4 are in compliance with the experimental observations of Kim et al.[7]and
Chan et al.[8].

Neha Gupta 82
Delhi Technological University, Delhi, India



Theoretical modeling of the plasma-assisted catalytic growth and field emission properties of

graphene sheet | Chapter 3

5 F

—_ b
£

£

+

© 4}

=

o

2 C
5

=

@ 3t

1)

]

=

e

(=]

g

2

=

=

L 1 L I L 1 I I L 1 L I I 1 L I I 1
2000 4000 6000 8000 10000

Time (s)
Fig. 3.4. This figure illustrates the time variation of the
thickness of the graphene sheet for different ion densities and
temperatures of type 2 ion (where a, b, and c correspond to
N =100cm®  and  Tig = 2100 K, nip =10""cm®and
Tio = 2150 K, nypq ~10%cm™ and Tio = 2200 K, respectively).
The other parameters are given in the text and Table 3.1.

Figure 3.5 displays the time evolution of thickness of graphene with RF
power (i.e., RF power =50 W, 100 W, 200 W). From Fig. 3.5, it can be seen that
as the RF power is increased the graphene sheet of lesser thickness is observed.
This is attributable to the fact that with increasing RF power the electric field in
the plasma sheath increases, thereby, increasing the ion bombardment to the
vicinity of the graphene sheet which consequently etches up the graphene sheet.
The results of Fig. 3.5 comply with the experimental observations of Nang and
Kim [4], and Liu et al.[5].

Figure 3.6 shows the time-variation of the height of the graphene sheet
for different ion density and temperature of type 1 ion (j e, Ny =10""cm™ and
Tio = 2150 K, Nyyo =10%em™ and T,y = 2200 K, niyg =10%cm™® and T, = 2250 K ).
Fig.3.6 indicates that upon increasing the number density and temperature of
type 1 ion, the height of the graphene sheet increases. As the ion density and

temperature of type 1 ion increases, the thickness of the plasma sheath increases

and faster generation of carbon monomers occurs, consequently, more diffusion
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of the carbon ions take place, thereby, increasing the height of the graphene
sheet. The results of Fig. 3.6 are in compliance with the experimental findings of
Jiang et al. [6] (cf. Fig.4 of Jiang et al.[6]).
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Fig. 3.5. This figure illustrates the time variation of the
thickness of the graphene sheet for different RF power. (where
a, b, and c correspond to RF power = 50 W, 100W, 200 W,
respectively). The other parameters are given in the text and
Table 3.1.

350
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Fig. 3.6. This figure illustrates the time variation of the
height of the graphene sheet for different ion density and

temperature of type 1 ion (where a, b, and ¢ correspond to

* and Tio = 2150 K, Nj3o =10%em®  and

Nij1o = 10llcm-
1. -
Tig = 2200 K, njjg =10 3em?  and Tio = 2250 K ).The other

parameters are given in the text and Table 3.1.
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‘Fig. 3.7.This figure illustrates the time variation of the
height of the graphene sheet for different sticking
coefficients of atomic species (where a, b, and ¢ correspond
to y,=0.3, 0.6, 1.0, respectively). The other parameters are
given in the text and Table 3.1.

Figure 3.7 shows the time-evolution of the height of the graphene sheet
for different values of the sticking coefficients of atomic species of typel(i.e.,
11=0.3, 0.6, 1.0). The sticking coefficient gives the probability of incorporation
of the atomic species into the growing nanostructure [27]. From Fig.3.7, it can
be seen that the steady state can be achieved faster as sticking coefficient

approaches to unity.

We have hitherto studied the time- evolution of height and thickness of
the graphene sheet for a particular set of parameters and further in order to
understand the effect of plasma parameters on the field emission factor § (=hft,
where h is the height and t is the thickness of graphene sheet), we estimated the
variation of field enhancement factor with graphene sheet thickness for different
electron densities &temperatures and RF powers. It is found that the field
enhancement factor increases with increase in the plasma parameters (electron
densities & temperatures) and RF powers. (cf. Figs. 3.8 and 3.9, respectively).
Figs. 3.8 &3.9 illustrate the variation of field enhancement factor with respect to

the saturated value of thickness corresponding to different electron densities &

85 Neha Gupta
Delhi Technological University, Delhi, India



Theoretical modeling of the plasma-assisted catalytic growth and field emission properties of

graphene sheet Chapter 3

temperatures, and RF powers, respectively. In this case, £ has been calculated
for a fixed value of height (i.e., h=160 nm) of the graphene sheet as height has
little influence on the field enhancement factor of individual carbon
nanostructures [35]. The above result is attributed to the fact that with increase
of the plasma parameters (electron densities & temperatures), and RF powers,
the thickness of the graphene sheet decreases (cf. Figs. 3.3 and 3.5, respectively)
which consequently, enhances the field enhancement factor (8« 1/t for a fixed

value of h) of the graphene sheet.

37 - e —

36

35 +

34

Timne (se¢)

33 4

32

31

Field enhancement factor 3

30 "

I . I T I T T T T
44 4.6 4.8 5.0 5.2 54

Thickness (nm)

Fig. 3.8. This figure illustrates the variation of field
enhancement factor B with the thickness of graphene sheet
corresponding to different electron densities and temperatures
(where a, b and ¢ corresponds to different values of B at the
saturated value of thickness corresponding to different electron

densities and temperatures, i.e., a (=neo:10100m'3 and
Teo=156V), b (=neg=10"cm3and Tep=1.7eV), ¢ (=

NeQ =10%cm3and Teo =1.9eV)). The inset corresponds to

the saturated value of thickness at different electron densities
and temperatures.
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Fig. 3.9. This figure illustrates the variation of field enhancement
factor B with the thickness of graphene sheet corresponding to
different RF powers (where a, b and ¢ corresponds to different
values of [ at the saturated value of thickness corresponding to

different RF powers, i.e., a (= 50 W), b (= 100 W), and ¢ (= 200
W)). The inset corresponds to the saturated value of thickness at
different RF powers.

Using the results obtained, it can be concluded that by suitably varying
the plasma parameters, the graphene sheet of large height and lesser thickness
can be obtained. The large field enhancement factor S ~ h/t can be estimated by
manipulating the plasma parameters, and RF power. This result is similar to
the experimental observations of Shih et al.[14] and Srivastava et al.[16].
Therefore, the present work would pave the way for highly efficient graphene-

based field emitters.
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Modeling the effect of doping on the catalyst-
assisted growth and field emission properties of
plasma-grown graphene sheet

4.1 Brief outline of the chapter

The main focus of the chapter is to understand the better insights of how the
nitrogen/boron doping affects the growth profiles of graphene sheet in the
reactive plasma environment and estimating the ramifications of doping on the

field emission properties from the results obtained.
4.2 Introduction

Plasma treatment offers the advantage of material modification by the
introduction of foreign atoms or groups, and thereby altering the material
electronic properties [1]. In general, doping with foreign atoms is considered one
of the effective methods to intrinsically modify the properties and structure of
the graphene sheet (GS), and thus expanding the field emission characteristics.
Among the several hetero atoms available for doping, nitrogen and boron are the
most frequently used candidates for doping of graphene as they have similar
atomic radii size as that of carbon and ability to induce n-type and p-type
conduction in graphene. The nitrogen atoms replace the carbon atoms on the
carbon nanostructure and function as donors which eventually boost the electron
field emission properties whereas the boron atoms reduce the electron
concentration due to the formation of electron holes and, therefore the electron
field emission decreases [2]. The similar effect of nitrogen and boron doping on
the field emission characteristics of carbon nanotubes has been shown

theoretically by Sharma et al.[3]. Numerous works have been performed to show
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that nitrogen and boron doping can effectively change the structure, growth rate,

number density and dimensions of graphene [4-7].

Seo et al.[4] have investigated the effect of nitrogen concentrations on
the dimensions and structure of vertical graphene nanosheets (VGS) using low-
temperature plasma-based process. They observed that upon addition of
nitrogen to the CH4/Ar/H, gas mixture, the VGS length decreases and their
number density increases. They also found that the thickness of nanosheets

decreases with nitrogen concentration.

Koos et al.[5] have synthesized nitrogen doped graphene using methane
and ammonia gases and found that the growth rate of graphene decreases by
increasing the ammonia gas flow rate. They observed that upon increasing the
synthesis temperature and ammonia gas flow rate, the concentration of nitrogen

dopants increases.

Tang et al.[6] have found that boron doping increases the thickness of
graphene (cf. Fig. S2 in the supplementary material of Tang et al.[6]). They also
revealed that boron content in graphene increases on increasing the ion reaction

time of trimethylboron decomposed by microwave plasma.

Jin et al.[7] have fabricated nitrogen doped graphene using CVD method
with pyridine as both carbon and nitrogen sources. Their results indicate that
dopant nitrogen atoms substitute for carbon atoms in the graphene lattice and
the synthesized nitrogen doped graphene is monolayer and exhibits n-type
behaviour, different from pristine graphene.

Moreover, the influence of nitrogen and boron doping on the field

emission characteristics of the graphene has also been studied widely [8-12].

More et al. [8] have analyzed the field emission current fluctuations of
mulitwalled carbon nanotubes, undoped, nitrogen and boron doped graphene
and polyaniline nanotubes. They have shown that amongst these materials,

nitrogen doped graphene exhibits low turn-on field and highest field
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enhancement factor g . The highest g of nitrogen doped graphene has been

attributed to the sharp edges of the graphene.

Takeuchi et al.[9] have observed that the electron emission current from
the carbon nanowalls (CNWSs) increases after the nitrogen plasma treatment.
Their findings reveal that incorporation of N atoms increase the nanodomain
size, electrical conductivity, and field emission characteristics.

Palnitkar et al.[10] used the boron and nitrogen doping to tailor the turn-
on voltage and found that the nitrogen doped graphene exhibits the lowest turn
on voltage, relative to undoped graphene. They also calculated the field
enhancement factor g from the Fowler—Nordheim (FN) plot and found p to be
largest for nitrogen-doped graphene followed by undoped and boron doped
graphene (cf. Fig.2 of Palnitkar et al.[10]). They accredited this observation to

the nanometric features and resonance tunnelling.

The low turn-on voltage and increase in the field emission current were
also reported by Kashid et al.[11] and Soin et al.[12]. They explained this
behaviour on the basis of change in the structure, improved electrical

conductivity, and up-shift of the Fermi level with nitrogen doping.

Using above mentioned motivation, we try to model the effect of
different hetero atoms such as nitrogen and boron on the dimensions of GS (i.e.,
height and thickness) and their repercussion on the GS field enhancement
factor. Moreover, despite several experimental evidences, till yet no theoretical
model has been developed to study the effect of doping of hetero atoms on the
growth and field emission properties of GS. The basic process of catalyst-
assisted growth of GS in the presence of plasma remains same as in Chapter 3
but to point up the consequent effects of doping, numerous additional plasma
species (i.e., doping species) have been accounted in the plasma and
consequently many additional terms and equations have been incorporated in

the model of the present chapter.
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4.3 Model

Using the model developed in Chapter 3, the catalytic growth of
graphene sheet and, typically a PECVD case is examined through a model that
accounts acetylene, hydrogen and ammonia/diborane as reaction gases. Fig. 4.1
shows the schematic of graphene sheet growth on the catalyst copper (Cu) over
the silicon (Si) substrate surface, subjected to the incoming neutral and ionic
species from the reactive plasma of C,H,+H»+NH3/B,Hg gas mixture. In reality,
reactive plasma contains a plethora of different ions [13]. However, for
simplicity, and following the experimental observations [14] and theoretical
works [13,15], the present model considers a plasma consisting of electrons,
ions of acetylene (C,H,"), hydrogen (H™), doping ions of NH3*/B,Hs" denoted as
ions of type 1, 2 and 3, respectively and neutrals of type 1, (acetylene, C;H),
type 2 (hydrogen, H;) and type 3 (NH3/B,Hg ). Among these, ammonia and
diborane ions serve the purpose of nitrogen and boron doping, respectively, of
the GS.

The stages for the catalyst-assisted growth of doped GS in plasma environment

considered in the present model are:

Q) Fragmentation of catalyst film into catalyst nanoparticles.

(i) Nucleation of graphitic CN,/CBy clusters at the catalyst surface on
account of reactive acetylene and doping species generated due to
ionization of gas within the chamber [16].

(ili)  Formation of doped graphene islands due to diffusion and agglomeration
of these clusters [16].

(iv)  Lateral extension or parallel growth of doped GS due to coalescence of
the doped graphene islands [17].

(V) The upward bending of the GS on account of stress generated at the
graphene island boundaries.

(vi)  The vertical growth of GS via delivery of carbon atoms at the graphene

island boundaries.

94 Neha Gupta
Delhi Technological University, Delhi, India



Modeling the effect of doping on the catalyst-assisted growth and field emission properties of

plasma-grown graphene sheet Chapter 4

Plasma Bulk

+

@ —H
@ —4H,

Q —CH,
@

Q9 NHS/B:HS
Q—'-WE/B:H{

Plasma Sheath

Catalyst Substrate
nanoparticle

Fig. 4.1. Schematic of particle deposition on the graphene
sheet and the catalyst nanoparticles.

Following Mehdipour et al.[15], the sheath equations used are described by
the continuity equation
d
E(npvpz): fine, (4.1)
and the ion-momentum balance equation:

dv dg
pnpvpzd_gzzean_Mpnpfanpz' (4.2)

M

where p denotes either e, C;H,", Hy" or NH3"/B,Hs". M, n, , and v, are the
mass, humber density and fluid velocity of the charged species p, respectively.
Furthermore, f and f,, are the ionization frequency and collision frequency

of the electrons and ion species with neutrals, respectively.
The sheath potential ¢ is determined by the Poisson’s equation which

relates the densities of charge particles to the electrostatic potential.

d2
dzf =47y, (4.3)

where & is the p™ ion to electron number density ratio and is supplemented by

the condition 3 & =1 and0< &, <1.
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4.3.1 Charging of graphene

Equation (4.4) describes the charge developed on the GS due to accretion of
electrons and positively charged ions on the surface of the GS.

' 3
Q [T] e zllljgn —7/e|egn y (44)
J:

where Q is the charge over the GS, | refers to 1, 2 and 3 type of positively

charged ions, 7. is the sticking coefficient of the constituent electrons, I,
and I, are the ion and electron collection current at the GS surface,

respectively.

Lo =0 () (It +ht+1h ! —| =
ijgn ] ( )LZ”Zmi' J /77 [kBTi

]

1
2
Iegn:[ sl j ne(X)(|t+ht+|h)eXp{%+eu—s}

27%m, keT, KgT,
where |, t,and h are the length, thickness and height of the GS, respectively, T
is the ion temperature, m, is the ion mass (subscript j refers to either 1, 2 or 3
y . . . 2e9(0) ) 2
type of positively charged ion as explained earlier), n; (x)= Nijo (1—m]
is the ion density at any point within the plasma sheath; vjyis the ion velocity,

X
#(X) =y exp(—L—|] is the electrostatic potential; ¢, is the negative potential at
d

the surface and A; is the Debye length, Ts is the substrate or catalyst

temperature (assuming catalyst and substrate to be at the same temperature), Vs

is the surface potential of the graphene sheet (Refer Eq. (A.2) of Appendix A),

Chapter 4
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Ne (X) = Ngg EXpPein)

B'e

} is the electron density in plasma sheath, Te is the

electron temperature, Me is the mass of electron, Us is the substrate bias and

Kg is the Boltzmann constant [18].

In Eq. (4.4), first term on the right hand side describes the charge
developed on the GS surface due to accretion of positively charged ions of type
1, 2, and 3. The last term indicates the reduction in charge on account of

accretion of electrons at the surface of the GS.
4.3.2 Kinetic equation of electron density

Equation (4.5) describes the growth rate of electron density in plasma

3
glajnenij _7engn|egn’

- 3
n[r]= ngﬂj n; - (4.5)

where g; is the coefficient of ionization of the constituent neutral atoms due

k
to external field, n, is the electron number density, «; (Te)zajo(@j om®/sec
Te

is the coefficient of recombination of electrons and positively charged ions

[19], k =—1.2is a constant and j refers to 1, 2 and 3 types of ions.

In Eg. (4.5), the first term on the right side is the gain in electron
density per unit time because of ionization of neutral atoms of type 1, 2, and
3. The second term and third term display the decaying rate of the electron
density due to electron—ion recombination and the electron collection current

at the surface of the GS, respectively.

4.3.3 Kinetic equation of positively charged density

Equations (4.6a) — (4.6¢) refer to the growth rate of positively charged ions of

type 1, 2, and 3, respectively in plasma.
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ni‘l(T) = i — caNeNiz — Ngn lizgn — Jait + Jdesorpit + Z Kizhenis, (4.6a)
i

Ni2(7) = BNy =Ny —Ngnlingn = Jaio + Jgesorpiz T i + ,zkiznznis' (4.6b)

Mi3(7) = B3Ny — 3NNz —Ngnliggn = Jaiz + Jgesorpia + 2 KinMNig + X KipoNyg,  (4.60)

where Jaij(zH(ZﬂmijkBTij)‘”an%ij) is the adsorption flux onto the

catalyst substrate surface [20]; R is the partial pressure of adsorbing species,

J; and n; are the ion flux and ion number density at the catalyst-substrate

] ]

surface, respectively, j refers to either 1, 2 or 3 type of ions,

J desorpij = nijvexp(‘g%BTij) is the desorption flux from the catalyst-substrate

surface [20]; vis the thermal vibration frequency, &, is the adsorption
_ —O&th i i

energy, J,, = nHvexp( 48-'-5) is the flux of type 2 ion (hamely hydrogen)

on account of thermal dehydrogenation; Je,, is the activation energy of

thermal dehydrogenation, n,, is the hydrogen ion number density at catalyst-

substrate surface.

The first term on the right hand side in Egs. (4.6a) —(4.6c) describes
the gain in ion density per unit time on account of ionization of neutral atoms.
The second and third term represents the rate of decrease in positively
charged ion density due to electron-ion recombination and ion collection
current at the surface of the graphene, respectively. The next two terms
denote the adsorption and desorption of ions to/from the catalyst-substrate
surface, respectively. The term Jy in EQ. (4.6b) represents the increase of
hydrogen ion number density in plasma because of thermal dehydrogenation
[18]. The last term in Egs. (4.6a) — (4.6¢) accounts for the gain of ion density

due to ion-neutral reactions [21] and their reaction rate coefficients [22,23]

are ki; =1.4x10"° cm®/sec and k;, =7.8 x10”° T,,%*exp(-14.8 /T,,) cm®/sec.
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4.3.4 Kinetic equation of neutral species density

Equations (4.7a) — (4.7c) refer to the growth rate of neutrals of type 1, 2, and

3, respectively in plasma.

M (7) = Ny — By Ny (1 yll)lilgn gnyl 1gn Zkllnl i3 (4.78)
nZ(T):a2 eMi2 ﬁZnZ -"ngn(1 7|2)I|Zgn gn7/2 2gn Zklznz i3 (4'7b)

nS(T) = a3 e |3 183n3 + ngn (1 7|3)||Sgn - gn7/3 3gn Zk|1nl i3

_zi:kiznznis’ (4.7c)

1/2
where 1jgn =n;j(It+ht + Ih)(kB% , j is the neutral collection current at
7£°mj

the surface of graphene, j refers to either 1, 2 or 3 type of neutral atom, T,

is the neutral temperature, mjis the mass of neutral atom, n;j is the neutral
atom density, 7i and y; are the sticking coefficient of corresponding neutral

atoms and ions, respectively.

The first term on the right side in Egs. (4.7a) — (4.7c) denotes the gain in

neutral atom density per unit time due to electron—ion recombination. The
next two terms represent the decaying rate of neutral atom density due to
ionization, gain in neutral density due to neutralization of ions collected at the
graphene surface, respectively. The fourth term is the accretion of neutral
atoms of species 1, 2 and 3 on the graphene surface [11] and the last term is

the decay in neutral atom density on account of neutral-ion reactions [24].
4.3.5 Kinetic equation for the growth of graphene nuclei

Initially, the applied plasma power fragments the catalyst film into catalyst
nanoislands. We consider the size of the catalyst nanoparticle to be 40 nm
[25]. Various processes such as thermal and ion-induced dissociation of
hydrocarbon gas; adsorption and decomposition of acetylene ions;
decomposition, interaction of adsorbed acetylene ions with hydrogen; thermal

dissociation of carbon source gas of acetylene ions, surface diffusion;
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accretion and other processes leads to the formation of C-atom clusters. The

surface diffusion (with energy barrier Eg ) and agglomeration of these C-

clusters lead to the formation of graphene island (with radius Ry ) [17].

; —OFi J. Oads;
7(7zR92) = HZnCH vexp( k5_|r5| J+2«9CH Jiy Ya+2J, Llin%adsdip

Bls v

J; J —0E;

+Jc}xm, Jil(l—et)+m+J_ exp| ——— | My
v " kgT,
Bls

27R -E -E 1
% . cat (Dl exp( sdC j+ D2 exp( sdcCl J} %
”Rcat pcat kBTS kBTS I Ilg

2 2
+702H2”Rcat|cszg+7d”Rcatldg ; (4.8)

where Ry is the radius of the graphene nuclei, R, is the radius of the

catalyst nanoparticle, p.; is the mass density of the catalyst particle,
Neyy (z Oy Vo) is the surface concentration of CH; ¢_,, is the surface coverage
by C2H. species [15] and v, (z 1015cm'2) is the number of adsorption sites per
unit area [15], oSE;(~1.87eV) is the thermal energy barrier [16],

yy (> 2.49x107 +3.29x10 % x E,; where E;is the ion energy in eV) is the
12
stitching probability [26], J; (: ”ij (ks%__j j is the flux of type j ion [18];
ij
. . -16 2\ . .
where, j refers to 1 or 2 type of ion, oy (z 10 “"cm ) is the cross-section for

the reactions of atomic hydrogen [15], J, =(navth% ) is the flux of

impinging speciesa (where «=C,H); C and H stands for carbon and

hydrogen species, respectively, n, and v, , are the number density and

thermal velocity of & species, respectively [15], v(=1013Hz) is the thermal

vibration frequency [15],m. (=12 a.m.u) is carbon atom mass, M, (= 26 a.m.u
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for CZH;) is the mass of type 1 ions, D, exp (_Esdcj and D, exp[_ESdC'J

B's B's

are the surface diffusion coefficients of carbon monomers and C-atom

clusters, respectively with corresponding activation energies, E..=0.1 eV

and Egy, =0.82eV respectively [17].

1/2
8k, T eU . . .
. = ,;m[&} nij(x)[l—Qyji]exp[—k TS} is the ion collection

lig g
7T Bls

current at the surface of the graphene nuclei, (where, j refers to either 1 or 2

2
type of ion); y; =e’2ngBTs, lig (: ﬂRg (SKBT” nm,—) njj is the neutral

collection current at the surface of the graphene nuclei, j refers to neutral

atom of type 1, 2 or 3, |, @Nd 1y corresponds to the collection current of

Ha
acetylene and doping neutral atom, respectively and, 7., and y, are the
2 2

sticking coefficients of neutrals of type 1 and 3, respectively.

Equation (4.8) outlines the growth of graphene island on the catalyst
nanoparticle. Here, the first term and second term in the first bracket on the
right side [6] indicates the generation of carbon atoms on the catalyst surface
due to thermal dissociation of acetylene ions (with activation energy of
thermal dissociation, SE; ) and ion induced dissociation of C,H,, respectively

[15]; third term denotes the decomposition of positively charged hydrocarbon
ions, i.e., CoH,"; fourth term is the interaction of adsorbed type 1 ions with
hydrogen ions [15]; fifth term denotes the rate of the incoming flux of carbon
atoms onto the catalyst particle [15]. The terms in the second bracket refers to
the adsorption flux of type 1 ions to the catalyst surface, interaction of
adsorbed type 1 ions with atomic hydrogen from plasma, and thermal
dissociation of hydrocarbon source gas C,H,, respectively [15]. The factor

I.,. accounts for the collection current of type 1 ion on the growing graphene

ilg
island. The last two terms denote the accretion of neutral acetylene and

doping gas atoms to the graphene island.
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4.3.6 Growth rate equation for graphene sheet

102

2
nl Ed +Einc ”Rg
—=x D, ex x| 1.
Id(hxt): (v 1 p{ KT, 27R, (llgn) y M gn 4.9)

‘ +(7CZH2|CZHzgn)+(7d|dgn) For

d(t) _SE

B's
_SE. _SE.
exp[ 0 'D+0NH {Jizyd+vovexp(ij h@) |
kBTs kBTs Ni2
2 2
Ve, TRl gn + 74 7R g, (4.10)

where Pgn is the GS density, Mg, is the mass of the growing GS

(Mgn =12g), 6, and 6, are the surface coverage by CoH, and NHs,

respectively.

The growth of graphene island results in the formation of planar GS.
Due to influence of stress and/or localized electric field due to plasma at the
graphene island boundaries, the initial planar growth of GS eventually
switches to the vertical growth of GS. At this stage, GS grows due to
continuous delivery of dissociated carbon species from the plasma (i.e., due
to ion and neutral collection current) at the surface of the growing doped GS

[27]. The last two terms in Eq. (4.9) represent the sticking of neutral atoms 1

and 3 at the GS and the factor I;,,, corresponds to the ion collection on the

growing doped GS. The diffusion (with energy barrier, E; zo.13ev) and

attachment of carbon atoms (with energy barrier, E;. ~0.4eV) at the
peripherals of the growing graphitic platelets also contribute to the growth of
GS [28]. The similar effect has been incorporated in the first term of Eqg.
(4.9). Moreover, in Eq. (4.9), length (I) of the doped GS has been presumed to
be 0.81 um [4] as we believe that the length of the GS progresses during the
planar growth of the GS. Finally, the growing edges of the GS are terminated

by the etching of carbon atoms [27].This effect has been accounted in Eq.
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(4.10) which describes the decrease in thickness of graphene sheet due to
etching of carbon atoms. In Eq. (4.10) the first term on the right hand side
refers the incoming flux of type 2 ions, i.e., hydrogen due to thermal
dehydrogenation of type 1 ions (see Ref.15) and second term accounts the
adsorption of type 2 ions to the surface. The third term is the  decomposition
of positively charged ions of type 2 (see Ref. 15); fourth term describes ion
induced dissociation of acetylene (see Ref. 15), and fifth term (see Ref. 15) is
due to the incorporation of hydrogen ions due to thermal dissociation of
acetylene ions. The next two terms describe the generation of hydrogen due to
ion induced dissociation of ammonia [23] and thermal decomposition of
ammonia ions [29]. The last two terms denote the sticking of neutrals of type

1 and 3, respectively on the surface of the GS.

4.4 Results and discussion

Using the analytical equations presented in Section 4.3, we investigate the
influence of doping on the dimensions (i.e., height and thickness) of GS with
time and its repercussions on the field enhancement factor of GS. To elucidate
this effect, we have simultaneously solved first order differential Egs. (4.1)-
(4.10) numerically with the aid of MATHEMATICA software using typical
glow discharge plasma parameters i.e., at appropriate boundary conditions, viz.,

at 7 =0 given in Table 4.1.

Figure 4.2 shows the variation of thickness of undoped, nitrogen-doped,
and boron-doped GS with time. From Fig. 4.2, it can be seen that doping of GS
with heteroatoms such as nitrogen decreases the thickness of GS and boron
increases the thickness of GS. The decrease in thickness of nitrogen doped GS
can be explained in many ways. One such explanation is that the introduction of
ammonia in the chamber produces nitrogen and hydrogen species in the plasma
which leads to the etching of the GS edges. Moreover, several researchers have
reported that addition of ammonia results in the generation of cyanide species

(due to reaction of nitrogen species with hydrocarbon species) which further

Neha Gupta
Delhi Technological University, Delhi, India

103




Modeling the effect of doping on the catalyst-assisted growth and field emission properties of
plasma-grown graphene sheet

104

Table 4.1. Boundary conditions used in the present model

Parameter Description Initial Value
Neg electron density 10" cm™®
Nito number density of type 1 ion 0.8n,
Ni2o number density of type 2 ion 0.7n,
Niso number density of type 3 ion 0.5n,
Njo number density of neutral species 5% 10 cm?
Teo electron temperature 1.6eV
Tio ion temperature 2400 K
Tho neutral temperature 2000 K
T substrate temperature 550 °C
Qo charge on the GS surface -1stat C
my mass of ion 1 26 a.m.u for C,H,"
m;, mass of ion 2 1am.u for H
My mass of ion 3 17 a.m.u for NH;" and
27.62 a.m.u for B,Hg"
Rgo radius of graphene nuclei 80 nm (ref.[32])
Pet density of catalyst Cu 8.96g/cm®
o I e
Vi sticking coefficient of ions 1
Ve sticking coefficient of electron 1

augments the etching of the GS and thereby leads to thinning of the GS [14, 7,

30,31]. It has also been reported that NH3 is more effective source of atomic

hydrogen than H,, therefore the etching effect of hydrogen is more pronounced

in nitrogen doped GS as compared to undoped GS [30]. Furthermore, as

ammonia ions contain nitrogen which is pentavalent, the presence of nitrogen

atom on the GS surface produces an extra electron which increases the

ionization of neutral atoms, therefore the number density of neutral atoms

available for accretion decreases and eventually lead to GS with reduced

thickness. However, in the case of boron doped GS, boron captures an electron
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from the GS surface, which decreases the electron density, and hence ionization
of neutral atoms reduces. Thus, the thickness of boron doped GS is high due to
the reduced ionization and increased number density of neutral atoms available
for accretion. The results of Fig. 4.2 are in compliance with the experimental
observations of Seo et al. [4] and Tang et al. [6] (cf. Fig.S2 in supporting
information of Tang et al. [6]).

6 Borondoped GS

Undoped GS

Nitrogen doped GS

Thickness ofthe graphene sheet (nm)

1000 2000 3000 4000 5000
Time (sec)
Fig. 4.2. This figure illustrates the time variation of the thickness
(in nm) of undoped, nitrogen doped, and boron doped graphene
sheet. The other parameters are given in the text and Table 4.1.

Figure 4.3 illustrates the variation of height of undoped, nitrogen doped,
and boron doped GS with time. Fig. 4.3 indicates that the height of graphene
sheet shortens with nitrogen doping and increases upon doping with boron. This
is because the neutral atoms available for accretion is less in the case of
nitrogen doping as compared to boron doping, as explained above for Fig. 4.2.
The similar effect can be seen from Fig. 4.4 which indicates that the
hydrocarbon density decays faster for nitrogen-doped GS followed by undoped
and boron-doped GS. In addition, the Fig.4.4 also displays that at a particular
time, the hydrocarbon density is least for nitrogen doped GS followed by
undoped and boron doped GS. It is believed that upon doping with nitrogen, the
generation of cyanide and hydrogen species increases which form a barrier for
GS growth. These species act as the sink for carbon that might otherwise
participated in the GS growth [26]. The reduction in number density of

hydrocarbon species upon addition of ammonia is in compliance with the results
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of Bell et al.[14], Woo et al.[25], and Smith et al.[31]. The results of Fig. 4.3

are in accordance with the experimental works of Koos et al.[5] (cf. Fig. 4 of

Koos et al. [5]). The similar effect of nitrogen and boron doping on the height

was observed by Sumpter et al.[33] and Blase et al.[34] in their nitrogen and

boron mediated growth of carbon nanotubes, respectively

400 [ Boron doped GS
£
£ Undoped GS
3 300}
-
0N
(5] ’
5 Nitrogen doped GS
g
?0 200 +
o
=)
]
& 100 |
3 I
e oy
0 2000 4000 6000 8000
Time (sec)

Fig. 4.3. This figure illustrates the time variation of the height (in
nm) of undoped, nitrogen doped, and boron doped graphene sheet.

The other parameters are given in the text and Table 4.1.

7x 1012
6x1012
5x10!2
4x1012}
3x1012}
2x 1012

1x 1012

Number density of hydrocarbons (cm)

0 5000 10000 15000

Time (sec)

Fig. 4.4. This figure illustrates the time variation of
hydrocarbon number density (in cm™) for undoped (b),
nitrogen doped (a) and boron doped (c) graphene sheet. The

other parameters are given in the text and Table 4.1.
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Time (sec)

500 1000 c 1500 2000 2500

-10

-30

—40

Charge on graphene sheet Q (1)

-50

Fig. 4.5. This figure illustrates the time variation of charge for
undoped (b), nitrogen doped (a) and boron doped (c) graphene
sheet.

Figure 4.5 depicts the time evolution of charge on undoped, nitrogen and
boron doped GS. From Fig. 4.5, it can be seen that the charge developed on the
nitrogen doped GS is more followed by undoped and boron doped GS. This is
ascribed to the fact that upon nitrogen doping the electron number density
increases whereas upon doping with boron, the concentration of electron holes
increases that engulfs the electron and consequently retards the electron density.
The n and p type feature of nitrogen doped and boron doped GS, respectively

can be accredited to this observation.

The field emission characteristics are primarily characterized by the field
enhancement factor £ that specifies the amplification of electric field at the tip
of the emitters. The field enhancement factor £ (=h/t, where h is the height
and t is the thickness of the GS) [35,36] of GS is mainly dependent on the
geometry of the GS. From the above results obtained, we found that the height
and thickness of GS changes with the effect of doping. Thus, in order to study
the effect of doping on the field emission characteristics of GS, we calculated
the field enhancement factor corresponding to saturated value of thickness (i.e.,
4.4 nm for undoped GS, 2.65 nm for nitrogen doped GS and 5.6 nm for boron
doped GS) and height (i.e., 300 nm for undoped GS, 215 nm for nitrogen doped
GS and 360 nm for boron doped GS) for all three types of GS. The variation of

field enhancement factor B for the undoped, nitrogen doped and boron doped
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GS is illustrated in Fig. 4.6. It is found that nitrogen doped GS has highest field

enhancement factor followed by undoped and boron doped GS. This result is

attributed to the fact that nitrogen doped GS has least thickness followed by

undoped and boron doped GS. Moreover, it can also be seen from Fig. 4.2 and

4.3 that the effect of nitrogen doping is more pronounced on the thickness of GS
than on the height of the GS. The results of Fig. 4.6 are similar to the

experimental observations of More et al.[8], Takeuchi et al.[9], Palnitkar et al.
[10], Kashid et al.[11], and Soin et al.[12]. Hence, doping of GS with nitrogen

improves the field emission characteristics of GS, and boron doping hampers

the field emission from GS.

82

78

76

74

72

Field Enhancement Factor 3

64

80

70
68

66

Nitrogen doped Undoped Boron doped

Type of graphene sheet

Fig. 4.6. This figure illustrates field enhancement factor
B for undoped, nitrogen doped and boron doped
graphene sheet.
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Effect of gas composition on the morphological
properties of the graphene nanosheet

5.1 Brief outline of the chapter

The present chapter investigates the effect of different gas mixtures on the
catalyst assisted nucleation and growth kinetics of graphene sheet in a reactive
low temperature plasma environment. The three different gas mixtures i.e.,
CoH,, CH4, and CF4 with hydrogen and argon are considered in the present
investigation to examine the variations in the number densities of carbon and
hydrogen species generated on the catalyst surface and their consecutive effects
on the dimensions (i.e., height and thickness) and number density profiles of the
graphene sheet. In addition, the present model describes the key processes
involved in catalyst-aided growth of vertical graphene sheet in its entirety, from
formation of carbon clusters, nucleation and growth of graphene islands and
growth of vertical graphene sheet in the presence of different gas mixtures

which have not been presented in the previous chapters.

5.2 Introduction

With a few exceptions of solid or natural precursors (e.g. honey, milk, cheese,
butter, and sugar) [1], a variety of carbon containing gases frequently diluted
with Ar and/or H, are used for graphene sheet growth using PECVD method.
Hydrogen plays an essential role of surface passivation i.e., termination of
surface dangling bonds and also acts as an effective carbon etching agent to
remove the amorphous carbon layer formed during vertical graphene nucleation
and growth, thus promoting the crystalline graphitic structure and sharp edges of
the growing vertical graphene sheet [2-3]. The addition of Ar to the carbon
source gas and hydrogen mixture increases the plasma stability by enhancing the

electron energy [4] and in addition, these energetic Ar ions also facilitates the
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activation of the initially hydrogen terminated surface bonds [3]. The non-
uniformities of the fluxes of hydrogen and argon to the substrate can
significantly affect the nanofabrication process. In this regard, Ostrikov et al.[4]
have shown that by choosing the appropriate process parameters such as
working pressure and composition of the reactive gas feedstock, one can prepare

a uniform surface for the nanostructures growth from the non-uniform plasmas.

Hydrocarbons (C,H,4, CoH,, or CHy,), fluorocarbons (C,Fs, CF4, CHF3),
and carbon dioxide/monoxide are the most common choices of carbon
containing precursors for graphene sheet growth via PECVD method. The
morphology and growth rate of the graphene sheet is closely related to the type
of carbon feedstock gas used for graphene formation. For instance, it was
reported that by using C,H, carbon feedstock, vertical graphene sheets
synthesized by RF-PECVD get thickened and exhibit higher growth rate than
CH, grown vertical graphene sheets [5,6]. This observation was accredited to the
fact that higher carbon bearing species are accessible in C,H, plasmas due to the
low dissociation energies in contrast to CH4 plasmas [6]. Moreover, the presence
of carbon dimers (C,) in plasma plays a significant role in the vertical graphene
sheet growth [7].However, in the plasma aided catalytic growth process of
vertical graphene, carbon species are more effectively generated due to
dissociation of precursor gases at the catalyst active surface while their
dissociation in plasma is not much in principle [8].The reactive C, radicals are
readily formed in C,H, containing feedstock than in CH; due to direct
dissociation of C=C bond in C,H; [9]. Shiji et al.[10] have compared the
morphology, growth rates, thickness, and spacing between the carbon nanowalls
(CNWs) grown by RF-PECVD using C,Fg+H,, CHs+H,, CF4+H,, CHF3+H, and
C4Fg+H;, gas mixtures. It was observed that the CNWs were not grown for
plasmas employing C4Fs+H, precursor; however, the growth rates of CNWs for
CoFetH; is highest and lowest for CF4+H, gas mixtures. Moreover, CNWSs
grown using CH4+H; gas mixtures were reported to be very thin and wavy in
contrast to other fluorocarbon/hydrogen gas mixtures grown CNWSs [10].
Furthermore, the trace amount of oxygen addition to C,Fg+H, gas mixture
increases the graphitization and control the CNWs nucleation by reducing the
amorphous carbon layer under the CNWs [11].
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These unique structural variations achieved using different carbon
precursors in PECVD process make graphene very attractive candidate for field
emission devices. Zhu et al.[5] reported that the carbon nanosheets (CNSs)
grown using C,H, feedstock are much higher and more vertically oriented than
CH, synthesized carbon nanosheets; as a result of which C,H, CNSs exhibit low
threshold field, high current density and high field enhancement factor than CH,4
CNSs. Likewise, Hiramatsu et al.[12] have demonstrated that CNWs
synthesized via C,Fg+H, system exhibit lowest onset electric field for emission

of electrons among CH4+H;, CF4+H,, CHF3+H; and C4Fg+H, gas mixtures.

Motivated by the above works [5,6,10-12] of controlling the growth and
field emission properties of the graphene sheet by using different carbon
feedstocks, we develop a theoretical model to understand the effect of different
gas mixtures on the number density profiles of the carbon and hydrogen species
generated per unit area on the catalyst surface and further their ramifications on

the growth kinetics and number densities of the graphene sheet.

Table 5.1. Plasma species of different gas mixtures considered in the present model

Gas mixture Neutrals lons
Type A Type B Type A Type B
CHjs, CH,4, CoHy, CHs", CH,", P
CH +H>+Ar H, H, H", H,
C,H,4 CoH,+, CoHy+

C,H,", C4H,",
C;H,, C4H; CyH3,

C2H2+H2+AI‘ H, H2 C4H3+’ CaH4+’ H+, H2+
CeHs CoH °
CH
CF,+H,+Ar CF, CF,, CF; H, H, CF', CF,", CF;5" H*, H,"
5.3 Model

As considered in chapters 3 and 4, we assume the growth of graphene sheet on
the copper catalyst over the silicon substrate surface in an ionized gas mixture of
carbon source gas, etchant gas and carrier gas. However, in the present chapter,

we investigate the growth of the graphene sheet in three different gas mixtures
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i.e., CoHptHo+Ar, CHytHo+Ar, and CF4+Ho+Ar. In addition, we consider the
growth of graphene sheet in the multi-component plasma consisting of electrons,
various ions and neutrals of C,H,/CH4/CF4+H,+Ar gas mixtures that have not
been accounted in chapters 3 and 4. Table 5.1 shows the plasma composition of
these gas mixtures that have been accounted on the basis of literature [13-19]

specifying the plasma chemistry of these gas mixtures.

(a) Plasma Bulk

Hydrogen Hydrocarbon/
species Fluorocarbon

(b) Plasma Bulk

species

[ )
o) B o 00
£ ® 9 o° % 0 0
. . . Hydrocarbon/

Fluorocarbon
species

\/ «—— Plasma Sheath

Substrate
Catalyst

nanoisland

Coalescence of graphene islands Catalyst nanoisland

Carbon sp ecies Substrate  Coalescence of graphene islands

Vertically oriented graphene sheet

Fig. 5.1. Schematic showing the (a) coalescence of graphene islands and (b)
upward growth of the graphene sheet, (c) scheme of the vertical graphene
sheet considered in the model.
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The catalyst-assisted growth scenario of graphene nanosheet in plasma
environment has been presented in Chapter 3. To make it more clear, the
schematic of the formation of vertical graphene in the presence of plasma is
shown in Fig.5.1. Fig. 5.1(a) shows the initial stage in which the planar growth
of 2D graphitic layers takes place due to coalescence of graphene islands formed
on account of diffusion and collision of carbon clusters formed on the catalyst
surface [20]. However, during the coalescence of graphene islands, internal
stress may develop at the graphene island boundaries due to temperature
gradients, ion bombardment, and lattice mismatch between the catalyst-substrate
surface and the graphitic material [21]. This internal stress is the tensile stress
(T) tangential to the planar graphitic layers which tends to bend the free edge of
the planar graphitic layers in the upward direction as shown in Fig. 5.1(b) [22].
Further, under the influence of resultant tensile stress (Tr) and electric force (F)
due to the plasma sheath at the graphene island boundaries (see Fig. 5.1 (b)), and
due to continuous delivery of hydrocarbon species the graphene sheet continues
to grow in the vertical direction [22]. Finally, the graphene sheet growth
terminates due to the competition between the hydrocarbon deposition and
etching effects by hydrogen [21]. The scheme of the graphene sheet considered

in the model is shown in Fig. 5.1 (c).

The growth process is strongly affected by the energies and fluxes of
hydrocarbon ions and etching gases near the catalyst-substrate surface. These
fluxes can be effectively controlled by the plasma parameters and the electric
fields induced by the plasma sheath formed near the boundaries of plasma-
exposed catalyst-substrate surface which is maintained at a negative potential Us.
It is assumed that the sheath electric field is directed along the z-axis which
accelerates all the ions toward the catalyst-substrate surface. In order to
investigate the sheath structure formed near the catalyst-substrate surface and the

dynamics of the plasma species, the following sheath equations [23,24] are used.

d
E(nrurz)zuizne’ (5.1)
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du d
m,n.u, — = =en, df =M N Oz (5.2)
2
d
Y aresin, 53)
dz r

where Egs. (5.1), (5.2), and (5.3) are the continuity equation, ion-momentum
equation, and Poisson’s equation, respectively; I indicates either the electron

(e), or the positively charged ions considered in the present model; n.,m,, and

u,, are their number density, mass, and fluid velocity, respectively. v;, and o,,
are the ionization frequency and collision frequency of electrons and ions with

electrons, respectively. ¢ is the sheath potential, x, is the r™ jon to electron

number density ratio, ¥« =1, and 0< K >1.
r

5.3.1 Kinetic equation of number of carbon species generated on the
catalyst surface

Initially, we assume that the applied plasma power segregates the catalyst
(Cu) film of thickness 4 nm into N, (= 6x10® cm™) catalyst nanoislands of
size rc (= 50 nm) each [25]. Carbon and hydrogen species are then generated
from the particular composition of plasmas (i.e., C,H2/CH4/CF4+H,+Ar) on
these catalyst nanoislands via several processes which have been incorporated
in Egs. (5.4) and (5.5), respectively. Following Gupta et al.[26] and Marvi et
al.[27]

dr Bls ia\A v

dNc -OE; Nsa Yi
=2J,(1-6,) + 22 nvexp +22 > Jin + 2 Jia +Jc
A A iA

N o N -E -E

+sz — Y NpAC 4 dg — 2 nsAuexp( ads ] - NCuexp( evj, (5.4)

iAiB v A A BTS BTS

dN -OE; Nea Vi
n =% 3,1-60)+Xngvexp LI+ X sV Jin + 2 Jig
dt B B kBTS iA\A iB
'5EaH
- Zr‘sB')exp - anBGadS‘]B - ZnsBGadsJiB’ (5-5)
B kBTS B B
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where N, and N, are the number densities of carbon and hydrogen species
- - _ nJVthJ -
generated per unit area on the catalyst surface, respectively. J; = 2] s

the flux of impinging neutral species from the plasma (where j stands for

species of type A or B; n; and vy are the volume number density and

thermal velocity of j™ type of species in the plasma [23], N (= 9]"0) is the
surface concentration of neutral species; 0; is the surface coverage by species
of type j, v, (z 10° cm'z) is the number of adsorption sites per unit area [23],
Yy (= 2.49x10° +3.29x10 " x E, where E;is the ion energy in eV) is the

stitching probability [28], U(z 107 Hz) is the thermal vibration frequency

12
[23], J; [= n; (kB%“J j is the flux of j" type of ion from the plasma
ij

(where, j refers to A or B type of ion) [23], 0ags (z 10_16cm2) is the cross-

section for the reactions of atomic hydrogen [23], Ts is the substrate or

catalyst temperature (catalyst and substrate temperature are assumed to be

same in the absence of heating effect) [27], E is the

ads

hydrocarbon/fluorocarbon adsorption energy, E,,is the carbon evaporation
energy, SE,,, is the adsorption energy of etching species, i.e., hydrogen, and

OE; is the thermal energy barrier.

Equation (5.4) describes the rate of generation of carbon species per
unit area on the catalyst surface via adsorption of hydrocarbon/fluorocarbon
neutral species on the catalyst surface (first term), thermal and ion-induced
dissociation of adsorbed hydrocarbon/fluorocarbon neutral species (second
and third terms), decomposition of hydrocarbon/fluorocarbon ions (fourth
term), direct carbon flux towards the catalyst surface (fifth term), and due to
interaction of hydrocarbon/fluorocarbon ions and hydrogen ions i.e., due to
ion-ion interaction (sixth term) [27,29]. The last three terms in Eq. (5.4)

quantify the loss of carbon from the catalyst surface due to interaction of
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adsorbed hydrocarbon species with the neutral hydrogen from the plasma,

desorption, and evaporation of carbon atoms, respectively [23,27].

Equation (5.5) describes the rate of generation of hydrogen species per
unit area on the catalyst nanoparticle surface. The first four terms account for
hydrogen adsorption, hydrogen atom generation due to thermal dissociation
of hydrocarbons, ion-induced dissociation of hydrocarbons, and
decomposition of ions of type B, respectively. The last three terms account
the hydrogen loss due to desorption (fifth term), and interaction of adsorbed
hydrogen atoms with incoming hydrogen atoms and ions from the plasma
(sixth and seventh terms) [27].

5.3.2 Kinetic equation of number densities of carbon clusters and
graphene nuclei/islands

The carbon species created on the catalyst surface diffuse and attach each
other to form carbon clusters, which in turn diffuse and collide with each
other to form graphene nuclei. These graphene nuclei diffuse and coalesce (or
stitch) together to form large graphene islands (with radius r) [20]. This
leads to the lateral extension or growth of the planar graphene sheet and we

assume the length (lgn) of the graphene sheet to be 0.81 xm [30].

dN -E ' -E 1
& = N N Dexp| —% |- N_D exp| — |x —
dr kT kBTS 7l

_(EstI + EincCI )], (5.6)

—N_N D exp
Cl 'Is [ kT
B's

dN [ -E 1 (E.. +E
s — NCID exp __—sdct Xiz _ NC|N|3D'9XP ( sdcCl |ncCI) +
dT kBTS ﬂ'rc kBT
_(Esdc +E

n E 1

NCNISDexp( '”Cc)j+NISD exp( Sd'ij J (5.7)
2
KeTs KgTs an
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where N_ and N, are the surface concentration of carbon clusters and

graphene islands, respectively. Dexp(_ESd%BTS), D'exp(_ESd%BTS), and

D“exp(_ESd%BTs) are the surface diffusion coefficients of carbon atoms,

carbon clusters, and graphene islands, respectively, with corresponding

energy barriers, E_,.~0.1eV, E.,~0.82¢eV, and E_ ~2.6 eV, respectively

sdls

[20].

Equations (5.6) and (5.7) describe the growth rate of surface
concentrations of carbon clusters and graphene islands, respectively. The first
term on the right side of Eq. (5.6) specify the generation of carbon clusters on
account of surface diffusion of carbon atoms generated on the catalyst
surface while the second and last terms account the cluster loss due to
diffusion and incorporation of clusters into the graphene nuclei (see
supporting information of Mehdipour and Ostrikov [20]). Furthermore, the
first, second, third, and last terms of Eq. (5.7) indicate the formation of

graphene nuclei due to surface diffusion of clusters, growth of graphene

islands due to incorporations of clusters (with energy barrier E. _ ~0.8 eV)

IncCl

and carbon atoms (with energy barrier E, . ~0.85 eV), and coalescence (or

ripening) of graphene islands, respectively (see supporting information of
Mehdipour and Ostrikov [20]).

5.3.3 Growth rate equation of graphene nuclei/islands

d(7¢? . (-E ~(E. . +E
( ll’S ) — NCI D exp( sdCl ]Xiz + NCI NISDIeXp ( sdCl incCl )
dr kB s T kBTS
—-|E . +E ) E
+N_N, pexp M x 27, +N D exp{—ﬂ}L
kBTS kBTS 27N
Mc X fiagl .
X(%j‘F Yarhia Iagis» (5.8)
(o
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where M (= 63.54 am.u.) and p. (: 8.96 g/cm3) are the mass and density

of the catalyst, rg is the radius of the graphene island.

1/2
Jijgts {=;zr.§ {SKBT%m”] nj (x)[l—zm}(exp{— EUTS D} is the ion collection

B's

current at the surface of the graphene island [31] (subscript j refers to either
A or B type of positively charged ion as explained earlier); Z is the charge

over the graphene sheet (can be depicted from Eq. (11)), Tij and m; are the

mass and temperature of ion j, respectively, 7ij=e’2r,skBTs

%

_2e(0) is the ion density at any point within the plasma

m v ?2
ij i0

n; (x)= Mijo| L

2

sheath; vjyis the ion velocity, ¢(x)=g,exp| - is the electrostatic
d

potential; ¢,is the negative potential at the surface and 4, is the Debye

S

1/2
length, and j; (z ar} (BkB%mJ n j} is the neutral collection current at

the surface of the graphene island [31]; T, m; and n; are the temperature,

mass and number density of neutral atom j , respectively, and y, is the

sticking coefficient of neutral of type A.

Equation (5.8) outlines the increase in area of the graphene island due
to surface diffusion of clusters (first term), incorporations of clusters and
carbon into the graphene island (second and third term), diffusion or
coalescence of graphene island to form large graphene island (fourth term),

and due to sticking of neutral atoms of type A on the growing graphene island

(last term). The factor ji,gs accounts for the collection currents of ions of

type A on the surface of growing graphene island.
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5.3.4 Growth rate equation of the graphene sheet

N E..-+E 27
d(hgnxtgn) CxDexp[—{ e '"CCH ”f My,
lyg ————>=| Vv KsT, 7l (1-&&) (69

dT pgn
x (jiAgn) + (J/AjAgn)
d(t,,) M
gn : . gn
|:hgn (T) + Ign:| = (mB Jiggn + 7BJBgn) Ny hg, (1) —, (5.10)
dr Pagn
where lgns Dgn s and ty, are the length, height and thickness of the graphene

sheet, respectively, Pagn and Mg (~12 g) are the density and mass of the

growing graphene sheet, respectively. Jijgn and j jgn are the ion and neutral
collection currents at the graphene sheet surface, respectively [30], VS is the

surface potential of the graphene sheet (Refer Eq. (A2) of Appendix A).

1/2

T ) v 1/2
_ B ij eVs
Jooo=n ()1 t +h t +1 h — -

ijgn = i (gn gn © gntgn T g gn) 27T2mij /7| kBTij

1/2

1/2
KT
. B'n
Jign =1, (Igntgn Fhyty, +Ignhgn)(2 ] J

Once the planar graphitic layers are formed due to coalescence of
graphene islands, internal stress or tensile stress is developed at the graphene
island boundaries. These internal stresses may cause defects within the initial
planar graphitic layer, which trigger the growth of graphene in upward
direction [21]. Eq. (5.9) describes the increase in area of the vertical growing
graphene sheet. Under the influence of inbuilt electric field associated with

the plasma, the graphene sheet grows vertically due to continuous supply of

carbon species i.e., due to ion (jiAgn) and neutral collection current ( jAgn) at
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the graphene island boundaries and the surfaces of the graphene sheet.
Moreover, the diffusion and attachment of carbon atoms at the peripherals of

the growing graphitic platelets additionally contribute to the vertical graphene

2
sheet growth [first term of Eq. (5.9)]. The factors & (: JiaYsp (1-6;)x 4t; ]
1%

and &, (z 47erch) in Eq. (5.9) are the carbon sputtering [28] and amorphous

carbon terms, respectively; where Yep is the sputtering yield. Finally, the

growth of vertical graphene terminates due to etching of growing graphene
sheets by the hydrogen. Eq. (5.10) describes the reduction in thickness of the
graphene sheet due to etching of carbon atoms by hydrogen. The first and
second terms on the right side of Eqg. (5.10) represent the ion and neutral
collection currents of species of type B i.e., hydrogen on the surface of the

graphene sheet.

5.3.5 Charging of graphene sheet

123

- - % jiAgn +% jiBgn ~7e jegn ' (5.11)

where Z is the charge over the graphene sheet, y,is the sticking coefficient of
the constituent electrons, and jegn is the electron collection current at the

graphene sheet surface.

U2
. k.T eV. eU
Jegn = {Z;Zr;e ] N, (x)(lgntgn + hgntgn + Ign hgn )expL(BTS;3 + kBTSS }

The first two terms on the right side of Eq. (5.11) describe the charge

developed on the graphene sheet surface due to accretion of positively charged
ions of type A and B, respectively. The last term specifies the attenuation in

charge due to accretion of electrons at the surface of the graphene sheet.

Chapter 5
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5.3.6 Kinetic balance equations of all the plasma species

dn, :
—— =Y BaNp +2. BrNg — > ap NuNip — > agNNig — 7N , 512
dr AIBAABﬂBBAAelABBelB 7eNgn Jegn (512)
dn. .
B = BaNa — 0 NeMip — Ny, fiagn — 2 KiNANig, (5.13)
dr IAB
dn, .
B = Bng - agNeNig —Ngy Jiggn — = KiNANig, (5.14)
dr IAB
dn . .
T: = aANeNjp ~ BANA + Ngn @=7ia) Jisgn ~Ngn? AJAgn
~Jada + Jdesa — 2 KiNaNig, (5.15)
IAB
dn

B _ - .
dr apNeNig - fpNp + Ngn (1=7i8) Jign ~Ngn?B JBgn

—JadB + JdesB ~ IEB KINANig (5.16)

where g; is the coefficient of ionization of the constituent neutral atoms due

to external field (subscript j refers to either A or B type of neutral atoms),

k
aj (Te):aio[gj cm®/sec is the coefficient of recombination of electrons
e

and positively charged ions; k(: —1.2) is a constant [32] and j refers to A and

B types of ions, J,qj =P; (27zmjkBTn)‘”2 xr%_ is the adsorption flux onto
j

the catalyst-substrate surface; P; is the partial pressure of adsorbing species

[33], Jgesj =N Wexp(-%} is the desorption flux from the catalyst-
B'n

substrate  surface  [33]; Eads is the adsorption  energy,

Jthanvexp(_&%BTs) is the flux of type B neutral species (namely

hydrogen) on account of thermal dehydrogenation[33]; Jsy, is the activation

energy of thermal dehydrogenation.

Equation (5.12) describes the growth rate of electron density in plasma.
The first and second terms on the right side in Eq. (5.12) account the gain in
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electron density per unit time because of ionization of neutral atoms of type A

and B, respectively. The third term and fourth terms symbolize the reduction

of electron density per unit time due to recombination of electrons and ions of

type A and B, respectively. The last term is the electron collection current at

the graphene sheet surface.

Table 5.2. Initial conditions used in the model.

Parameter Description Initial Value
Neg electron density 10° cm®
Teo electron temperature 2.4eV
Tio ion temperature 2400 K
Tho neutral temperature 2000 K
T Substrate temperature 550 °C
Pt density of catalyst Cu 8.96g/cm®
coefficient of recombination of 7. .3
~ . 12X
“0 = %0 electrons and ions 112> 107cm/sec
Ye sticking coefficient of electrons 1
Zij sticking coefficient of ions 1
OEy, energy due to dehydrogenation 1.7eV
SE,, hydrogen species adsorption 186V
energy
Eev carbon evaporation energy 1.8eV
1.3 eV for CyH,, 2.1
thermal energy barrier on the eV for CH, and 3.3
oE; catalyst surface eV for CF,
species)[ref.43,35]
2.9eV of CyHy, 1.8
eV for CH,, and 1.2
Eads adsorption energy eV for CF, species)
[ref.34]

Equations (5.13) & (5.14) are the particle balance equations of positively

charged ions of type A and B, respectively. The first terms on the right hand
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side in Egs. (5.13) & (5.14) describe the growth rate of ion density due to
ionization of neutral atoms. The second and third terms represent the decay
rate of positively charged ion density due to electron-ion recombination and
ion collection current at the graphene sheet surface, respectively. The last
term accounts for the gain/loss of ion density due to ion-neutral reactions [14]
and their reaction rate coefficients i.e., k have been taken from the

experimental works of Mao and Bogaerts.[16].

Table 5.3. Experimentally determined initial values of the various species considered
in the present model.

CH +H,+Ar gas mixture [ref. 16]

Neutral species Number density (cm) lonized species Number density (cm)
CH, 5x10" CHs' 6x10°
CH, 1x10" CH," 6.1x10°
C.H, 7x10% C.H," 6x10°
C,H, 8x10% C,H,' 7x10°
H 9x10" H* 8x10’
H, 1x10% H,* 9x10’
C,H,+H,+Ar gas mixture [ref. 16]
Neutral species Number density (cm™) lonized species Number density (cm™)
C,H, 5x10% C,H," 4x10°
C,H; 1x10% C,H," 3.8x0°
C4Hs 1x10% C,Hs' 3.6x10°
CsHa 1.5x10" CeHs* 1x10°
C,H 1.5x10" C,H* 3x10’
H 4x10% H* 2x10°
H, 1x10% H," 9x10°
CF,+H+Ar
Neutral species Number density (cm™) lonized species Number density (cm™)
CF, 3.5x10" CF,' 2.1x10°
CF, 3x10% CF," 3.1x10°
CF 0.7x10" CF* 2.6x10°
H 4.1x10" H* 2.4x10°
H, 1x10% H,* 8.1x10°

Equations (5.15) & (5.16) indicate the balance of neutrals of type A and
B in the plasma, respectively. The first terms on the right side in Egs. (5.15)
& (5.16) depict the rate of augmentation of neutral atom density on account
of electron—ion recombination. The second and third terms represent the rate
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of decrease of neutral atom density due to ionization and increase in neutral
atom density due to neutralization of ions collected at the graphene sheet
surface, respectively. The fourth term is the accretion of neutral atoms on the
graphene sheet surface. The next two terms denote the adsorption and
desorption of neutrals to/from the catalyst-substrate surface, respectively.
The term Jy, in Eqg. (5.16) represents the increase of hydrogen number
density in plasma because of thermal dehydrogenation [33]. The last term is
the decay in neutral atom density on account of neutral-ion reactions [14].

5.4 Results and discussion

In this section, the numerical solutions of the model equations developed in the
previous section are used to establish the influence of different gas mixtures on
the catalyst aided PECVD growth process and field emission characteristics of
graphene sheet. In particular, we investigate the consequence of different carbon
feedstock gases i.e., CoH;, CHs; and CFs on the graphene sheet growth
parameters (e.g., graphene sheet dimensions i.e., height and thickness, growth
rate of carbon species and etchant species on the catalyst surface, and graphene
sheet nucleation density) with time and further its repercussions on the field
enhancement factor of the graphene sheet. Using MATHEMATICA software,
we have simultaneously solved the first order differential equations (5.1)-(5.16)
numerically with the appropriate default set of parameters given in Table 5.2 and
Table 5.3. The mass of ion A mix (= (12xx)+(1xy) am.u for CiH," and

12+(19xx) for CFy"), mass of ion Bmig (= (1xx) a.m.u for Hy"), mass of neutral

A ma(= (12xx)+(1xy) a.m.u for CyHy and 12x(19xx) for CFy), and mass of

neutral B mg (= (1xx) a.m.u for Hy).

Fig. 5.2 shows the time evolution of the height of the graphene sheet for
different carbon feedstocks i.e., CyH;, CHs and CF, in the
hydrocarbon/fluorocarbon + hydrogen + argon gas mixtures. From Fig. 5.2, it
can be seen that the graphene sheet height is maximum for C,H, followed by
CH, and CF,4. Considering the experimental data on gas composition of CH,
contained gas mixture for a typically PECVD case [13-15], one may observe

that the species (neutrals and ions) mainly present in the plasma are Hy (x=1,2),
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Fig. 5.2. The time evolution of the height (in nm) of the

graphene sheet for different carbon precursor gases C,H,, CHy,,

and CF,. The other parameters are given in the text and Tables

5.2 and 5.3.
CHyx (x=3, 4), and C,Hy (x=2, 4) types which have also been accounted in the
present model calculations, The CH, species can hardly dissociate on the
catalyst due to high dissociation energies, whereas C,Hx species are
characterized by low dissociation energies [5,16]. Moreover, the adsorption

energies for C,Hy type species is higher than CHy type species [33], as a result

of which the desorption term > n.vexp [%J in Eq. (5.4) becomes dominant
k B's

for CHy type species. Thus, C,Hy type species present in the CH4/H,/Ar plasmas
are the main contributors of carbon species generation on the catalyst surface
[16]. The similar effect can be seen from Fig. 5.3 which indicates that the
decay rate of C,Hy species in plasma is higher than the CHy species. However,
according to the experimental observations [13-18], C,H, contained plasma is
predominated by long chain hydrocarbon species (both ions and neutrals) of type
ConHx (where, n=1, 2 and x=1-4). As can be seen, these species are carbon rich
and hydrogen poor as compared to the species (both ions and neutrals) of
CH4+H,+Ar plasma, as a result they contribute more adequately to the carbon
generation on the catalyst surface in contrast to CH, contained gas mixture.
Additionally, these long chain species enhance the physical sputtering of the
amorphous carbon layer formed on the catalyst surface and thus expected to
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prevent the poisoning of catalyst surface and maintain the catalytic activity [16].
Furthermore, there is significant lack of carbon generation on the catalyst
surface for CF4 contained gas mixture in contrast to CH4 and C,H, (cf. Fig. 5.4
(a)) due to their differences in dissociation energies [36]. In addition, in CF,4
growth, the catalytic activity is hampered since most of the H atoms that are
responsible for removing the amorphous layer of carbon are significantly lost in
the F abstraction from the CF species migrating on the growing surfaces and
edges of the graphene sheet [12], as a result of which the height of the graphene

sheet is significantly lower than CH4 and C,H; contained gas mixtures.
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Fig. 5.3. The time evolution of densities of (a) hydrocarbon
neutrals and (b) ions in CH4/Hy/Ar gas mixture. The other
parameters are given in the text and Tables 5.2 and 5.3.
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Fig. 5.4. The time evolution of number densities of (a) carbon
species (i.e., N¢) and (b) hydrogen species (i.e., Ny) generated
per unit area on the catalyst surface for different carbon
precursor gases C,H,, CH,, and CF,. The other parameters are
given in the text and Tables 5.2 and 5.3.

Since the graphene sheet grows in height due to diffusion and
attachment of carbon atoms generated at the catalyst surface, one can infer that
graphene sheet grows higher for C,H, contained gas mixture followed by CH,4
and CF,4 due to plentiful supply of carbon on the catalyst surface in the case of
C,H; contained gas mixture followed by CH,4 and CF,4. The results of Fig.5.2 are
in compliance with the experimental observations of Zhu et al.[5] (cf. Figs. 1(b)
and 1(d) of Zhu et al.[5]), Cai et al.[6], and Shiji et al.[10] (cf. Fig. 4 of Shiji et
al.[10]).
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Fig. 5.5. The time evolution of the thickness (in nm) of the
graphene sheet for different carbon precursor gases C,H,, CHy,,
and CF,. The other parameters are given in the text and Tables
5.2 and 5.3.

Figure 5.5 shows the time evolution of the thickness of the graphene
sheet for various carbon gas precursors (i.e., CoH2, CH4 and CFy). It can be seen
from the Fig. 5.5 that the thickness of the graphene sheet is highest for C,H,
contained gas mixture followed by CF, and CH,. The reason for the growth of
thicker graphene sheets in the case of C,H, contained gas mixture is the
plentiful generation of carbon (indicated in Fig. 5.4(a)) and the lesser amount of
hydrogen incorporation in the C,H, growth (cf. Fig. 5.4(b)). From Fig. 5.4 (b), it
can be seen that the number density of hydrogen species on the catalyst surface

(i.e., Ny ) is utmost for CH4 contained gas mixture followed by C;H, and CF,.

This is evidence from the fact that the plasma species of CH,4 contained gas
mixture are hydrogen rich and carbon poor in contrast to the plasma species of
C,H, and CF, contained gas mixtures, therefore, CH4 contained gas mixture
lead to thinner graphene sheets in contrast to C,H, and CF,. The thinner
graphene sheets for CH,4 gas mixture in contrast to C,H, has also been reported
experimentally [5,6] (cf. Figs. 1 & 2 of Zhu et al. [5] and Figs. 2(b), 2(c) and
4(d) of Cai et al.[6]). In CFs+H,+Ar plasma, N, is least (cf. Fig. 5.4(b))
because of its gas composition and due to subtractive reaction of hydrogen
species with F from the adsorbed CFy species. However, the thickness of

graphene sheets is intermediate of the thickness of CH4 and C,H, contained gas
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mixtures due to the fact that C,H, contained gas mixture is extremely carbon
rich and CH, contained gas mixture is exceptionally hydrogen rich in
comparison with CF4 contained gas mixture. Shiji et al.[10] have also reported
in their experimental work that CF, synthesized graphene sheets are much
thicker than the graphene sheets grown using CH, gas mixture (cf. Fig. 3 of
Shiji et al.[10]).

Now, we investigate the effect of different gas mixtures on the number
density of vertical graphene sheets grown on catalyst-substrate surface via
PECVD process. As described earlier in the previous section, the vertical
graphene sheet grows due to continuous delivery of carbon atoms, diffusion
and attachment of carbon atoms at the graphene nuclei/islands boundaries,
therefore, in order to depict the impact of different gas mixtures on the number
density of the graphene sheets, we study their consecutive effects on the
graphene nuclei number density (i.e., Nis). At the early stage of growth,
graphene nuclei are formed due to diffusion of carbon clusters and with further
increase in growth time, these graphene nuclei diffuse and stitch together to
form large graphene islands, and thus the number density of graphene nuclei
decreases with growth time as can be seen from Fig. 5.6. This figure illustrates
the variation of graphene nuclei density as a function of growth duration for
different gas mixtures (i.e., CoHo+Ho+Ar, CHy+Ho+Ar, and CR4+Ho+Ar). It can
be seen from the Fig. 5.6 that C,H, contained gas mixture leads to more
effective formation of graphene nuclei i.e., graphene nucleation density is
maximum in C,H; in contrast to CH, and CF,4. The relative generation of carbon

atoms on the catalyst surface (i.e., N.) plays an imperative role in this regard.

This is because, more carbon atoms on the catalyst-substrate surface give rise to
faster saturation of the surface with carbon atoms and eventually increases the
cluster formation, which in turn, enables faster nucleation of more graphene
nuclei on the catalyst surface. Consequently, diffusion and coalescence of
graphene nuclei/islands becomes more effective and more graphene islands of
large size are formed, therefore, the number density of graphene sheets
increases. Accordingly, using Fig. 5.3 it can be concluded that the graphene

sheet number density is highest in C,H, contained gas mixture followed by CH,4
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and then by CF,. The similar observation has been reported by Shiji et al.[10]
(cf. Fig. 3 of Shiji et al. [10]).

w
T

Number density of graphene nuclei (10* cm?)

0 2000 4000 6000 8000 10000
Time (sec)
Fig. 5.6. The time evolution of graphene nuclei density for
different carbon precursor gases C,H,, CHy4, and CF4. The other
parameters are given in the text and Tables 5.2 and 5.3.

Using the above results, we can conclude that geometry (i.e., height and
thickness) of the graphene sheet alters considerably upon its PECVD synthesis

: . . . h
using different gas mixtures. The field enhancement factor ﬂ(z 9“‘/ , Where
gn

hgn is the height and tg, is the thickness of graphene sheet [37,38]),

characteristic of electron field emission from the graphene sheet, is primarily
dependent on the geometry of the graphene sheet. Thus, using the above results,
we can interpret the field emission characteristics of the graphene sheet grown

using different gas mixtures via PECVD process. In order to estimate f, we

calculated the saturated value of thickness (i.e., 6.15 nm, 4.2 nm, and 4.95 nm)
and height (i.e., 704 nm, 382 nm, and 277.54 nm) of the graphene sheet
corresponding to C,H,, CH4 and CF,4 containing gas mixtures, respectively. It
can be seen from Fig. 5.7 that graphene sheet grown using C,H, as a carbon
source gas has highest field enhancement factor which is followed by CH,4 and
then by CF4. Hence, C;H, containing gas mixture improves the field emission
properties in contrast to CH, and CF,4 Although the graphene sheets grown

using CH4 and CF, are relatively thinner, C,H, grown graphene sheet exhibits
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high field emission characteristics due to the fact that graphene sheets grown in

this case are relatively much higher in height compared to CH, and CF4. The

above observations have been validated by Zhu et al.[5] and Saito [39].
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Fig. 5.7. The field enhancement factor of the graphene sheet
for different carbon precursor gases C,H,, CH,, and CF,.
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Multistage modeling to study the PECVD process
parameters controlled growth of vertical oriented
graphene sheet

6.1 Brief outline of the chapter

The present chapter comprises the plasma kinetics and surface deposition sub-
models to study the influence of plasma enhanced chemical vapor deposition
(PECVD) process parameters on the plasma composition and characteristics to
understand the insights of the evolution of growth characteristics of vertically
oriented graphene sheets (VOGS) grown in the Ar+H,+C,H, reactive plasma
environment. The spatial distributions of temperature and densities of electrons,
positively charged, and neutral species in the plasma reactor are examined using
inductively coupled plasma module (ICP) of COMSOL Multiphysics 5.2
modeling suite. The numerical data from the computational plasma model are
fed as the input parameters for the surface deposition model to control the
growth characteristics of the plasma grown VOGS over the catalyst-substrate

surface.
6.2 Introduction

The plane (flat) and rolled form of graphene sheets (carbon
nanotubes/nanofibers) have been studied extensively due to their unique
properties and potential applications in electronic devices [1-4]. However, in
recent years, the graphene sheets oriented vertical to the substrate have gained
heightened admiration owing to their additional benefits for many specific
applications [5]. Amongst several techniques [6-8] for graphene synthesis,
plasma-assisted growth method is exclusively used to fabricate the VOGS

perpendicular to the substrate surface [9-11]. The large surface area, non-

Neha Gupta

Delhi Technological University, Delhi, India 138



Multistage modeling to study the PECVD process parameters controlled growth of vertical Chapter 6
oriented graphene sheet P

agglomerated structure, electrochemical stability, and sharp edges render VOGS
to be promising candidates for the field emission devices [5, 11-13]. It has also
been reported that the field emission properties of the field emitters are strongly
associated with their structural characteristics [14, 15]. Thus, in order to obtain
highly enhanced field emission properties from the VOGS, it is crucially
important to deterministically control their growth characteristics which can be
done by suitably optimizing the PECVD process parameters such as total gas
pressure, input plasma power, substrate temperature, and biasing applied to the
substrate. These PECVD process parameters ultimately affect the plasma
characteristics such as number density and temperature of neutral and charged
species (electrons and positively charged ions) in the plasma [16-19] which
consequently, affect the fluxes of neutral and charged species towards the
substrate surface and significantly affect the structural and growth characteristics
of the VOGS [20-23].

| [ L 1— Air

5 [6] 2.3.4— coils
5 —— Dielectric window
6 — Gas inlet
7 — Plasma
8§ — Catalyst thin film
11+ 7 9 — Silicon substrate
10— Gas Outlet
11 — Walls

0.15m

[— co
—+—0

[10]

| 0.1m

Fig. 6.1. Geometry constructed in the computational model using
COMSOL Multiphysics 5.2 modelling suite. All the domains are
assigned numbers, and their descriptions are given adjacent to the
geometry.
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6.3 Methodology and model

The methodology adopted in the present chapter includes the computational and
analytical approach to elucidate the effects of PECVD process parameters
namely, total gas pressure and input plasma power on the plasma characteristics
which further affect the growth characteristics of VOGS in the PECVD system
composed of the Ar+H,+C,H; reactive gas mixture. The Fig. 6.1 represents the
model geometry constructed within the 2D axis-symmetric workspace in
COMSOL Multiphysics 5.2 simulation software. 5 turn inductive coil connected
to 13.56 MHz generator is taken as the source of inductively coupled plasma.
The power applied to the coils passes to the plasma reactor through the dielectric
material situated at the bottom of the coils and generates the plasma inside the
reactor which is fed with the mixture of argon, hydrogen, and acetylene.

Table 6.1. Parameters used in the computational model.

Parameter Value
Gas temperature 0.18 eV
Reduced electron mobility 4x10*V'm's™
Relative permittivity of vacuum 1
Relative permittivity of silicon substrate 12
Negatively bias to substrate -300 V
Relative permittivity of dielectric material 4.2
Relative permeability of vacuum 1
Electrical conductivity of coil 6x10" S/m
Electrical conductivity of vacuum 0
Electrical conductivity of dielectric material 0

The ICP module is computed in COMSOL Multiphysics 5.2 modelling
suite to evaluate the distribution of the number densities, energies, and transport
of the electrons and heavy species (ions and neutral species). The number
density, mean energy, and temperature of electrons are computed using the
drift-diffusion interface; number densities and energies of the heavy species are
computed using heavy species transport interface; and electric field, electric

potential, and charge in the plasma are computed using the electrostatic
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interface in the ICP module in frequency transient domain with appropriate
parameters provided in Table 6.1. The volumetric species and reactions in the
plasma considered in the present computation are listed in Table 6.2 and Table
6.3, respectively. The outcomes of the computations are linked to the input
parameters for the surface deposition model to study the growth characteristics
of VOGS over the catalyst (copper) nanoislands placed over the silicon

substrate surface.

Table 6.2. Neutrals and positively charged species considered in the present

model
Type Neutrals Positively charged species
X C;H, C;H,, C;H;, C4H, C2H++, C2H2++, CZH{, C4H:,
C4H,, C4H3 CeH, CgH, C4H;", C4Hs™ CH™, CgHy ',
Y H,, H H,", H*

Table 6.3. Volumetric reactions considered in the computational model and
their corresponding rate coefficients/ionization energies, and the references
where the value of rate coefficients/ionization energies are adopted from

Rate coefficient (cm?s) or

Reactions ionization energy (V) Reference
e +Ar - Al +2e- 15.8 35
e +C,H, - C,H, +2e- 11.4 35
e +C,H, —> C,H" +H+2e- 16.5 35
& +C,H, > CH +CH+2¢- 20.6 35
e +C,H, —> CZH+H+ +2e- 18.4 35
e +C,H, —> C,H+H+2e~ 7.5 35
e +H, > H, +2e 15.4 35
e +H o H +2e 154 35
e=+H, - H+H+e~ 8.87 35
e +C,H, - C,H+H+e- 7.5 35
e +C4H, - CH+H+e~ 7.5 35
e+C,H, —C,H, +2e- 10.19 35
e +CyH, —>C,H, +2e- 9.55 35
e +CH —> CH' +2e- 9.55 35
e +C,H, — C,H, +2e- 10.19 35
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e+C,H —>C,H" +2e-
e +C,H - C,H +2¢-
H'+C,H - C,H" +H
H'+C4H — C,H" +H
H'+C,H, —C,H +H,
H'+C,H, - C,H +H,
H," +H — H,+H"
H, +C,H, — C,H, +H,
H, +C,H —C,H, +H
C,H+C,H" — CH +H
C,H+C,H,” — C.H, +H
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+ +
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O
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C,H, +C,H — C;H, +H,

+ +
C,H; +CH—>CH, +C,H,

H +Ar — H+Ar"

Hy +Ar — H+Ar"
Hy+Ar — ArH" +H
A +H, > H, +Ar
A+ H, - ArH'+H

+ +
Ar +CZH2 —>C2H2 +Ar

10.19
11.4
2x10°°
2x10°°
4.30x10°
2x10°
6.40x10"°
5.30x10°
1.70x10™%°
6.00x10™
1.30x10°
1.20x10°
2.40x10™°
1.50x10°
9.50x10™°
1.20x10°
1.00x10™
5.00x10™
3.30x10™
1.20x10°
6.80x10™
4.00x10™°
5.0010°

3.9x10™°T/%(1+7.9x10° Ty)
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The catalyst nanoislands have peculiar ability to dissociate the

hydrocarbon and hydrogen species on their active surface to generate building

units (carbon species) of the graphene sheet and hydrogen radicals which etch
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and sharpen the edges of the graphene sheet via various complex processes [24,
25] discussed in Egs. (6.1) & (6.2), respectively.

_ _ Ag i _ ‘]i Y,
0. (. ):%JX (1-6?t)+§nx uexp(-kx——dss}-z[%nx jX—d“L.Z‘]iX

Bls iX

1)

+Z[Z Jix jM_Z[ZﬁX J‘]Yaads
iy \iX YA X

_ Ag _ Ag _ _
- uexp(- ” _T_Vp}—gnx uexp[-#""dsJ—nc Cads My U, (6.1)
BIs

B'S

0c(My ) =X Jy (L- et)+z£2rrx] xYd 5 uexp(-%}zm
X

UO B!s iy

_ZW UeXp( kYTadSJ_ﬁC OadsV Ny ZW TagsJv ZW TadsJiv - (6.2)

B'S

where 1. and m, are the concentration of building units (carbon species) and

hydrogen radicals on the surface of catalyst nanoislands, respectively,

Jj(:njvt%j is the flux of impinging neutral species (j=X and Y for

hydrocarbons and hydrogen species, respectively) [26] , T (= ejvo)represents
the surface concentration of neutrals on the catalyst nanoislands active surface;

6, is the J" species surface coverage, vo(z1015cm'2)is the number of

adsorption sites per unit area [26], y,(= 2.49><10’2+3.29><10’2><Ei is the
12
stitching probability; E;is the electron energy[27], J; (z n; (kB%_) j is the
ij

flux of positively charged species [26], cfads(z 10_160m2) is the cross-section for
the interaction of hydrogen radicals with hydrocarbon species on the surface of
catalyst nanoislands [26], Aey gis(=2.1€V) is the dissociation energy of
species of type X, Aeg,,(=1.8€V) is the evaporation energy of carbon species
from the surface of nanoislands, Asy .4 (=1.8eV)and Ag,_4(=1.8eV)are the

adsorption energies of species of type X and Y, respectively [25]. The LHS of
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Eqgs. (6.1) & (6.2) are the functions of growth time and descriptions of each and

every term on RHS are given in the Table 6.4 and 6.5, respectively.

Table 6.4. Descriptions of all the functional terms used in the Eq. (6.1) and their
corresponding reactions involved [15, 25-27, 40], where ‘as’ stands for adsorption,

‘pl” stands for plasma and ‘dsp’ stands for desorption.

Term

Reaction involved

Description

Jx(1-6)

= -Agx diss\J
nx vexp [‘
kgTs

CaHb(pI) - CaHb(ad)

CaFbad) > 2ad) P aa)

+
CH, +CaHb( —a C(ad)+HY(pI)

+Ca Hb+

ad)

.
CaHb — aC(a " +Hb(pl)

+ +
CaHb +H — aC(ad) +2Hb(p|)

Ca Hb(ad) +H(pl) - Ca Hb‘(pl)

C(ad) - C(evaporation)

Ca Hb(ad) - Ca Hb(dsp)

aC(a 9 +bH(a i CaHb(pI)

adsorption of hydrocarbon
neutral species on the catalyst
nanoislands active surface

thermal dissociation of
hydrocarbon neutral species

ion-induced dissociation of
hydrocarbon neutral species

decomposition of positively
charged species

generation of carbon species
due to interaction between
hydrocarbons and hydrogen
ions

loss of adsorbed hydrocarbons
from catalyst nanoislands
surface due to interaction with
hydrogen radicals

evaporation of carbon species
generated on the nanoislands
surface

desorption of the adsorbed
hydrocarbons on the
nanoislands surface

loss of carbon species due to
the interaction with hydrogen
species
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Table 6.5. Descriptions of all the functional terms used in the Eq. (6.2) and their
corresponding reactions involved [15, 25-27, 40], where ‘as’ stands for adsorption,
‘pl’ stands for plasma and ‘dsp’ stands for desorption.

Term Reaction involved Description

adsorption of hydrogen neutral

H —H .
Jy(1-6) ®) Y species on the catalyst
2ph 2(ad) nanoislands active surface
As desorption of hydrogen species
n UEXp[kFHJ Heoy = Heasp) from catalyst nanoislands
B'S

surface

loss of hydrogen species due to
T g dy Heo + Hey = Hay interaction with incoming
Y hydrogen neutral species

. loss of hydrogen species due to
, +H interaction with incoming

ﬁv Gogediy bH(ad) +H o —b'H _
hydrogen ions

2(p!

These building units diffuse over the catalyst nanoislands surface and
attach with each other to from clusters (a bunch of few carbon species around
the nanoislands). Due to the continuous dissociation of hydrocarbons and
generation of carbon species, these clusters tend to diffuse and agglomerate to
nucleate graphene nuclei. The surface concentration of these clusters with
respect to growth time can be evaluated using the Eq. (6.3) that incorporates the
surface diffusion of carbon species over the catalyst nanoislands surface (first
term), the decrease in the numbers of clusters due to their diffusion and

attachment to the graphene nuclei/island (second and third term) [28].

! 4
at(rTCL ) = Dn;)t rTC -D rTCL 7Z-Dc2t
(Asgg_cL +AsinccL)
-, My Dy exp(— kT , (6.3)

where D is the diameter of the catalyst nanoisland, ﬁ(:L, Net , and Ngn are the

surface concentrations of carbon clusters, catalyst nanoislands, and graphene

nuclei, respectively. D[: D, eXp(_Agsd_% T ﬂ is the coefficient of surface
B's

diffusion for carbon species, D‘[: Do exp(‘AgsML T ﬂ is the coefficient of

B's

surface diffusion for clusters, Assgc (=0.1eV) and Agg oL (=0.82¢eV) are the
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surface diffusion energies of carbon species and clusters, respectively. Asinc c1

is the incorporation energy of clusters into graphene nuclei [28]. Moreover, the
surface concentration of graphene nuclei over the substrate surface can be
evaluated using the Eq. (6.4) that incorporates the surface diffusion of the
clusters to form graphene nuclei (first term), attachment of clusters and building
units to the existing nuclei (second& third terms). These graphene nuclei
agglomerate and form graphene islands which in turn lead to the decrease in the

surface concentration of the nuclei (fourth term) [28].

2 CL GN

.4 (AsgcL +AéinccL)
9 (M ):rTCL Dx—s-n_m Doexp[—
D&

kBTs

(Agsd,c + Aéinc_c )j

+n_.m.. D exp|l -
C GN o p( kBTs

Ag 4
-, Doexp(— sdGl JX (6.4)

where  AginccL (0.8eV)) and Asncc (=0.85eVv) are the incorporation

energies with which clusters and carbon species, respectively diffuse into the
graphene nuclei. Dg, is the diameter of the graphene island and

Aegys (=2.6eV) is the energy with which graphene nuclei diffuse into the

graphene islands [28]. The continuous diffusion of the graphene nuclei into the
graphene islands leads to the growth of the graphene islands which can also be
regarded as the growth of planar/flat graphene sheet with respect to substrate
surface [28]. The factors responsible for the growth of planar graphene
(graphene island) are discussed in the Eq. (6.5) that accounts the diffusion of
carbon clusters (first term), attachment of carbon clusters and building units to
the graphene island (second and third term), amalgamation of graphene islands
(fourth term), and the accretion of hydrocarbon neutrals on the growing

graphene island surface (last term).
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n AchCL = —
2, (Agi) = LDoexp[—S— + e gy Do
’ A Ty ) e

A& + Ag;
XeXpL—( sd_CT( - incCL )J+ﬁc ﬁGN D,
B's

exp(— (Ags(LC + Aéinc_c )

x 7D + Ngn D,
kaT, j} ct GN Yo

exp Asaer |, 1 | [ Ma*lingi +7/x7ch2;||AG| (6.5)
PtV 4 ’

where A, [z %élJ and A, (z ”'Zcztj are the area of the graphene islands and

catalyst nanoislands, respectively. M (=63.54 a.m.u.) and pg are the mass

ijG| 4 zm.

_ _ D, [ 8keT; |?
and density of the copper catalyst, respectively. | M[ﬁ}
lj

ny [1—Zyij][exp[— EUTS D is the current accumulated at the graphene island
B's

surface due to positively charged species [29]; N is the number density of

positively charged species near the substrate surface, z is the charge number

developed over the graphene sheet, T; and my; are the temperature and mass of

positively charged species, respectively; Ty is the substrate temperature,

D3, (8kgTy 2 | :
lii |=7—2-| —2" | n; | is the current accumulated at the graphene island

surface due to neutral species [29]; n; is the number density of neutrals near the

substrate surface, T,, m;, and y; are the temperature, mass, and sticking

j

coefficient of neutral species, respectively.

When the growth of planar graphene is initiated, an internal stress
(tangential stress) is induced at the graphene islands boundaries which cause the
defects on the graphene islands [5]. Under the combined effect of the electric

force exerted by the electric field induced in the plasma sheath and resultant of
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the tangential stress, graphene sheet eventually begins to grow in vertical
upward direction (perpendicular to the substrate surface). The Eq. (6.6)

describes the rate with which area of growing VOGS changes.

n A +A :
16, (hxt)= 4T 7De1. C:DG' Do exp(—( fsdC T DéincC )J linon

kgTs T D(23|

M
7x|XGN] x —CN (-asac), (6.6)
PGN

where 1, t,and hare the lateral length (dimension of the graphene sheet
parallel to the substrate surface), thickness and vertical height (dimension of the

graphene sheet normal to the substrate surface) of the VOGS, respectively.
pon and Mgy (=12g) are the density and mass of the growing VOGS,
respectively. I;gy and Iy are the collection currents due to positively charged

and neutral species on the growing VOGS, respectively.V; is the surface

potential of the VOGS [see Eq. (A.2) of Appendix A].
1

1
lioy =i (It+ht+1h : ==
N ! ( )[27r2m-- ] N7 KgT;

ij

2
+exp Vs erfc Vs x exp{— ey } 6.7)
ke; ksTj ksT,
| oy = (It + ht+1h)| 8T : (6.8)
IGN i 27r2mj '

The Eq. (6.6) incorporates the vertical growth of graphene sheet due to
diffusion and incorporation of building units at the growing edges of the
graphene layers and accretion of the hydrocarbon neutral species contribute to
the VOGS growth (first & the second term, respectively). Moreover, the
formation and sputtering of the amorphous carbon layer on the catalyst active

surface is one of the major growth rate-determining steps. Therefore, the

multiplication term (1-asac) indicative to the poisoning of the catalyst is also
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taken into account in the VOGS growth in Eq. (6.6) [27]; where

2 —
as = Jix Ysp (1—49t)><7[5°t , Q¢ =7ch2t Ne, and yg, is the sputtering yield. The

growth of VOGS saturates/ceases due to etching of terminal carbons by the
hydrogen and leads to the reduction in the thickness of the VOGS as discussed
in Eq. (6.9) that incorporates the collection of positively charged and neutral
species of hydrogen on the surface of the VOGS (first & second term,

respectively).

7)+110.(t) ={7iv liven +7v lven [Ny ——N(2), :
[h(z)+1]0, () =[ri! lyan [T Mo h() (6.9)
PGN

During the growth, the charge developed over the graphene sheet surface
can be evaluated using the Eg. (6.10) that accounts the accumulation of

positively charged species (first & second term) and electrons.

0.L= % lixon +§IiYGN —Yeleon (6.10)

where lqgy is the current accumulated at the graphene sheet surface due to the

electrons.

+ (6.11)

logn = oo En (It+ht+1h)exp
? 27T2me ¢ kgTe  KgTs

eV, el }

where N, is the number density of electrons near the substrate surface.

6.4 Results and discussion

In the present work, the effects of process parameters on the plasma
characteristics using 2D axis-symmetric ICP module in COMSOL Multiphysics
5.2 are studied. The numerical data of number densities and temperatures of the
various plasma species on varying the total gas pressure and input plasma power
obtained from the computational model (see Tables 6.6-6.10) are fed as the input

parameters in the surface deposition model to study the growth characteristics
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(height, thickness, and surface density) of the VOGS during PECVD process
along with the other experimentally determined initial conditions [30] and glow

discharge parameters [16,25] given in the Table 6.11.

Table 6.6. Spatial distribution of electron density and temperature for different gas pressures
and input power obtained from the computational Figs. 6.2- 6.6

Gas Pressure Input plasma power
Parameters somrorr 90 150 100W  200W 300 W
mTorr mTorr
Bulk 17 16 15 17 17 17
Electron plasma 2.77x10 9.49x10 9.09x10 2.77x10 3.81x10 8.88x10
. -3 —
density (M=) Nearthe oo 1017 134590 272x10°  0.66x107  1.49x107  5.15x10"
substrate
Bulk
Electron lasma 2.76 1.97 1.54 2.76 3.06 3.33
Temperature W
(eV) 2.51 1.78 1.05 2.51 2.74 3.20
substrate

Table 6.7. Spatial distribution of the number densities of neutral species for different gas
pressures obtained from the computational model at input plasma power of 1200W

50 mTorr 100 mTorr 150 mTorr
Neutral
species Bulk Near the Bulk Near the Bulk Near the
plasma substrate plasma substrate plasma substrate

C.H 8.74x10"  4.39x10" 6.97x10"  0.14x107  7.13x10"®  0.56x10'"
C,H,  7.56x10"®  5.05x10" 7.77x10%  3.89x10*  6.47x10®  1.24x10%
C,H; 9.28x10""  3.90x10" 6.67x10" 2.39x10"®  8.42x10"°  3.78x10%
CH 5.29x10"®  0.23x10% 8.42x10"®  3.45x10®  9.23x10"  3.57x10"
CH,  9.91x10"  3.35x10" 5.12x10%  1.11x10"®  7.79x10*"  4.27x10%
C.H; 0.23x10'®  5.49x10% 1.89x10"®  0.42x10®  6.88x10"  2.19x10"
CeH 4.77x10"®  3.05x10" 6.99x10" 2.42x10%  4.32x10%  1.21x10%
CeH,  8.38x10"®  2.42x10% 7.27x10®  2.12x10®  5.28x10%°  2.09x10%

H, 4.46x10%  1.02x10% 9.20x10%  6.50x10”  3.45x10%  1.19x10%

H 7.17x10®  2.19x10%® 7.33x10%°  2.27x10°  8.34x10*  3.37x10%
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Table 6.8. Spatial distribution of the number densities of
positively charged species (ions) for different gas pressures
obtained from the computational model at input plasma power

of 100W
Charged 100 mTorr 150 mTorr
species Bulk Near the Bulk Near the
plasma substrate  plasma  substrate
C,H"  8.07x10" 3.15x10™ 7.89x10" 2.59x10%
C,H," 9.46x10® 5.48x10"° 559x10™ 1.26x10%
C,H;*  6.56x10" 2.15x10"* 9.48x10" 5.15x10™
C/H"  8.47x10" 3.47x10" 1.56x10° 0.15x10%
C.H,” 452x10® 1.09x10" 8.48x10™  3.44x10%
C.H;" 9.15x10* 5.65x10™ 4.27x10* 0.18x10™
CeH'  7.28x10° 4.24x10®°  6.45x10"  2.15x10’
CeH,®  8.48x10° 524x10°  1.45x10°  7.10x10°
H,Y  1.05x10™ 7.45x10" 1 34x10® 6.64x10%
H* 5.48x10"° 921x10"®  945x10" 2 14x10"

Table 6.9. Spatial distribution of the number densities of
neutral species for different input power obtained from the

computational model at total gas pressure of 50mTorr

200 W 300 W

Neutral
species Bulk Near the Bulk Near the
plasma  substrate plasma substrate
C.H 7.12x10* 3.15x10** 6.15x10%°  1.26x10%
C,H, 456x10Y 056x10"7 551x10® 0.84x10%
C,Hs  8.71x10%™ 2.41x10™ 7.72x10"°  3.48x10"
C,H 0.45x10%  4.12x10% 0.94x10%  5.16x10%
C,H, 556x10* 251x10'® 8.15x10®  2.02x10%
C.H;  1.23x10"° 0.56x10"° 9.45x10*  4.85x10
CesH 4.07x10% 0.15x10*% 7.15x10"*  0.94x10"
CeH,  4.12x10"™ 0.48x10™ 9.45x10"  4.48x10"
H, 7.48x10%  2.05x10?* 2.16x10%®°  0.11x10%
H 8.45x10% 1.56x10'° 4.12x10®  0.45x10%
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Table 6.10. Spatial distribution of the number densities of positively charged species (ions)
for different input power obtained from the computational model at total gas pressure of
50mTorr

100 W 200 W 300 W
Neutral
species Bulk Near the Bulk Near the Bulk Near the
plasma substrate plasma  substrate  plasma  substrate

C,H"  6.45x10™®  3.33x10™  7.54x10™ 4.12x10" 8.18x10"™ 3.76x10"
C,H,” 8.67x10®  5.44x10"®  4.67x10° 1.78x10"™ 2.34x10" 0.32x10"
C,H;" 5.55x10"  3.34x10  4.12x10" 2.39x10"®° 8.59x10"™ 5.67x10"
C,H" 3.73x10"  1.02x10"  8.73x10™ 4.83x10" 6.02x10'  4.08x10"
C.H,” 817x10"  3.15x10"  6.37x10"® 1.71x10"® 5.25x10'® 1.58x10%
C/Hs"  7.79x10%  3.84x10"*  4.45x10" 2.04x10"®° 6.43x10' 2.17x10'
CeH'  5.81x10° 2.29x10° 0.28x10"° 3.26x10° 7.53x10™  4.99x10"
CeH," 5.51x10°  1.62x10°  8.26x10° 4.71x10° 6.29x10"  3.18x10™
H,"  9.27x10"  4.35x10™  7.18x10" 2.45x10™ 9.63x10" 3.61x10%
H* 7.92x10"®  3.29x10"®  7.39x10%® 3.81x10* 7.72x10*  4.13x10%

Table 6.11. Initial conditions fed into the surface deposition model
(analytical model)

Parameter Value

T; (ion temperature) 0.05eV

T, (neutral atom temperature) 0.05 eV
e (Density of catalyst) 8.96 g/cm®

ag ® ay (electron-ion recombination

1.12x107 cm®/sec

coefficient)
T, (substrate temperature) 550 °C
7e (electron sticking coefficient) 1
7ij (ion sticking coefficient) 1
7j (neutral atom sticking coefficient) 1
6, (total surface coverage) 0.01
D.: (Diameter of the catalyst nanoislands) 100 nm
A (Number density of catalyst nanoislands) 6x10°cm’
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Fig. 6.2. 2D axis-symmetric computational
plots showing the variation of electron
number density with gas pressure, i.e., (a)

50

mTorr, (b) 100 mTorr, and (c¢) 150

mTorr at constant input plasma power of
100 W. All other parameters are given in

the

text.

(a) Electron temperature (eV) at 50 mTorr
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G 0. 0.05
- 0.05 P

(c) Electron temperature (eV) at 150 mTorr

Fig. 6.3. 2D axis-symmetric computational
plots showing the variation of electron
temperature with gas pressure, i.e., (a) 50
mTorr, (b) 100 mTorr, and (c) 150 mTorr
at constant input plasma power of 100 W.
All other parameters are given in the text.

Figures 6.2 & 6.3 show the computational plots of electron number density

and temperature at different total gas pressures, respectively. The numerical data

obtained from these computational plots (Figs. 6.2 & 6.3) is summarized in Table

6.6 which shows that electron number density and temperature decreases from bulk

plasma region to substrate surface. This is because significant numbers of electrons

are consumed

in the collisions with other plasma species and in the

ionization/dissociation of other plasma species in the bulk plasma region.
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Fig. 6.4. Temporal variations of (a) number density of carbon species generated per unit
area on the catalyst nanoislands surface (i.e., Nc ), (b) number density of graphene nuclei
(i.e., Nan ), (c) height of the graphene sheet, and (d) thickness of the graphene sheet as a

function of the gas pressure at constant input plasma power of 100 W. All other parameters
are given in the text.

From Figs. 6.2 & 6.3 and Table 6.6, one can also see the appreciable reduction
in the number density and temperature of electrons when total gas pressure is raised.
With an increase in the gas pressure from 50 mTorr to 150 mTorr, the plasma
concentrated region decreases. Therefore, the mean free path is expected to decrease
considerably which in turn increase the collisions between electrons and other plasma
species due to which one can expect the significant loss in the number density and
energy of the electrons. The effect of variation of electron density and electron
temperature with pressure are in agreement with the works of Mao and Bogaerts [16],
Shivkumar et al.[17], and Collison et al. [19]. At high gas pressure, the presence of
less energetic electrons in the plasma directly affects the density of neutral species. The
numerical data of spatial distributions of number densities of neutral species
(hydrocarbons and hydrogen) in the plasma for different gas pressures obtained from
the computational model are given in Table 6.7. The numerical data reveals that
number densities of hydrocarbon neutral species in the plasma chamber get enhanced

when the gas pressure is increased. This is because of the low rate of dissociation and
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ionization of the hydrocarbon neutral species due to the absence of the energetic
electrons. However, the number density of hydrogen radicals in the plasma chamber
increases with increase in gas pressure. At high pressure, the number density and
energy of electrons is low, but plasma has sufficient power to dissociate hydrogen
molecules [31] which in turn increase the number density of hydrogen radicals and
thereby, the density of hydrogen molecules decreases. Therefore, one can expect the
much high flux of hydrogen radicals towards the substrate surface as compared to the
flux of hydrocarbon species. Takeuchi et al.[20] investigated the impact of operating
pressure on the densities of carbon and hydrogen species in the plasma consisting
C,Fe/H, gas mixture and found that hydrogen to carbon densities ratio in the plasma
increases with increase in gas pressure. At low gas pressure, the plasma concentrated
region expands, and therefore, a strong electric field is setup in the plasma chamber
(between the coil’s bottom surface and substrate top surface) which considerably
drives the energetic positively charged species towards the catalyst-substrate surface
which is maintained at low temperature (Ts< 800K). Thus, the rate of dissociation of
positively charged species and ion-induced decomposition rate of hydrocarbon species

on the catalyst nanoislands surface increases, and consequently, the large number of

building units (ﬁc) are generated on the catalyst active surface as shown in figure
4(a). Also, the interaction of adsorbed hydrocarbon species with hydrogen atoms from
the sheath is reduced because the hydrogen density in plasma is substantially low at
low gas pressures. Therefore, the continuous supply of carbon species directs the
carbon cluster formation rate in the forward direction which in turn accelerates the
diffusion of clusters to form a large number of graphene nuclei. Thus, one can think of
the augmentation in the surface density of VOGS at low gas pressure [cf. Fig. 6.4(b)].
The results shown in Fig. 6.4(b) are compatible with experimental studies of Takeuchi
et al.[20] and Cho et al.[21] (cf. Fig. 2(a) of Cho et al.[21]).

At low gas pressure, the Bohm velocity of ions and thereby the kinetic
energy of ions impinging on the substrate surface increases. Therefore, on reducing
the gas pressure, the interaction of the highly energetic hydrocarbon ions with
adsorbed hydrocarbon neutrals increases which ultimately leads to the rapid
generation of the carbon species and their faster diffusion towards the growing
edges of the VOGS [22]. This results in the growth of VOGS at the higher rate
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(height of the graphene sheet per unit growth time) when the gas pressure is
reduced as can be seen from Fig. 6.4(c). However, the reduction in the thickness of
the graphene sheet is found at low gas pressure which can be seen from Fig. 6.4(d).
This is because of the higher etching of the graphene sheets due to the presence of
a large number of energetic ions in the plasma. Such thickness reduction on
reducing gas pressure is also reported by Wang et al. [22] and is similar to the ion-
enhanced etching of carbon nanofibers at low gas pressure reported by Wei et al.
[32]. Moreover, the numerical plots obtained in Fig. 6.4(c) are in good agreement
with the experimental observations of Takeuchi et al.[20] [cf. Fig. 7(a)] and Cho et
al.[21] [cf. Fig. 2(b)].

Apart from gas pressure, input plasma power is also an important PECVD
process parameter to control the characteristics of the plasma. When input plasma
power is raised, the plasma concentrated region expands, and a strong electric field
is set up in the plasma, as a result of which number density and temperature of
electrons in the plasma increases (cf. computational Figs. 6.5 and 6.6). Collison et
al. [19] experimentally observed the increase in the electron density and
temperature with plasma power. The numerical data obtained from these figures is
listed in Table 6.6. The presence of large number of electrons with high energy in
the plasma leads to the more ionization of the neutral species. The spatial
distribution of the densities of the positively charged species (ions) obtained from
the computational model is given in Table 6.10 which clearly shows the increase in
ion number density with increase in input plasma power. The higher amount of
charged species in the plasma dominates the ion dissociation and ion-induced
dissociation of hydrocarbon species over the catalyst surface as a result carbon
species (building units) generation rate increases rapidly [see Fig. 6.7(a)]. The
quick and large supply of building units raises the concentration of clusters due to
which the effective number of graphene nuclei increases [see Fig. 6.7(b)] which
ultimately increase the surface concentration of VOGS. The continuous delivery of
the carbon species due to the accessibility of a large number of charged species enhance

the diffusion and incorporation of the carbon species over the growing edges of the
VOGS, and consequently, accelerate the growth rate of VOGS [see Fig. 6.7(c)].
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other parameters are given in the text. other parameters are given in the text.

However, at high input plasma power, i.e., around 400 Watt, the
significant drop in the growth rate of the VOGS is observed. This is because
when input plasma power is increased above the certain optimum value (300
Watt), the rate at which carbon species generated over the catalyst surface
increases rapidly [see Fig. 6.7(b)]. The excessive supply of the carbon species
suppress the carbon diffusion due to the formation of amorphous carbon layer
over the catalyst surface and blocks the further dissociation of hydrocarbon
species and thus, reduce the height of the VOGS. Moreover, the presence of a

large number of highly energetic ions in the plasma at high input plasma power
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etches the graphene sheet at the higher rate, thereby, decreasing the thickness of
the VOGS [see Fig. 6.7(d)]. A comparison of theoretical plots obtained in Fig.

6.7 with experimental observations of the Srivastava et al.[14], Cho et al.[21]
(cf. Fig. 2 (b) of Cho et al.[21]), Nang and Kim [33] (cf. Fig. 4 (b) of Nang and
Kim [33]), Zhu et al. [23], and Ghosh et al. [34] (cf. Fig. 7 (g) of Ghosh et al.

[34]) confirms the adequacy of the present model.
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Investigations on the plasma enabled growth of vertical graphene sheets on CNT
surface

Chapter 7

7.1

Investigations on the plasma enabled growth of
vertical graphene sheets on CNT surface

Brief outline of the chapter

In the present chapter, a theoretical model is developed to describe the plasma-
assisted nucleation and growth kinetics of vertical graphene (VG) sheet on the
carbon nanotube (CNT) surface. Using the model, we demonstrated that
variations in the plasma enhanced chemical vapor deposition (PECVD) process
control parameters such as the total gas pressure, input power, and substrate bias
can be used for significant variation in the plasma composition and
characteristics that in turn control the ion bombardment and generation of
carbon species on the CNT surface, and consequently tune the VG sheet growth
characteristics such as, height, thickness and number density profiles of VG
sheet on the CNT surface.

7.2 Introduction

The growth of VG has been realized on various substrates such as dielectrics
[1,2], semi-conductive Si [3], metals [4,5], carbon cloth [6], silicon nanowires
and nanocones [7,8], diamond-like carbon films [9], and carbon nanotubes
(CNTs) [9-15]. The growth of VG on CNT surface (graphenated CNT) has
attracted substantial interest since this hybrid structure is reported to have
potential applications in high-performance field emitters than individual CNT or
VG. The graphene layer protrusions or foliates growing from the CNT surface
enables significantly higher charge storage capacity and field emission stability
than either of the two materials can achieve on their own. The exemplary field
emission from this VG-CNT hybrid is expected owing to the adorable properties
of CNT (incomparable high aspect ratio and excellent electrical conductivity)

and increased surface area due to the exposed sharp edges of graphene protruded
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from the CNT surface [9-13]. This unique hybrid structure is also reported to be
widely used for making photoconductors [16], supercapacitors [17], fuel cells
[18], gas sensors [14], and transparent conductors [19]. For the first time, the
graphene sheets growing radial to the tube axis of nitrogenated CNTs were
synthesized by Kurt and Karimi [20] via hot filament chemical vapor deposition

(HF-CVD) technique in nitrogen—methane—ammonia environment.

PECVD method has been widely used for the production of graphene
foliates on CNT [9-14]. According to previous reports [9-12], the VG nucleation
on CNT is defect guided i.e., VG growth starts with the induced defects of CNT
by intensive bombardment of ions in PECVD. Parker et al.[15] proposed a
model of nucleation of graphitic foliates from external CNT walls resulting by
the buckling of large diameter CNTs walls due to build-up of residual stress at
the outer CNT walls. PECVD is a complex process, owing to the existence of
energetic electrons, various ions, radicals and other neutral species in the
plasma, and thus possible to attain the controllable structure and growth
characteristics of as-grown VG by adequately altering the plasma parameters,
input power, gas type and proportion, and gas pressure for specific applications
[21].

In previous chapters, we developed an analytical model to unveil the
catalyst-aided growth mechanism of VG sheet in the complex plasma
environment and also studied the influence of growth time, plasma parameters,
different gas mixtures, and doping on the growth characteristics of VG sheet.
However, in order to augment the relevance of typical PECVD synthesis
experiments of graphenated CNTs [9-14], we endeavour to develop a
phenomenological model to describe the major processes responsible for the VG
sheet growth on CNT template in plasma environment, such as creation of
defects on the CNT surface, formation of clusters, growth of graphene nuclei
and VG sheet on CNT. This model considers the multi-fluid plasma sheath
related effects linked to the surface deposition processes along with the kinetics
of neutrals, positively charged species, and electrons, and rate of charge
accumulation on the VG sheet surface. In addition, we report the effects of

controlling the total gas pressure, input power, growth time, and substrate bias
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on the amount and size of VG sheet grown on the CNT surface. Specifically, we
exhibit that variations in gas pressure, input power, and substrate bias affect the
plasma characteristics (i.e., number density, temperature, and energy of plasma
species), which subsequently alter the carbon generation on CNT surface and

defect sites, and influence the density as well as dimensions of VG sheets grown

over the CNT surface.
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Fig.7.1. Schematic showing the (a) charged and neutral species impinging on the CNT
surface (b) formation of defects on the CNT surface (c) carbon species generation on the
CNT surface and formation of C- clusters at the defective sites (d) amalgamation of Gls
and vertical growth of the graphene sheet, and (e) VG sheets growing like plant leaves on
CNT surface.
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Table 7.1. lons and neutral species considered in the model.

Neutrals lons

Typel Type 2 Type 1l Type 2

CH31 CH41 C2H21 CH3+1 CH4+1 C2H2+1 + +
C2H4 H’ H2 C2H4+ H ) HZ

7.3 Analytical model

In this section, we present the basic assumptions and equations to describe the
nucleation and growth dynamics of VG sheet on CNT surface via PECVD route.
We consider the hemispherical tip CNT of diameter (2ac = 60nm) and length (lc
= 1.5um) as a template for the growth of graphene sheet in the plasma
constituting the ionized gas mixture of CH4/H,[12]. Fig. 7.1(a) shows the sketch
of CNT erected on a conductive silicon substrate (maintained at negative
potential Ug) subjected to plasma of CH4/H, gas mixture. The present model
considers the plasma comprising of electrons, various positively charged and
neutral species of CH, and H,. Table 7.1 details the neutral and positively
charged species accounted in the model which is representative of experiments
on plasma chemistry of CH4/H, gas mixture [22]. We consider the induced
sheath electric field to be in the vertically downward direction i.e., along the z-
axis. The density and speed of the charged species, neutrals number density, and
sheath structure are investigated using the following plasma sheath equations
[23,24].

d

E(”ij“ijz )= fine, (7.1)

d f
E(neuez) :Zj: ijNes (7.2)

du;; d dn;;
Mij Njj Ui, ﬁ =—en;; d_f —Tj d_zu — my; My FijnUijz (7.3)

d dn

Ozene_¢_Ted_Ze_mene fenuez' (7.4)

dz
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where my, n;, T,

ij» and u;;, are the masses, number densities, temperature, and

j )
fluid velocities of the positively charged species, respectively (j corresponds to
the positively charged ions of type 1 and 2 [see Table 7.1)].m,, n,, T,, and u,,
are the masses, number densities, temperature, and fluid velocities of electrons,

respectively.

Equations (7.1) and (7.2) are the continuity equations for ions and
electrons, respectively and account the electron-impact ionization of neutrals

with ionization frequency fij =&imj Ny, where &; is the ionization potential,
o :n% or % (here p; and py(=N,T;) are the pressure of the i gas and

total gas pressure, respectively), and N, =Yn»;n; corresponds to the total number
j

density of neutral species, where n; is the number density of ji™ neutral. Thus,

the ionization rate (i.e., fij ocnjexp(-E; /T,), where E; is the first ionization

potential energy of j™ neutral) rises with both the neutral density temperature of
electrons. Furthermore, the collisions of ions and electrons with neutrals with

collision frequency, f,,=0,NU, (where arefers to electrons and j ions; o, is
the collision cross section and U, is the mean speed of the charged species «)

have been taken into account in momentum balance equations, i.e., Egs. (7.3)
and (7.4), respectively [23].

Finally, the sheath equations to be solved are completed by the Poisson’s
equation that correlates the number densities of ions and electrons to the electric
sheath potential ¢ as follows:

d2
dz j

The ion energies and fluxes of the ionic and neutral species at the CNT

surface are determined by solving the above set of Egs. (7.1)-(7.5) with the

following boundary conditions [23]:
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$=0, %: -T_/Z,where %4 (=T,/opy) is the ion mean free path and u,, =0,
z es

uijZ :VijO’ where VijO = “e/mlJ

The main processes accounted in the present model for the nucleation
and growth of graphene sheets on CNT surface (considering CNT as a starting
material) in the plasma environment, are shown in Fig. 7.1. The Fig. 7.1 (b)
shows the preliminary stage in which the defects sites are created on the CNT
surface when exposed to the plasma. The applied plasma power dissociates the
source gases in the chamber and a range of hydrocarbon and hydrogen ions are
created which subsequently results in the formation of an electric field near the
CNT surface [25]. Under the electric field and applied substrate bias, ions with
high enough energy keep bombarding the CNT surface to break some C-C
bonds; some get replaced by C-H bonds and thereby creates local defects that
act as nucleation sites for the growth of two-dimensional graphene sheets on the
CNT surface [13,26]. Further, we consider the growth of graphene sheets on
these defective sites proceeds in the same manner as discussed previously in
many studies [27-29]. The carbon atoms generated on the CNT surface on
account of several surface processes get captured by defects present on the CNT
surface, which then diffuse and agglomerate to form C (carbon)- clusters [cf.
Fig. 7.1(c)] [28,29]. Furthermore, these C- clusters at the defective sites diffuse
and collide with each other forming the graphene islands (Gls) and subsequently
these Gls amalgamate or stitch with each other to form large Gls or flat
graphene sheet with respect to CNT surface (see Fig. 7.1(d)) [28,30]. During the
amalgamation of these Gls internal tensile force Fy may build-up at the Gls
boundaries, which may tend to align the upper edge of these graphitic layers in
the direction normal to the CNT surface as shown in Fig. 7.1(d) [29]. The ion
bombardment, temperature gradients, and difference in structure and expansion
coefficients of amorphous CNT and flat graphene nanosheet are the main
sources of internal stress [27,28]. Furthermore, the in-built electric field induced
by the plasma sheath also exerts a force (Fg) on these graphitic layers in the
direction parallel to the CNT surface (see Fig. 7.1(d) ) [29]. Under the action of

the resultant (F) of these two forces (i.e., (Ft)r and Fg) and continuous
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dissociation and diffusion of hydrocarbon and carbon species, respectively,
graphene sheets grow like plant leaves erected on the stem (CNT) [cf. Fig.
7.1(e)] [14].

7.3.1 Formation of defects on the CNT surface

Equation (7.6) describes the rate of energy balance at the surface of CNT placed
over Si-substrate during its interaction with plasma of CH,4 gas diluted in Hs.
The power transferred to the CNT surface [i.e., tip and curved surface of CNT)
(R.H.S of Eq. (7.6)] by incident plasma species i.e., positively charged ions,
neutrals, and electrons (first term), due to formation of neutrals at the CNT
surface (second term), etching of the CNT surface by hydrogen (third term) and
ion sputtering (fourth term) leads to the CNT surface modification and the
formation of defects on the CNT surface. The LHS of Eq. (7.6) accounts the rate
of formation of defects per micron length of the CNT surface. Hydrogen and ion
irradiation induced defects on the CNT surface and the introduction of micro-
defects on the Si-substrate in the presence of Ho/CH,4 plasma have been reported
earlier [31-33].

0 1 0
P :a(mCCCTs) = pcAclcCcTs n—a(no)
D

2. c . .C. -
j
C. . 3 L2 Cp s
+(je W g jeg{EkBTs Z(l_7ij)(lij "+ Ji?“”r H
j

+[(anadsJBUb)AC]+|:(L%24Jij yS(Ei)(l_et)]AC } (7.6)

where me, A: (= 27ad +2;zaclc) , Cc, and pc are the mass, area, specific heat,

and density of CNT, respectively. np is the number of defects produced per
micron length of the CNT surface and Ts is the CNT surface temperature (T is
assumed to be uniform along the CNT). During the plasma- surface interaction,
the CNT surface gets heated up and attains a constant temperature Ts [34].
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N Vi KgT, S
JJ[ZJT““J and Jj; (: N / rie] are the fluxes of impinging neutral and
ij

positively charged species of type j, respectively (subscript j refers to species of

2-7¢,
1-2¢&,

type lor 2) [35,23]. £ [=( —ZgajkBTa} refers to the mean energies

collected by the CNT surface due to « species (subscript « refers to electrons,

Ep
kgT,

(24

ions and neutrals of type j; j refers to species of type lor 2), where £ —

and E, is the energy barrier at the CNT surface [36]. J'i?“" and jC are the
ij

collection currents at the CNT tip and curved surface, respectively due to

positively charged species of type j [37].

1
8kgT:. )2
.C, 2| "B eUs
it =7 ni () [1-2Z7 (GXP{— D}
J aC { 7Z'mij } ) [ ] kBTS

1 1
27kg T |2 2 2
jSr =1y (9acle T8 |71 2 &Y fTerge] BVs ML exp| EYs exp{— eus}
ij m; NEAAr keT;, KT kgTs

where Z is the charge number over the CNT surface [38],

2
M;;Vijo

oot V2. . . .
nij(x):nijO{l— eﬂx)} is the density of positively charged species as a
1]

function of spatial coordinate within the plasma sheath; v;,is the velocity of
X

positively charged species, ¢(X) =¢0exp(—ZJ is the plasma sheath potential as

a function of spatial coordinate; ¢, is the negative bias applied at the substrate

surface and Ad[= kBT;J is the Debye length, » =eVy,(2);
\/ Nee

e . . . . .
Vi =—_~ | Is the potential at the hemispherical tip of the CNT
tlp(z)( Zﬁﬂ-goaCJ p p p

(evaluated using Ref. 37), Tjj and m;; are the temperature and mass of the
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positively charged species of type j, respectively, and V; is the potential at the

CNT curved surface. y;(=1) is the sticking coefficient of positively charged

species, j> and S+ are the electron collection current at the CNT tip and

curved surface, respectively.

1
2 :
jor | = a2 Bks T, Ne (X) exp Zri &Y 1]
Cl 7m, keTe kgTs

R kgTo KT

B'S

1
i [~ n0acle (z”n‘:BTe ]2 exp{ Vs +£H

e[ #(x)

where n.(X)=n,,ex
e( ) e0 p{ kBTe

} is the electron density as a function of spatial

1

zTm;

H thh .C. 2 8kBTJ E
coordinate  within  plasma  sheath, Jj"* =nj(x)zrag and
]

27kgT; )2 : :
are the collection currents at the tip and curved

i =n,-(x)7raclc[ ,
J

surface of CNT, respectively due to neutral species of type j [38],
vp (=10'5cm?) is the number of adsorption sites per unit area, oy (leflecmz)
is the cross-section of the reactions with atomic hydrogen [39], Y, is the
sputtering yield which is dependent on ion energy [40], U is the surface binding

energy of carbon in CNT, and 6, is the total surface coverage [39]. Using Eq.

(7.6) we estimated the linear density of defects generated on the CNT surface

upon interaction with CH4/H, plasma and using mass conservation, the size of
&
the resulting defects is estimated to be rp = © ong -

7.3.2 Generation of hydrogen radicals and carbon species

The incoming fluxes of neutrals and ions of type 1 and 2 interact with the CNT

surface and contribute to the generation of hydrogen radicals and carbon species
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on the CNT surface via various surface processes, which have been accounted

in the underneath equations.

NlH =§J2(1-0t) +%n51uexp[_k5E‘d j"‘Z[ZM}]il +21;Ji1 _

B's i1\1 U

E
an j‘%nszgadst—%(%:”szo'adsj\]iz’ (7.7)
1

> Ng,LEX
> lls2 p[ KeTs

I\iC =3J,1-6,) +ZnSluexp£%j+Z(ZM}]il
1 1

Bls i1\ 1 U

B'S

Jiio -E
+Z‘]i1 +z(z i1“ ads j‘]iZ _zn81uexp ads
il i2\it v 1 KgT,

-E
—g[;nﬂ%s sz - Ncuexp[ﬁ], (7.8)

B'S

where Ny and N are the surface concentrations of hydrogen radicals and carbon

species generated on the CNT surface, respectively. The other symbols and terms

used in Egs. (7.7) and (7.8) are explained in Table 7.2 and 7.3, respectively.

Table 7.2. Explanation for the symbols used in Egs. (7.7) and (7.8).

Symbols Explanation
ngj (=0jup) surface concentration of neutral species of type j[39]
0; surface coverage by species of type j[39]
u(z 10z thermal vibration frequency[39]
yg (= 2.49x1072 +3.29%x10 2 x E;) stitching probability[40]
Ei ion energy in eV
6By (=21eV) thermal dissociation energy of hydrocarbons [24]
Eads (=1.8 eV) adsorption energy of hydrocarbons [24]
SEan (=1.8eV) adsorption energy of hydrogen species [24]
Eo(=186V) carbon evaporation energy [24]
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Table 7.3. Explanation for the functional terms used in Egs. (7.7) and (7.8).

Functional .
Explanation
Terms
J2(1-6) adsorption of neutral hydrogen
-5E, S .
nslvexp( m Ttd] thermal dissociation of adsorbed hydrocarbon species
B's
n . o .
%"Ju ion-induced dissociation of adsorbed hydrocarbon species
Jin decomposition of hydrocarbon ions
-5E . .
nszvexp[kTaHj desorption of hydrogen radicals
B'S
Nenor ] loss of adsorbed hydrogen species due to interaction with
327ads72 hydrogen atom from the plasma
_ loss of adsorbed hydrogen species due to interaction with
Ns20adsJi2

hydrogen ions from the plasma
Ji1Cads 3. carbon generation due to reaction between hydrocarbon
2 and hydrogen ion

-E . .

n51ue><p[ kﬁ(:j desorption of hydrocarbon species
n 3 loss of adsorbed hydrocarbon species due to interaction
S10adsv 2 .
with hydrogen atom from the plasma

—E .

Ncuexp(ke"] evaporation of carbon
Bls

7.3.3 Growth rate equation of graphene nuclei/island

The carbon species generated on CNT surface get captured by defects, which
then diffuse and agglomerate to form C-clusters and further these C-clusters
diffuse and collide, forming the graphene nuclei/island. These Gls then grows in
size due to diffusion and coalescence among them [28,30]. The growth rate of

graphene nuclei/island is expressed in velocity units (nm/sec) in Eq. (7.9).

' —(E = ' —(E E.
gn =[Nc{DeXp[—( SEC i '”C)J+ D exp{—( sl * '”C')j
BTs kgTs

" - E -.gn
+D exp M xiXZﬂrd—lel + 7/1(2ﬂ-rgn ) jlgn, (79)
KgTs Agn v
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where ry, and Ay, (= ;rrgzn) are the radius and area of the graphene nuclei/island,

respectively. Aq (= m’é) is the area of the defect at the CNT surface. j3" and

j" are the collection currents due to ions and neutrals of type 1 at the growing
Gl, respectively [35]. y(=1) is the sticking coefficient of neutral hydrocarbon
species.  Egc =0.1eV, E,~085eV, Eyy~082eV, E;y~085, and
Eqs ~2.6 eV are the energy barriers for surface diffusion and incorporation of

carbon atoms, surface diffusion and incorporation of C- clusters, and diffusion

of Gls, respectively [30].

Equation (7.9) traces the growth of GI owing to the surface diffusion and
incorporation of carbon monomers and C-clusters into the defective sites at the

CNT surface (first and second terms), and due to diffusion or amalgamation of
Gls (third term) [30]. Furthermore, the factors j" and jJ" account the

accretion of neutral atoms and ion collection current of type 1 species at the

surface of the growing Gls.
7.3.4 Growth of vertical graphene sheet over CNT

The amalgamation or stitching of Gls lead to the formation of planar graphitic
layers or flat graphene on the CNT surface, and consequently, tensile force is
build-up at the Gls boundaries due to the difference in the structure and
expansion coefficients of amorphous CNT and flat graphene sheets, which then
trigger the growth of VG sheet [28].

d N (Esdc + Einc) :
Ig E(tg X hg)=|:TCX DeXp(—T X Agn X27Z'rd X JI%].

() + (r2id + 7208 INuhy ]2 (710)
Py

where 1;, hy, ty, my(=12g), and p, are the length, height, thickness, mass,

g 1
and density of the graphene sheet, respectively. j19 and ji‘]?’ are the collection

currents at the surface of graphene sheet due to neutral and positively charged
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species, respectively, v is the potential at the graphene sheet surface [[refer Eq.

(A.2) of Appendix A]].

N

ke T
g _ B
Jj —”j(lgtg+hgtg+lghg)[2 5 J

1

1
keT: 2 [ 2 (Vg )2
id_ Blij gs
Jij = nij (X)(Igtg + hgtg -I—|ghg )[Zﬂ'zmij J { 4 ( kBTi j

1
ev eV, |2

+exp| —= |erfc| | —= xexp{— eus}
KsT;j KgT;j K Ts

Equation (7.10) accounts the processes responsible for the VG sheet
growth over the CNT surface. The first term on the R.H.S of Eg. (7.10)
represents the increase in the area of the VG sheet due to diffusion and

attachment of carbon atoms at the borders of the growing VG sheet. In addition,
under the influence of the in-built electric field and substrate bias VG sheet
grows due to ion collection current and sticking of neutrals at the Gls
boundaries and VG sheet surface. Lastly, the VG sheet growth terminates due to
etching of terminal carbons present at the edges of VG sheet by hydrogen. The
last term on the R.H.S of Eq. (7.10) represents the accumulation of positively

charged and neutral species of type 2 on the VG sheet surface.

7.3.5 Charge developed over the graphene sheet surface

Q=§iﬂ+§1igz—7ejﬁ , (7.11)
where Q is the charge number over the graphene sheet surface, j? is the

collection current at the graphene sheet surface due to electrons, and 7, (=1)is

the electron sticking coefficient.

. keT. 12 [€Vyg eU
i =n,(1,t, +hyt, +l h Be | exp| —= +——3
e e(g g 99 ¢ g) 271'2me kBTe kBTs
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Equation (7.11) accounts the charge build-up over the graphene sheet
surface due to accretion of positively charged species (first and second terms).
The last term signifies the decay rate of charge because of accumulation of
electrons at the graphene sheet surface.

7.3.6 Number density balance equations of plasma species

.2 2
N =3 A0y - S ajneny 7(779;9 e (s w+1er)) (7.12)
j=1 j=1 Ay
' 1 . .C;, | :C P
Ny = Al —eqNeMy ——(779 i+ (Jil + Ji™ ))+ > ki + E V' (7.13)
ﬂ’d disl
- 1 R,
Nip = BNy — NNy — 7 (’79 i +77<:(J|2'p + jig ))+ > ki, + E v (7.14)
dis2
: 1-y . Cp
N =oqNehyy — Sy — /1}/'1 (Ug Jil +1c (Jil + JE ))
d
_2/_1(’79 it +1c ( i+ i ))— Jad1 + Jgest — 2 KiniNj, (7.15)
d i
) —¥; . .C“p :Cor
Ny = ayNgNip — foNy — /1}/'2 (77g jih + e (Jiz + it ))
d
- (779 i3 +mc (J w4 e ))—Jadz + Jes2 _I%zklnlniZ’ (7.16)
d

where  g; is the ionization coefficient of the neutral species,

k
o (Te)zajo[?}ﬂj cm®sec is the coefficient of recombination of electrons and

positively charged species; o, ~ay (= 1.12x107" cm¥/sec), k(=-12)is a
constant [36], J,q and Jygare the adsorption and desorption flux of type ]
species onto/from the CNT surface, J,, is the flux of etching species (i.e.,
hydrogen) due to thermal dehydrogenation [35], Egg; is the dissociation energy

of j™ neutral, V is the volume of the plasma chamber, and k; is the rate

coefficient of ion-neutral reaction which have been accounted from Ref. 22.

Chapter 7
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7.4

Equation (7.12) indicates the growth of electron density per unit time in
plasma. The first term on the R.H.S of Eq. (7.12) signifies the rate of increase in
electron density due to ionization of neutral species. The last two terms indicate
the rate of decay in electron density on account of recombination of electrons
and positively charged species, and electron collection current at the

graphenated CNT surface, respectively.

Equations (7.13) & (7.14) describe the balance of positively charged
species of type 1 and 2, respectively in the plasma because of the ionization of
neutral species (first term), recombination of the electrons and positively
charged species (second term), collection current at the graphenated CNT
surface due to positively charged species (third term), ion-neutral reactions

(fourth term), and due to the dissociation by applied input power.

Equations (7.15) & (7.16) describe the balance of neutral atoms of type
1 and 2, respectively in the plasma on account of the recombination of electrons
and positively charged species (first term), ionization of neutral species (second
term), neutralization of ions collected at the graphenated CNT surface (third
term), accumulation and adsorption of neutral species at the graphenated CNT
surface (fourth and fifth term), desorption of neutrals from the graphenated
CNT surface (sixth term), and reactions between neutral and positively charged

species (last term).
Results and discussion

The analytical model Egs. (7.1)-(7.16) presented in Sec. Il are solved
simultaneously using MATHEMATICA software and their numerical solutions
are used to investigate the effect of variation in total gas pressure, input power,
and substrate bias on the plasma composition and characteristics that in turn
control the amount and size of VG on pre-grown CNT surface. The default set of

parameters used for the calculation are given in Table 7.4. Mass of neutral atom

of type 1i.e., m (=(12xx)+(1xy) a.m.u for CyHy), mass of neutral atom of type

2 m, (=(1xx) a.m.u for Hy), mass of ion of type 1 m; (=(12xx)+(1xy) a.m.u for
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CiHy", and mass of ion 2m, (=(1xx)am.u for H"), chamber volume

V=1.05x10* cm,

Table 7.4. Parameters used in the present model

Parameter Value

N, (electron number density) 0.5x10"%m™
T.o (electron temperature) 15 eV
Tio (ion temperature) 0.05 eV
T, (neutral temperature) 0.05 eV
T, (substrate temperature) 630 K

CH,(neutral density)
CHs(neutral density)
C,Hy(neutral density)
C,Hg(neutral density)
H(neutral density)
Hy(neutral density)
CH,"(ion density)
CHs"(ion density)
C,H,"(ion density)
C,H,"(ion density)
H*(ion density)
H,"(ion density)

1x10™ cm®[Ref. 22]
5x10% cm[Ref. 22]
5x10* cm[Ref. 22]
1.5x10% cm*[Ref. 22]
7x10" cm[Ref. 22]
1x10" cm[Ref. 22]
5x10° cm?[Ref. 22]
4x10% cm[Ref. 22]
5x10° cm[Ref. 22]
6x10° cm[Ref. 22]
7x10" cm[Ref. 22]
8x10" cm[Ref. 22]

In order to study the effects of variation of total gas pressure on the VG
sheet growth characteristics (e.g., nucleation density of VG sheet on CNT
surface, height, and thickness of VG sheet protruded from the CNT surface), we
first explore the influence of variation of py (at fixed input power and substrate
bias) on plasma parameters and composition, such as electron density, electron

temperature, number densities of neutrals, and energy of ions.

Figures 7.2(a) and 7.2(b) show the temporal variations of electron
density and electron temperature for different total gas pressures (i.e., po=
50mTorr, 100mTorr, and 150mTorr). It can be seen from Figs. 7.2(a) and 7.2(b)
that electron density and electron temperature decreases with time and get

significantly reduced with increasing po at fixed input power of 300W and
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substrate bias of -50 V, respectively. These results can be explained on the fact
that pressure increase is accompanied by the decrease in the mean free path due
to which there are more collisions between electrons and other neutral species in
the chamber which subsequently, makes the electrons to lose their energy faster
and results in reduced electron temperature and electron density. The effect of
variation of electron density and electron temperature with pressure are in
agreement with the works of Mao and Bogaerts [22] and Shivkumar et al.[41]
for CH4/H, and Hyplasma, respectively. The variations of electron density and
electron temperature with time are in agreement with the observations of Harilal
et al.[42]. In addition, the reduction in electron temperature and sheath width
with po results in the decrease of velocity (i.e., Bohm velocity) and kinetic
energy of ions (i.e., E;j) impinging on the CNT surface [43]. The effect of

increasing po on the energy of ions is shown in Fig. 7.2(c).

Since electrons lose their energy faster at high pressures; the dissociation
rate of neutrals in plasma is low. However, with increasing pressure at fixed rf
power and substrate bias, the decreasing plasma energy was sufficient to
dissociate hydrogen molecules but unable to dissociate increasing hydrocarbon
molecules [21]. The comparable effect can be seen from Fig. 7.3, which
specifies that the decay rate of hydrogen species in plasma is higher than the
hydrocarbon species accounted in the model. Therefore, on increasing pressure,
the density ratio of hydrogen to carbon atoms in plasma increases, which in turn
leads to augmentation in the hydrogen radicals flux onto the CNT surface. This
result is in accordance with the study conducted by Takeuchi et al.[44] to
measure the influence of operating pressure on hydrogen and carbon atom
densities in plasmas employing C,F¢/H, gas mixture. They reported that the
hydrogen to carbon atom densities in plasma increases on increasing gas

pressure.
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Fig.7.2. Variations of (a) electron density as a function of
time, (b) electron temperature as function of time, and (c)
ion energy for different values of the total gas pressure at
fixed P;j,= 300W and U= -50 V. The other parameters are
given in the text.
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Moreover, at low pressures, the plasma sheath becomes wider; as a
result of which a very strong electric field is generated which quickly drives the
energetic ions towards the substrate. These energetic ions enhance the ion-
induced dissociation and ion decomposition processes on the CNT surface (at
low substrate temperature, i.e., Te<< 800K) [39], which results in the
enhancement of N (i.e., number of carbon species generated per unit area on the
CNT surface). This effect can be seen from Fig. 7.4(a) which illustrates that the
surface concentration of carbon species on the CNT surface increases upon
reducing the total gas pressure. Also, the interaction of adsorbed hydrocarbon
species with hydrogen atoms from the sheath is reduced at relatively low
pressures because the hydrogen atom density in plasma is substantially low at
reduced gas pressures (cf. Fig. 7.3). All these changes result in the excessive
supply of carbon on the CNT surface. Thus, we estimate that increased ion
energy at relatively low pressures results in amorphous carbon deposition on the
CNT surface with increased defect density.

Figure 7.4(b) shows the time-evolution of the defects number density on
CNT surface for different total gas pressures (i.e., po=50mTorr, 100mTorr, and
150mTorr). It can be seen from Fig. 7.2 that at relatively low pressure, i.e.,
atpo= 50mTorr, the defect generation on the CNT surface is highest. This is
evidence of the fact that the energy of ions impinging on the CNT surface is
high at low pressures [cf. Fig. 7.2(c)] and thus dislocates C-atoms from their
original positions. As discussed previously in Sec. Il, the graphene sheet
nucleation on CNT surface is defect guided; we conjecture that the availability
of more carbon atoms on CNT surface at relatively low pressures increases the
cluster formation on the increased defect sites generated on the CNT surface.
Subsequently, the diffusion and agglomeration of these clusters lead to the
formation of large Gls with increased number density, and therefore we depict
that the number density of VG sheets increases on reducing the gas pressure.
The increased densities of defects, as well as VG sheet density on CNT surface
on decreasing the total gas pressure, have also been reported by Qi et al.[12] (cf.
Figs. 2(c)-(f) of Qi et al.[12]). In addition, Cho et al.[45] (cf. Fig. 2(a) of Cho et
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al.[45]) and Takeuchi et al.[44]have also observed that the number density of

carbon nanowalls grown on Si substrate decreases with increasing pressure.
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Fig.7.3. Time variations of different neutral species in plasma for different gas
pressures at fixed P;,= 300W and Us= -50 V. The other parameters are given in the
text.

Furthermore, on decreasing the gas pressure, the diffusion of high
energy carbon radicals generated due to the interaction of high energy
hydrocarbon ions and adsorbed hydrocarbon radicals occurs rapidly [46]. Due to
the availability of high N. and their faster diffusion and attachment at the
growing VG sheet edges, the height of the VG sheet increases at reduced gas
pressures. The effect of variation of pressure on height (hg) of the VG sheet
grown on CNT is shown in Fig. 7.4(c). Moreover, the Fig. 7.4(d) shows that the
thickness (tg) of the VG sheet is low at reduced gas pressures. This is because

the etching effect due to high energy ion bombardment is prominent at low
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pressures. The similar effect of pressure on thickness of VG sheet has also been
reported by Wang et al.[46]. The results illustrated in Fig. 7.4 (c) are in
compliance with the experimental works of Cho et al.[45] (cf. Fig. 2(a) of Cho
et al.[45]) and Takeuchi et al.[44] (cf. Fig. 7(a) of Takeuchi et al.[44]).
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Fig.7.4. Time variations of the (a) number of carbon species generated per unit area on the
CNT surface, (b) number density of defects generated per unit micron length of the CNT
surface, (c) height of the VG sheet, and (d) thickness of the VG sheet for different gas
pressures at fixed Pj,= 300W and Us=-50 V. The other parameters are given in the text.

Fig. 7.5 shows temporal evolution of the linear defect density, height,
and thickness of VG sheet on the CNT surface for different input power (i.e.,
Pir=300W, 600W, and 900W) at constant gas pressure, po=50mTorr and
substrate bias, Us= -50V. It can be seen from Fig. 7.5 that np, i.e., the linear
density of defects (number of defects produced per unit micron length of the
CNT) on the CNT surface and height (hy) of the VG sheet protruded from the
CNT increases with Pj,, while the thickness of the VG sheet is reduced with Pjp,.

When the input power is raised at constant pressure and substrate bias,

the electric field as well as ionization of gases inside the chamber increases, as a
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result, the electron density, electron temperature, and energy of ions in the

plasma sheath increases [cf. Figs. 7.6(a)-7.6(c)], and consequently, the ion
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Fig.7.5. Time variations of the (a) linear density of
defects generated on the CNT surface, (b) height of
the VG sheet, and (c) thickness of the VG sheet for
different input power at fixed p,=50mTorr and Us= -

50 V. The other parameters are given in the text.
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decomposition and ion-induced decomposition processes on the CNT surface (at
low substrate temperature) are expected to get enhanced, which in turn lead to
plentiful generation of carbon on the CNT surface (cf. Fig. 7.6 (d)). Thus, at
high input power, the high energy ion bombardment on the CNT surface results
in amorphous carbon deposition with increased defect density. The high N¢ on
the CNT surface at high input power enables the faster generation of graphitic
clusters at the defect sites, and consequently, the diffusion and amalgamation of
Gls become more effective leading to the formation of large size Gls with
increased number density, and therefore, we can infer that the number density of
VG sheets increases on raising the input power. Moreover, the high energy
hydrocarbon ions on colliding with hydrocarbon radicals on the CNT surface
generate carbon radicals that effectively diffuse to the edges of the growing VG
sheet on the CNT surface due to high energy owing to the collision reaction, and
thereby, increase the height of the VG sheet at high input power [cf. Fig. 7.5(b)]
[Ref. 46]. On the other hand, at high plasma power, the highly energetic
hydrogen species etch the VG sheets at a higher rate, due to which the thickness
of the VG sheet decreases [cf. Fig. 7.5 (¢)].
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Fig.7.6. Variations of (a) electron density as a function of time, (b) electron temperature as
function of time, (c) ion energy, and (d) number of carbon species generated per unit area on
the CNT surface as a function of time for different values of input power at fixed p,=50mTorr
and Us=-50 V. The other parameters are given in the text.

The similar effect of augmentation in the densities of defects and VG
sheets on the CNT surface upon the increasing the input power has been
reported by Liu et al.[11]. Moreover, the similar variations of height and
thickness of VG sheets with input power have been observed by Cho et al.[45]
and Nang and Kim [47] for VG sheets grown on the Si and Cu substrate,

respectively.

Now, we investigate the effect of variation of applied substrate bias on
the growth characteristics of the VG sheet protruded from the surface of pre-
grown CNT. The applied substrate bias plays an important role in controlling
the sheath width, electric field, direction and kinetic energy of ions focusing on
the CNT surface [8,24]. On increasing the applied bias at the conductive
substrate, the sheath width increases, as a result of which the electric field and
energy of ions in the plasma sheath get enhanced, which in turn augments the
ion bombardment induced sputtering process leading to the increase in linear
defect density on the CNT surface with Us. The effects of variation of substrate
bias on the energy of ions and defect density on the CNT surface is depicted in
Figs. 7(a) and 7(b), respectively.

Moreover, the high energy ions at high applied bias boost the ion-
decomposition and ion-induced dissociation processes, which results in high
carbon generation on the CNT surface [cf. Fig. 7.8(a)]. Therefore, the height
and graphene sheet density on the CNT increases with applied bias due to the
generation of high N; and np, respectively. The time variation of the height of
the VG sheet with substrate bias is shown in Fig. 7.8 (b).The increase in height
and density of VG sheet on CNT due to high N¢and np has been discussed in the
previous results. The behaviour of number density of VG sheets compares
favourably with the experimental observations of Kumar and Ostrikov [8].
Moreover, the thickness of VG sheet decreases due to enhanced etching of
graphene sheet edges by high energy hydrogen species. The temporal evolution
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of the thickness of the VG sheet for different bias conditions is shown in Fig.

7.8(c).
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Fig.7.7. Variations of (a) ion energy and (b) number of
carbon species generated per unit area on the CNT surface
as a function of time for different values of substrate bias at
fixed pp=50mTorr and P;;= 300W. The other parameters
are given in the text.
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Conclusion and Future Scope

8.1 Conclusion

The work carried out in the present thesis aims to develop the analytical
model to elucidate the mechanisms of the growth of graphene sheet in the
reactive plasma environment. A theoretical model comprising the charge
neutrality, energy and particle balance equations of all the plasma species
(neutrals and charged species) is developed to understand the effect of
plasma parameters, nitrogen doping and negative ions on the growth
(without catalyst) of embryonic graphene by condensation in the plasma
environment. However, to explicate the catalyzed growth of vertical
graphene sheet in reactive plasma environment, an analytical model is
developed that incorporates the plasma sheath equations to investigate the
energy and fluxes of the plasma species, (electrons, positively charged and
neutrals species); kinetics of the plasma species, dissociation of the plasma
species over the catalyst nanoislands to generates building units (carbon
species) surface via various complex surface processes, diffusion of building
units, formation of carbon clusters, formation of graphene nuclei, formation
of graphene island, and planar growth of graphene island which eventually
grown in vertical direction under the inclusion of electric field induced in the
plasma sheath. The present work of the thesis may help to understand the
better insights of the plasma parameters, operating parameters, and gaseous
sources on the growth characteristics of the vertical graphene sheet. From the
results obtained in the present work, the field emission characteristics of the
graphene sheet are estimated. In brief, the work done in the present thesis can

be summarized as follows:
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= The plasma parameters strongly influence the growth profile of the
graphene sheet. The thickness of the graphene sheet decreases with
the plasma parameters, number density of hydrogen ions and RF
power, and consequently the field emission of electrons from the
graphene sheet surface increases. The introduction of negative ions in
plasma leads to the growth of graphene sheet with lesser thickness
and the height of the graphene sheet is found to increase with ion
density and sticking coefficient of carbon species.

= Nitrogen doping results in reduced thickness and shortened height of
the graphene sheet. However, boron doping increases the thickness
and height of the graphene sheet. The field emission properties of the
graphene sheet have been proposed on the basis of the results
obtained. It is concluded that nitrogen doped graphene sheet exhibits
better field emission characteristics as compared to undoped and

boron doped graphene sheet.

= The growth and field emission properties of the graphene sheet also
depend on the type of carbon source gas or carbon feedstock gas. The
three different gas mixtures i.e., CoH,, CHy4, and CF4 with hydrogen
and argon are considered in the present investigation to examine the
variations in the number densities of carbon and hydrogen species
generated on the catalyst surface and their consecutive effects on the
dimensions (i.e., height and thickness) and number density profiles of
the graphene nanosheet. The thickness and height of the graphene
sheet are maximum for C,H; gas mixtures and least for CH, and CFy,
respectively. Moreover, it is estimated that C,H, contained gas
mixture enhances the field emission characteristics of the graphene
sheet followed by CH,4 and CF,.

= The computational model in COMSOL Multiphysics 5.2 Simulation
software is developed to analyze the spatial distributions of number
density and temperature of plasma species in the PECVD reactor.
The outcomes of the computational model are linked as the input

parameters of the surface deposition model to investigate the growth
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characteristics of the vertically oriented graphene sheet (VOGS) in
the reactive PECVD system. It is found that the density and
temperature of each plasma species decreases from bulk plasma
surface to substrate surface. It is also observed that the PECVD
process parameters i.e., gas pressure and plasma power affect the
density distribution of plasma species. The energetic electrons get
lost in the plasma region at high pressure (constant input power) and
low input power (constant gas pressure) due to the weak electric field
in the plasma and large number of collisions between electrons and
other plasma species. At low pressure, the building units (carbon
species) generate at higher rates on the catalyst nanoislands active
surface and thus, enhance the growth and surface density of VOGS
on the substrate surface. However, it is found that VOGS growth rate
increases when input plasma power is raised from 100 W to 300 W
and decreases with further increase in the plasma power; whereas, the
surface density of VOGS increases with plasma power. Moreover,
the presence of energetic hydrogen radicals and other positively
charged species at low pressure and high power etch the VOGS more
effectively and reduce the thickness of the VOGS.

An analytical model is developed to understand the better insights of
the growth mechanism of the graphene over CNT surface (CNT-
graphene hybrid) in the PECVD system. The PECVD operating
parameters (total gas pressure, input plasma power, and substrate
bias) affects the surface density of the defects formed over the CNT
surface and growth profile of the graphene sheet. When the total gas
pressure is lowered and the input power and substrate bias are
enhanced, the number densities and height of the VG sheet on the
CNT surface are increased; however, the thickness of the VG sheet is
reduced.
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8.2 Future scope of the present work

The present work of the thesis can be extended to fabricate the thin and long
VOGS for their potential applications in the field emitters as the field
emission characteristics of the VOGS depend on its geometrical

characteristics, i.e., height and thickness.

The present work covers most of the important aspects for the
deterministically controlled synthesis of the vertical graphene sheet in
plasma. However, there are some aspects which can be deepen further for the

future development of the synthesis of the VOGS.

e The role of plasma on the lateral size of the graphene sheet can be

investigated deeply.

e Experimentally, it is reported that the tapered graphene sheet is

formed in reality. What are the essential factors responsible for it?

e During the PECVD growth, the vertically oriented graphene sheets
are not exactly normal to the substrate surface. The alignment
mechanism of the graphene sheet during PECVD growth can be

investigated to enhance the field emission properties.
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APPENDIX A

Potential due to rectangular graphene sheet

Following Ref. [1] we consider a charged rectangular graphene sheet in 3-D
space. The geometry of the problem is given in Fig. A.1.1,h, and t are the length,

height and thickness of the graphene sheet, respectively.

4+ z
t
/Fﬁf:
h
X
. ‘\ ‘lf :
/
Fig. A.1. The 3-D view of rectangular graphene sheet.
Potential due to the sheet in 3-D space is given by:
1 1 e N -1 K -1/ L
V== ——| =2z| tan — tan — tan e
2X47r80><|><t{ Z[ (zwﬁ} (2t\/5]+ [2t\/6j
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+ (2tJ§D+( y)log(l - 2x+/N) + (I - 2x) log(t — 2y + /N)
—(t—2y)log(—1 —2x+~/P) + (I + 2x) log(t — 2y + \/P)
—(1-2x)log(~t -2y +4/Q) + (t + 2y)(log(l - 2x +/Q)
—Iog(—l—2x+\/§))—(l+2x)|og(—t—2y+\/§)] (A1)
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where

J=(1-2x)(t-2y),
K =(1+2x)(t-2y),

L=(-2x)(t+2y),
M =(1+2x)(t+2y),

N = J(1-2x)2 + (t-2y) + 422,

P=J(1+2x)° +(t-2y)? +422,

Q=y/(1-2x) +(t+2y)* +42,

R =\/(I +2x)° +(t+2y) +422
Now, the potential due to sheet along z-axis

I xt

= x7.2x107° (-8z tan‘l(zzﬁj—ZI log (—t+\/§)
+2l |og(t+J§)—2t|og(—|+J§)+2t|og(|+J§), (A2)

VZ:

where S =17 +t? +4z°
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Reference:

[1] See http://blog.wolfram.com/2012/09/27/3d-charges-and-configurations-with-

sharp-edges/for potential due to the rectangular graphene sheet in 3-D space.
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