
Chapter 7

CNT and Graphene Growth: Growing, Quality
Control, Thermal Expansion and Chiral
Dispersion

The production of carbon nanotubes (CNTs) and graphene sheets is related to

simple manipulation actions similar to production of fullerenes, different carbon

allotropes and so on. The arc discharge method can be evaluated as an innovative

technique for producing CNTs using graphite evaporation. Unfortunately, this

technique requires significant purification and fraction separation routines which

are necessary after evaporation.

An alternative CNT production method such as chemical vapour deposition

(CVD) allows controlling the quality of production yield on demand. Arc discharge,

laser ablation and chemical vapour deposition are three techniques useful for

industrial development of CNTs in order to produce a significant amount and the

required purity. Depending on the conditions of preparation, single-walled carbon

nanotubes (SWCNT) or multiwalled (MWCNT) can be manufactured [1]. High

vacuum technologies and magnetic field technologies are also used for purification.

7.1 The Iijima Method for Growing CNTs and Graphene

7.1.1 Arc Discharge

Iijima et al. [2] in 1992 reported a novel carbon structure synthesized by arc

discharge methods. Iijima characterized it as a carbon derivative which shows

complete ‘turnaround growth’, involving pentagon–heptagon pairs. The main idea

was expressed as follows: tubular assemblies are producing MW–CNTs with

different morphologies.

In 1994, Iijima and Ichihashi [3] and Bethune [4] synthesized SWCNTs using

the same route as producing MWCNTs but adding some metal particles to the

carbon electrodes (using transition-metal catalysed arc discharge).

Figure 7.1 represents schematic chart of equipment for producing CNTs in He,

Ar or CH4 gas environment (pressure 20 � 200 Torr). The vacuumed arc discharge
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chamber contains two graphite electrodes: cathode (C) and anode (A). Direct

current up to 100 A is the reason for a high discharge temperature and the following

carbon evaporation. In this case, cathode sublimation occurs.

To carry out the described experiment, several conditions must be fulfilled:

1. The distance between cathode and anode – up to 2 mm

2. The orientation of surfaces of electrodes – from face-to-face up to a sharp angle

3. The voltage between cathode and anode – up to 25 V

4. The current – up to 50 � 100 A

5. The density of the current – up to 100 A cm�2

MWCNTs were grown in the cathode deposits of soot. Ando et al. [5] reviewed

different arc techniques. For SWCNTs synthesis, incorporation of metallic particles

in the graphite anode is necessary. Using another technique, the so-called arc
plasma jet method, two electrodes are placed at a sharp angle. In this case, the

amount of cathode deposits decreases, the amount of soot including SWCNT

increases. Ando et al. [6] described the usage of the mentioned technique to get

three kinds of allotropes of carbon: CNTs, disordered polyhedra and graphene

sheets. The length of CNTs exceeds 50 μm, diameter up to 30 nm. Somu et al.

[7] reviewed some of the important developments in the processing of CNT.

In addition to the well-known classical techniques by Iijima et al. [2–6] where

direct current (DC) operates the CNT yielding, additional technique was invented in

order to solve the problems of purity, homogeneity, quality, etc. Alternating current

(AC) arc discharge method was reported as more effective than DC one for

synthesis of SWCNT [8, 9].

Sugai et al. [10] reported the possibility of synthesis of high-quality double-

walled carbon nanotubes (DWCNT). High-temperature pulsed arc discharge

method was used with Y/Ni alloy catalysts at 1250 �C. Using described technique,

inner and outer diameter of DWCNTs was obtained as 0.8 � 1.2 and 1.6 � 2.0 nm,

respectively.

The task to increase the reaction yield by producing SWCNTs and DWCNTs

was partially solved by means of plasma rotating in arc discharge technique. Cassel

et al. [11] reported plasma rotating arc discharge technique. Figure 7.2 represents

arc discharge chamber where anode (A) is rotating at a high velocity along the long

axis. Cathode stays stabile. The rotation of the anode stabilizes the plasma. Due to

Fig. 7.1 Schematic diagram of arc discharge chamber for producing of CNT in He surrounding.

Closed electric circuit includes two graphite electrodes: cathode (C) and anode (A) – both stabile.

Face-to-face orientation of electrodes, traces of plasma particles are depicted in red (Adapted

according to Ref. [5])
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centrifugal rotation forces, turbulence accelerates the particles of carbon vapour

perpendicular to the anode.

Carbon vapour is collected on the collector at the periphery of the plasma. CNT

increases with the increasing of rotational speed.

7.1.2 Purification

Using the arc discharge method, CNT yield exceeds 50%. The deposit on cathode

also contains additional amount of fullerenes, graphene sheets, disordered

polyhedra, etc.

Three operations are necessary for the cleaning purposes:

1. The mixture of deposit and methanol must be dispersed by ultrasound until some

suspension occurs.

2. The dispersed suspension must be diluted by water. Centrifuging separates

diluted suspension into large agglomerates (deposited on the wall of centrifuge)

and CNT (in suspension).

3. The suspension including CNT must be influenced by pure nitric acid (HNO3)

and afterward must be dried by gaseous mixture containing 20% O2 and 80%

H2 at temperature �750 �C.

The mentioned purification technique allows getting a mixture of CNT of

diameter in average 20 nm. The use of nitric acid HNO3 is related to the structure

of impurities. The reactivity of hexagonal layer is much lower in comparison to

pentagonal one. Pentagonal rings are involved in fullerenes, etc. Oxidizer reacts

with spherical derivatives. CNTs, as ordered hexagonal structures, are inert in

reaction path. The purification of DWCNTs can be achieved by oxidation in air at

500 �C [10].

Fig. 7.2 Schematic diagram of arc discharge chamber for producing of CNT in He surrounding.

Closed electric circuit includes two graphite electrodes: stable cathode (C) and anode (A), which

are rotating at a high velocity along the long axis. Deposition of carbon particles occurs on graphite

collector (Col) (Adapted according to [11])
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7.2 Arc Discharge and Induced Non-regularities

The arc discharge technique initially was invented for the synthesis of fullerenes.

Direct current up to 100 A generates a high discharge temperature. The arc

discharge is a rather unstable process. The current flow contains certain disconti-

nuities, which is related to the inhomogeneity of the electric field. The spatial

density of current is determined by the rapid processes of graphite particle evapo-

ration from electrode surface. Actually, it is a time-dependent and gradient-

dependent process which is impossible to control by current stabilization.

CNTs and graphene sheets were obtained in product soot as the additional

product to fullerenes. As Ando et al. [5] claimed this method represents the easiest

way to synthesize the CNT. Several disadvantages of the arc method occur in

practice:

(a) The pure quality of CNTs (quality is strongly dependent on the uniformity of

the plasma arc).

(b) The selection of filling gases (He, Ar, etc.) influences the growth of CNTs.

(c) The reaction product always contains a mixture of different types of CNTs.

(d) To remove fullerenes and amorphous carbon, several purification processes are

necessary.

Eftekhari et al. [12] probed to estimate different aspects of damages in graphene

structure. They told that in a sense, ideal defect less flat graphene is an analogy to

diamond. The chemical reactivity decreases for an ideally ordered hexagonal

structure in comparison with the damaged one. Practical interest in applications

increases with increasing reactivity due to certain damages so-called crystallo-

graphic defects.

The Stone–Wales defect is related to the change of connectivity between two

π-bonded carbon atoms with changing orientation [13]. Stone and Wales described

these phenomena in 1986 on the isomerization of fullerenes [14]. Figure 7.3 rep-

resents conversion from naphthalene to fulvene with following redistribution of

carbon atoms in the centrum part when two hexagons are converted into two

pentagons. The previous central [..C ¼ C..] junction changes orientation by 90�

with respect to the midpoint of their bond. Reaction of this type is typical for CNT,

Fig. 7.3 The Stone–Wales defect. Conversion from naphthalene to fulvene. Two hexagons are

converted into two pentagons. [..C ═ C..] junction changes orientation by 90�
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graphene, etc. Figure 7.4 represents Stone–Wales defect in pyrene with formation

of pentagon–heptagon pair.

Figures 7.3 and 7.4 represent two structures when rearrangement structure

contains a region with greater chemical reactivity. Due to large surface area, high

affinity of such type defects increases the possibility of hydrogen adsorption.

Letardi et al. [15] proposed to solve atomic hydrogen storing problem using

graphene defects of the Stone–Wales type.

Meyer et al. [16] presented transmission electron microscopy investigation of

graphene membranes. Figure 7.5 represents Stone–Wales (SW) defect with forma-

tion of pentagon–heptagon alternating pairs. Such defects, consisting of pentagon–

heptagon pairs, play a key role in bonding by transformation of sp2 hybridization.

Figure 7.6 represents defects in a graphene sheet – an open vacancy is presented.

Figure 7.7 represents a set of non-aligned pentagon–heptagon pairs (four penta-

gons and four heptagons) in a graphene sheet. Meyer et al. [16] stated that in the

study of defects, the vacancies are important for basic understanding of potential

electronic and thermal applications.

Side effects described by Eftekhari et al. [12] are also important for analysing

electronic properties of graphene sheets as well as CNT. Figure 7.8 represents a

Fig. 7.4 The Stone–Wales defect in pyrene with formation of pentagon–heptagon pair

Fig. 7.5 The Stone–Wales

defect in graphene sheet

with the formation of

pentagon–heptagon

alternating pairs (green–

red) (Adapted according to

[16])
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schematic chart of graphene edge cuts. Corners (yellow), armchair (red) and zigzag

(blue) arrangements are the places of interest due to increased electronic reactivity.

7.3 Laser Ablation and Self-Organization of Matter

7.3.1 Laser Ablation

Laser ablation belongs to one of the most prominent techniques to manufacture

CNTs and was first used by Smalley et al. [17, 18] in 1995. The main idea of this

method is to use the radiation of high power laser to distinguish the high temper-

ature at a local place of a graphite target. Vapourization from a carbon target starts

immediately. The quality of the produced CNTs depends on the environment

factors such as type of inert gas, temperature, pressure, type of catalysts as well

as on laser power and frequency.

Figure 7.9 represents a schematic chart of the equipment for laser ablation.

Radiation of YAG:Nd laser (300 mJ/pulse at 532 nm wavelength, second harmonic)

Fig. 7.6 A defect in a

graphene sheet (Adapted

according to [16])

Fig. 7.7 A set of non-

aligned pentagon–heptagon

pairs (green–red) in a

graphene sheet (Adapted

according to [16])
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is focused on carbon target (T). After focusing, the density of energy must exceed

the value of 3 J/cm2, when pulse duration is 8 ns. The carbon target is placed in a

quartz tube furnace heated until about 1200 �C. The environment of the target

consists of inertial gas at 500 Torr pressure (Ar or He). The evaporated carbon

particles and the reaction products including CNTs are collected on a cooled

collector (col) (self-assembling technique). The vapour condensation process on

the cooled collector finishes with layer-to-layer covering as well as formation of

CNT due to the influence of catalyst particles.

Using the laser ablation technique, MWCNTs can be produced from the pure

graphite and SWCNTs from a composite consisting of graphite and any transition

metal (nickel, cobalt, etc.). As in the case of the arc discharge technique, the

graphite target must be enriched by metal particles as catalysts. The standard

composition of the carbon target contains 98.8% of graphite and 1.2% of cobalt/

nickel. Using this equipment, SWCNT can be manufactured with a diameter in the

range of about 1.0 � 1.6 nm.

The laser ablation method allows receiving high purity of CNTs (up to 90%) in

comparison to the arc discharge one. Moreover, very narrow distribution of diam-

eters can be achieved.

Van de Burgt [19] presented a review of the current situation in the use of the

laser ablation technique. Physical parameters, which influence nanotube growth

(gas type, selection of catalyst and exchange of thermal energy), were commented

and argued from the position of industrial manufacturing.

Fig. 7.8 A schematic chart

of graphene edge cuts.

Corners (yellow), armchair

(red) and zigzag (blue)

arrangements are the places

of interest (Adapted

according to [12])

Fig. 7.9 Schematic chart of equipment for laser ablation. Radiation of YAG:Nd laser is pointed to

carbon target (T). Evaporated carbon particles are collected on cooled collector (col). Environment

of inertial gas (Ar or He), furnace heated until 1200 �C
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One of the most important factors in the laser-assisted synthesis of CNT is the

possibility to employ the thermal energy of laser radiation. A great number of CW

gaseous lasers such as CO2, Ar-ion, YAG:Nd,YVO4:Nd as well as diode lasers

could be used.

A special case arises when the resonance frequency of the catalyst nanoparticles

is equal to the laser frequency. Conditions of the surface plasmon resonance

become excellent. In that case, laser light is efficiently converted into heat inside

the catalyst particles. Cao et al. [20] reported the usage of low-power 532 nm

CW-laser radiation for local induction of surface plasmon reaction on

nanoparticles. Quick heating allows to synthesize the CNTs on nickel and gold

particles.

7.3.2 Chemical Vapour Deposition

The catalytic chemical vapour deposition (CVD) method to produce MWCNTs was

described by Endo et al. [21]. After several years, Dai et al. [22] announced CVD

method to produce SWCNTs adapted CO-based CVD to produce SWNTs. CVD is

the most promising method to produce CNT on industrial scale [23].

Figure 7.10 represents a schematic chart of the equipment for CVD. Carbon

sources are hydrocarbon gases such as carbon monoxide (CO), acetylene (C2H2),

methane (CH4) and benzene (C6H6). Quartz tube is designed for the flow of

hydrocarbons with heating to 600 � 1200 �C inside the furnace. Inertial gases

such as Ar could be used as flow gases. Passing the hydrocarbon vapour through a

quartz tube occurs in 60 min. The vapour of hydrocarbons is thermally decomposed

at sufficiently high temperature. The presence of the metal catalyst outside the

furnace initiates self-organization processes of carbon. Fe, Ni and Co as transition

metals are suitable for such purposes. Catalyst material (also in liquid or gaseous

form) can be placed inside the furnace. Atomized carbon is condensed by creating

certain form of CNT (growing processes). Depending on the temperature, SWCNTs

and MWCNTs can be produced.

Fig. 7.10 Schematic chart of equipment for chemical vapour deposition (CVD). Quartz tube for

flow of hydrocarbons in furnace. Catalyst reactions from metal substrate Fe, Ni and Co (blue).

Reservoirs A, B and C are designed for gaseous hydrocarbons (CO, C2H2, CH4) as well as for flow

gases (Ar)
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Cassell et al. [24] reported the semi-continuous system for commercial produc-

tion of highly crystalline and pure CNTs. Combination of the classical CVD

method and the subsequent high-temperature thermal treatment takes place.

Takeuuchi et al. [25] estimated the CVD method as a unique for industrial usage

for large-scale production of CNT. Inami et al. [26] reported applications of alcohol

catalytic CVD for growth of SWCNTs using Co catalyst film. Three types of heat

treatment were investigated.

The advantages of the CVD method are the following: (1) relatively high purity

in comparison to arc discharge, (2) lower temperature range and (3) low power

input.

7.4 Simulations of Growth: Sporadic and Stimulated

7.4.1 CNT Growth Mechanism

Since the discovery of CNTs in the 1990s, their growth has been treated as an

unresolved task so far. Since the demand for CNTs growth remains as the purpose

for the future, industrial production of several fixed parameters for CNTs is

outspread. The control of quantity and quality is connected with fundamental

questions about the growth mechanism of CNTs – sporadic and stimulated. Because

of the large gradients in the energy exchange processes and the difficulties that arise

as a result of surface microcontrol and nanocontrol, the laser ablation method, as

well as the arc discharge method, relates to sporadic methods.

Otherwise, the chemical vapour deposition (CVD) method belongs to stimulated

methods (driving the experiment due to the contribution of the catalysis).

Firstly, catalysed decomposition of hydrocarbon as an exothermic process

occurs at a high temperature:

CH4 ! Cþ 2H2Oþ Q: ð7:1Þ
The reaction begins when the hydrocarbon of the reagent enters a short contact

with the catalyst. Reaction products such as atomic and/or molecular hydrogen are

not involved in following reactions: they remain in the near surrounding as pollut-

ants. After decomposition, carbon atoms cover the catalyst surface creating an

amorphous film (some sort of ‘dissolving’ of the catalyst particle occurs).
Secondly, the coating of the metal surface with carbon is a temperature-limited

and diffusely limited process. Due to that, some limit of metal covering by carbon

could be achieved. By overstepping this limit, carbon starts to crystallize (endo-

thermic process) to pass to a more energetically stable form. Now it is necessary to

estimate how the substrate interacts with the catalyst. Due to the interaction

strength, two types of CNT growth mechanisms are present: the tip-growth mech-

anism and the base-growth mechanism [27].
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7.4.2 The Tip-Growth Mechanism

The surface of the substrate is covered with a catalyst. Let us assume the catalyst as

surface structured – spherical metal nanoparticles which could be placed on the

substrate surface without forming a strong contact. Van der Waals forces keep the

catalyst particle fixed using a small surface of the interconnect area. In that case, the

substrate weakly interacts with the catalyst. Figure 7.11 represents several stages of

reaction path, when the interaction of catalyst to substrate is weak. Hydrocarbon

decomposes on the top of the nanoparticle, carbon atoms begin covering the surface

of the nanoparticle starting from the top to the bottom. In such conditions, the

formation of the inhomogeneous amorphous layer begins (Fig. 7.11a). Deposition

continues until the top of nanoparticle is fully covered by carbons.

Due to the temperature and concentration gradients of the deposited carbon on

the surface, carbon starts crystallizing to form pentagons and hexagons (fragments

of fullerene) on the top (Fig. 7.11b). The process of crystallization continues from

the top particle to the side particle with the formation of the fullerene hemisphere.

After that, a tubular form of the carbon (CNT) starts growing. Due to interactions in

the hemisphere zone, the nanoparticle is attracted to the fullerene network. Filling

X area (between nanoparticle and substrate) by crystallized carbon stimulates the

process of CNT growth which is related to pushing the nanoparticle off the surface

of the substrate (Fig. 7.11c).

The growth of CNTs continues until a metal nanoparticle is fully covered by

carbons. In this case, the catalytic activity of a metal nanoparticle decreases to zero,

following crystallization interrupts. At this step, CNT growth terminates

(Fig. 7.11d). This type of CNT growth from top to bottom is called the tip-growth

mechanism.

7.4.3 The Base-Growth Mechanism

The substrate surface is coated with a catalyst. Let’s assume that the catalyst as

metal nanoparticles of hemispheric type (surface structured) can be placed on the

substrate surface forming a strong contact. Van der Waals forces keep the catalyst

particle fixed using a large interconnect surface area. In that case, the substrate

strongly interacts with the catalyst.

Figure 7.12 represents several stages of the reaction path, when the interaction of

the catalyst and substrate is strong. Hydrocarbon decomposes on the top of the

nanoparticle and, carbon atoms begin covering the surface of the nanoparticle

starting from top to bottom.

Due to the surface properties, X zone in that case is absent. Any force to push the

nanoparticle from the bottom could be organized. Crystallization starts from bottom

with development of a tubular structure at the bottom (Fig. 7.12a) and continues

with development of a hemisphere at the top (Fig. 7.12b). The growth of the
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hemisphere transforms into the growth of the tubular structure (Fig. 7.12c). The

growth of CNTs continues until the metal nanoparticle is fully covered by carbons

as in the previous case. At this stage, the growth of CNTs terminates (Fig. 7.12d).

This type of CNT growth from bottom to top is called the base-growth mechanism.

Fig. 7.11 Tip-growth mechanism for CNTs, weak interactions between catalyst and substrate.

The direction of growth (from top to bottom) is pointed by a brown arrow: (a) hydrocarbon

decomposes at the surface of nanoparticle, carbon atoms cover the catalyst, formation of amor-

phous layer; (b) crystallization starts, part of fullerene at the top; (c) crystallization is continuing,

fullerene and CNTs start growing; (d) catalyst particle is fully covered, crystallization stops. X

area (area between spherical nanoparticle and substrate) is denoted as X (green). 1 – substrate

(blue); 2 – catalyst as surface structured metal nanoparticle (red); 3 – hot hydrocarbon (in that case

methane) is pointed to catalyst; 4 – carbon atoms (adsorbate) are covering the surface of catalyst;

5 – carbon starts to crystallize, and hemisphere of fullerene starts to form; 6 – tubular derivative

starts to grow; 7 – CNT with hemisphere of fullerene, CNT growth terminates
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7.4.4 Several Control Strategies

Liu et al. [28] declared that the controlled growth of SWCNT with predefined and

uniform structures remains a big challenge. Liu observed several strategies of the

controlled synthesis of SWCNTs by CVD method.

The laser ablation technique is one of the most prominent in the industrial

production of CNTs. Reinhardt et al. [29] described the novel equipment consisting

of a nanosecond pulsed laser for the generation of transition metal oxide precursors.

The catalysed growth of CNTs is ensured in gaseous species (5% H2 and 95% N2) at

800 �C. The presented technique is automated for large-scale production of CNTs

on demand.

Fig. 7.12 The base-growth mechanism for CNTs, strong interactions between catalyst and

substrate. Direction of growth (from bottom to top) is pointed by a brown arrow: (a) crystallization
starts from bottom with generation of tubular structure; (b) crystallization continues with gener-

ation of hemisphere of fullerene on the top; (c) CNT growing from bottom continues; (d) catalyst
particle at the bottom is fully covered, crystallization stops. 1 – substrate (blue); 2 – catalyst as

surface structured metal nanoparticle (red); 3 – hot hydrocarbon (in that case methane) is pointed

to catalyst; 4 – carbon atoms (adsorbate) are covering the surface of catalyst; 5 – carbon starts to

crystallize; tubular fragments start to form; 6 – CNT starts to grow from bottom with formation of

hemisphere of fullerene; 7 – CNT growth terminates
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Neyts [30] reviewed a big number of techniques allowing the CNT growth:

electric arc discharges, laser ablation, fullerene recrystallization, catalysed CVD

(C-CVD) and plasma-enhanced CVD (PE-CVD). Neyts claimed that plasma-

enhanced growth can be strongly beneficial. Several advantages of PE-CVD are

present for CNT industrial producing.

1. Low-temperature growth. Decreasing the temperature allows excluding of gen-

eration of additional fragments which damage the tubular structure. Hofmann

et al. reported MWCNT growth at 393 K temperature in DC plasma. PE-CVD

experiment was organized using a Ni catalysed acetylene and ammonia system.

Comparing the energy of thermal CVD (up to 1.5 eV), the PE-CVD activation

energy for the growth rate was found to be 0.23 eV, six times less. Surface

diffusion of carbon on nickel could be estimated as condition for growth [31].

2. Effect of electric field. Electric fields effects are useful in CNT production due to

the possibility to make an alignment on demand.

3. Effect of plasma on the catalyst during the growth. To understand the processes

of covering of catalyst surface by carbon is an interesting task in order to control

the reaction pathway. Chiang et al. [32] reported the development of chirality

pure SWCNTs in microplasma (pressure 105 Pa). By varying the composition of

NixFe1�x, nanocatalysts, chirality distribution of SWCNTs can be altered. At

lower temperature, catalyst of this type may adopt a different surface structure

resulting in epitaxial growth. This reference could be estimated as one possible

route for chirality-selective synthesis.

4. Plasma chemistry effects on the catalyst during the growth. Bogaerts et al. [33]
analysed plasma-enhanced growth mechanisms of CNT. In plasma chemistry,

the problem of atomic hydrogen is related to the growth control. Atomic

hydrogen reacts to methane molecules, creating radicals. Recombination of

radicals into C1H4, C2H2, C2H4, C3H6, etc. creates inhomogeneity of the flow.

Concentrations of the set of hydrocarbons in the gas phase are temperature

dependent. Strong temperature regime and absence of temperature gradients

allow controlling of product growth parameters on demand.

7.4.5 Quality Control

Raman spectroscopy belongs to the group of non-invasive non-destructive tech-

niques for identifying the low-frequency vibrational modes in a system. Molecular

systems or small clusters could be recognized by characteristic frequencies

(so-called fingerprints) which occur as normal vibrations. Due to interaction

between external electric field and electronic subsystem of molecule, induced

dipole moment will be created. Vibrational (Raman) frequencies depend on behav-

iour of chemical bonds and symmetry of molecule.

Raman microspectrometry can be used to analyse structural parameters (diam-

eter, chirality) as well as adsorption parameters (presence of adsorbates). Table 7.1

represents Raman modes which are useful for non-invasive identification of

structure.
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Motion of radial contraction and following expansion represents the radial

breathing mode (RB mode) of CNT [34, 35]. Wave number of RBM mode ν is

different for SWCNT and DWCNT and depends on the nanotube diameter d:

νSW
RBM ¼ A

d
þ B, ð7:2Þ

νDW
RBM ¼ A

d
: ð7:3Þ

Jorio et al. [38] presented revised function for RB mode wave number definition

where chiral angle θ is included:

νRBM ¼ A

d
þ Bþ Cþ D cos 3θð Þ2

d2
: ð7:4Þ

Table 7.2 represents parameters of RB mode function. Planar vibrations of

carbon atoms (so-called G mode, graphite mode) are present in most graphite-like

materials including CNT [36]. All graphite-like carbons which contain any struc-

tural defects could be identified by the presence of so-called D mode, disorder-

induced mode [36, 37]. For high-quality nanotubes, Q > 100:

Q ¼ IG
ID

: ð7:5Þ

Table 7.1 CNT and graphite: Raman modes

Mode Structure Wave number ν (cm�1) Formula Intensity (I) Source

RB SWCNT 100 � 350 Eq. (7.2) Strong [34, 35]

DWCNT 100 � 350 Eq. (7.3) Strong [34, 35]

G Graphite 1580 Strong [36]

SWCNT <1580 Strong [36]

D Graphite 1330 � 1360 Weak [36, 37]

SWCNT 1280 � 1350 Weak [36, 37]

Table 7.2 Parameters of RB mode function

CNT type Formula

A (cm�1

�nm) B (cm�1)

C (cm�1

�nm) D (cm�1) Source

SW-RBM Eq. (7.2) 234 10 – – [34, 35]

DW-RBM Eq. (7.3) 248 0 – – [34, 35]

CNT metallic Eq. (7.4) 227 11.8 � 1.0 �2.7 � 1.2 �2.7 � 0.8 [38]

CNT

semicond.

Eq. (7.4) 227 7.3 � 0.3 �1.1 � 0.3 �0.9 � 0.2 [38]

220 7 CNT and Graphene Growth: Growing, Quality Control, Thermal Expansion. . .



7.5 Graphene Growth and Technological Defects

Recently, graphene has become the focus of research due to its properties. The most

traditional and technologically popular technique for the synthesis of graphene is

the method of chemical vapour deposition [39]. Two basic CVD graphene growth

mechanisms have been proposed (see Fig. 7.13) [6, 40]:

(a) Segregation of surface carbon atoms: It is proposed here that decomposed

carbon atoms diffuse into the bulk catalyst (e.g. Ni) during the annealing

stage at a high temperature. Then, carbon atoms precipitate on the catalyst

during the cooling period.

(b) Surface deposition of carbon atoms: Carbon atoms here are directly deposited

on the catalyst surface (e.g. Cu) without segregation resulting in a graphene

layer.

The quality and continuity of the graphene film could be affected by numerous

CVD parameters such as temperature, hydrocarbon (e.g. CH4) concentration,

hydrocarbon pressure and cooling rate. The graphene growth mechanism is signif-

icantly affected by catalyst type, structure, quality and carbon solubility [41]. Typ-

ical catalysts using for graphene growth are polycrystalline Co, Ni, Cu, Pt, Ir and Ru

[42–44].

Fig. 7.13 Graphene growth mechanisms. (a) The mechanism of dissolution–precipitation

graphene growth. (b) The mechanism of direct deposition graphene growth
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7.5.1 Defects in Graphene

However, there are some physical and chemical conditions during CVD processes

when we can observe graphene defects formation. In particular, if graphene films

are synthesized by copper-catalysed atmospheric pressure chemical vapour depo-

sition (APCVD) method using a mixture of Ar, H2 and CH4 gases, it was found that

variations in the reaction parameters, such as reaction temperature, annealing time

and growth time, affected the size of the growing graphene domain. Moreover, the

reaction parameters influenced the number of layers, degree of defects and unifor-

mity of the graphene films. The increase in growth temperature and annealing time

tends to accelerate the graphene growth rate and increase the diffusion length,

respectively, thereby increasing the average size of graphene domains [45].

It was experimentally found that the number of pinholes reduced with increase in

the growth time. Micro-Raman analysis of the as-grown graphene films confirmed

that the continuous graphene monolayer film with low defects and high uniformity

can be obtained with prolonged reaction time, under the appropriate annealing time

and growth temperature.

The real problem of nanoelectronics is the formation of various interconnects

and direct contacts, e.g. graphene–metal, which is an actual technological task for

novel electronic nanodevices. It is known that graphene–metal interconnects are

characterized by the increased concentration of morphological defects (dangling

bonds, spatial disordering). It is necessary to investigate and evaluate the influence

of contact architecture and the density of graphene defects on the specific resistance

of graphene–metal contacts to forecast electrical properties of prospective

nanodevices [46].

Graphene is one of the most promising materials in nanotechnology. The

electronic and mechanical properties of graphene samples with high perfection of

the atomic lattice are outstanding, but structural defects, which may appear during

growth or processing, deteriorate the performance of graphene-based devices.

However, deviations from perfection can be useful in some applications, as they

make it possible to tailor the local properties of graphene and to achieve new

functionalities. In this article, the present knowledge about point and line defects

in graphene is reviewed. Particular emphasis is put on the unique ability of

graphene to reconstruct its lattice around intrinsic defects, leading to interesting

effects and potential applications. Extrinsic defects such as foreign atoms which are

of equally high importance for designing graphene-based devices with dedicated

properties should be analysed. A short review of typical defects of graphene in

connection with technological details is presented in Table 7.3.
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Table 7.3 Graphene defects types

Defect type Defect description

Point defects. Single vacancies.

Stone–Wales defect

One of the unique properties of the graphene lattice is its

ability to reconstruct by forming non-hexagonal rings.

The simplest example is the Stone–Wales (SW) defect,

which does not involve any removed or added atoms. Four

hexagons are transformed into two pentagons and two

heptagons by rotating one of the C_C bonds by 90� [48]
Single vacancies The simplest defect in any material is the missing lattice

atom. Single vacancies (SV) in graphene (or in the out-

ermost layer of graphite) have been experimentally

observed by TEM and STM [49]

Multiple vacancies Double vacancies (DV) can be created either by the coa-

lescence of two SVs or by removing two neighbouring

atoms. No dangling bond is presented in a fully

reconstructed DV so that two pentagons and one octagon

appear instead of four hexagons in perfect graphene. The

atomic network remains coherent with minor perturba-

tions in the bond lengths around the defect [50]

Carbon adatoms Interstitial atoms, as they appear in 3D crystals, do not

exist in graphene. This is because placing an atom to any

in-plane position, for example, in the centre of a hexagon,

would require a prohibitively high energy. Rather than

straining the local structure in two dimensions, additional

atoms use the third dimension. The energetically favoured

position is the bridge configuration [51]

Foreign adatoms The effect of a foreign (noncarbon) atom on the properties

of graphene depends on the bonding between the atom and

graphene [52]. If the bond is weak, only physisorption due

to van der Waals interaction occurs. If the interaction is

stronger, covalent bonding between the foreign atom and

the nearest carbon atoms leads to chemisorption

Substitution impurities Foreign atoms can also be incorporated into graphene as

substitutional impurities. In this case, the impurity atom

replaces one or two carbon atoms. Boron or nitrogen serve

as the natural dopants in carbon structures since they have

one electron less or more, respectively, but roughly the

same atomic radius. [47, 53]

Topology of defective graphene It has been known (from the 1980s) that non-hexagonal

rings induce local Gaussian curvature in a graphene sheet.

In defective graphene, the arrangement of defects deter-

mines the local deviation from planarity. Defect domains

might be created to induce hillocks or trenches in

graphene[54]

1D Defects. Dislocation-like

defects

1D defects have been observed in several experimental

studies of graphene [55]. Such defects can be thought of as

a line of reconstructed point defects with or without dan-

gling bonds [55]

Defects at the edges of a graphene

layer

Each graphene layer is terminated by edges with the edge

atom being either free or passivated with hydrogen atoms.

(continued)

7.5 Graphene Growth and Technological Defects 223



7.6 Simulation of Magnetically Stimulated CVD CNT
Growth

CNTs of various chiralities open new wide possibilities for modern nanoelectronics

as promising candidates for nanointerconnects in high-speed electronic

nanosensoring and nanomemory devices [60–66]. We focus our current study on

the implementation of advanced simulation models for a proper description of the

fundamental electromagnetic properties (electrical resistance, capacitances and

impedances) in contacts between carbon nanotubes of different morphologies and

metallic substrates of different nature. We also present the model of magnetically

stimulated CNT growth for a special case of Fe–Pt metallic nanoparticles, which

have unique magnetic properties. We expect that in the presence of magnetic field,

the CNTs growth will be more determined from the point of view of possible CNTs

morphologies. Moreover, the creation of a CNT forest based on Pt–Fe nanoparticles

provides the possibilities to consider this kind of structure as the basic fragment of

nanomemory devices, where information bits are located in nanoparticles and the

CNT forest provides the necessary spin transport for reading and recording

information.

Thus, in our simulations, we expect to reproduce not only a CNT forest with the

predefined morphology but also to develop a prototype of a nanomemory device.

The adequate description of CNT chirality [61] is one of the key points for a proper

simulation on electric properties of CNT-based nanoelectronic devices. Further

development of the cluster approach allowed us to formulate the ‘effective bonds’
model [64] and to carry out a cycle of simulations on electromagnetic properties in

various CNT- and graphene (GNRs – graphene nanoribbons)-based metal intercon-

nects (Me¼ Fe, Cu, Ag, Pt, Au, Pd, Ni) [62, 67]. We consider that this model serves

as a tool for understanding the process of CNT growth adequate to the CVD

process.

Table 7.3 (continued)

Defect type Defect description

The simplest edge structures are the armchair and the

zigzag orientation [56]

Defects in bilayer graphene Bilayer graphene consists of two stacked monolayers

which may or may not be shifted with respect to each

other. Similar to graphite, the interlayer distance in bilayer

graphene is approximately 3.35Å, as dictated by the weak
van der Waals interaction between the layers. [57].

Electronic structure of graphene in

the presence of defects

The electronic structure of graphene with point and line

defects was studied in a considerable number of papers

[58, 59]
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7.6.1 Research Motivation

The main goal of the current research is to understand if there is a relationship

between the use of magnetic catalysts and the CVD growth of CNTs, taking into

account that most commonly used materials for the growth of CNTs are just Fe, Co

and Ni nanoparticles. The nanoparticles of these catalysts are magnetically isotro-

pic. The key question arises: What would happen if one used, instead of Fe, Co and

Ni nanoparticles, magnetically anisotropic nanoparticles such as those in the alloy

Fe–Pt? The anisotropy of Fe–Pt alloy is due to a spin-orbit coupling of Fe and Pt

orbitals. This coupling takes place only if the alloy is formed of alternating planes

of Fe and Pt. This particular structure is called L10. In this way, because of the

different sizes of the atoms of Fe and Pt, the structure is crushed, and atoms of Fe

and Pt are close forming a centred tetragonal phase ( fct). This approach allows for

the coupling and then the magnetic anisotropy with the magnetization axis perpen-

dicular to such planes. It is essential in this case to find conditions to control the

growing CNT chirality. We also should take into account a possible substitutional

disorder of FexPt1�x alloy, when the stoichiometry number ‘x’ becomes an addi-

tional parameter of CNT growth. No doubt, the diameter of the grown CNTs is also

an essential parameter, which is evidently predefined by the created nanoparticle

diameter. But again, we should discuss some limitations in the creation of Fe–Pt

nanoparticle sizes in connection with the Fe–Pt melting point. However, Fe–Pt

nanoparticles demonstrate an extremely strong coercing field, and this promises

definite hopes for the controlled CNT growth in the CVD process. We also consider

the CVD process of CNT growth as a more predictable one from the point of view

of the expected growing CNT parameters (diameter, chirality, morphology of SW

or MWCNTs).

Our experience with the nanotubes synthesis by means of the arc discharge

brought about large doubts in the possibilities of CNTs growth control. Two

cathodes of pure graphite (99.7%) were taken φ ¼ 6 mm (cathode) and

φ¼ 10 mm (anode) in diameter. Carbon black was added to iron–platinum powder,

and after which the mixture was introduced to complete the filling of the hole. At

this point the whole mass was placed in the room. The synthesis was carried out

according to the parameters presented here: current 90 A, voltage ~18 � 20 V DC,

vacuum ~2 � 10�4 mbar, gas: He, work pressure 600 mbar and arc duration

~15 min.

Some filaments also exit from the outer wall of the cathode but in smaller

quantities than found on the anode. The residue of the deposit formed on the

upper part of the synthesis chamber was collected. It appeared to be quite little

compared to other discharges with other catalysts (Figs. 7.14 and 7.15).

Figure 7.15 shows that filaments are of different nature – some formats are

created from these spheres, and others have very fine structures of a few nanome-

ters, probably single-walled nanotubes, covered by these spheres, partly or totally.

The question is what percentage of nanoparticles was originally made or how much
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iron and platinum and how this underwent a change, during the arc discharge
process?

We also take into account the extremely marginal parameters of the Fe–Pt

system: Pt has the melting point at T ¼ 2041.4 K (1768.2 �C) and the boiling

point at T ¼ 4098 K (3825 �C).
There are four major crystal structure modifications for Fe: below 769 �C (Curie

temperature), it is α-Fe (α-ferrite) with a body-centred cubic crystal structure and

ferromagnetic properties. Ferrite above the critical temperature (769–917 �C) is
beta-ferrite (β-Fe) where it is paramagnetic rather than ferromagnetic, and it is

crystallographically identical to α-Fe. Within the interval of 917–1394 �C, it is γ-Fe
(austenite) with acicular cubic crystal structure. At temperatures between 1394 �C
and 1538 �C, the body-centred cubic crystal structure is a more stable form of delta-

ferrite (δ-Fe), the melting point 1538 �C (1811 K) and the boiling point at

T ¼ 3273 K (3000 �C).
Our earlier research proved that close to the arc, the temperature ranges between

4000 and 6000 K and there is a subsequent rapid temperature gradient decrease with

the distance from it. Filaments are found nearby the arc itself, more precisely,

upstream of it. Taking into account the essentially nonsteady character of the arc

discharge process and very high working temperatures, the CNT growth control is

practically impossible, and CNT morphologies are nonpredictable.

Fig. 7.14 (a) Photo of the cathode filaments exiting out after the synthesis, (b) SEM photo of the

cathode surface
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Fig. 7.15 Evolution view of filaments in the arc discharge process (Bellucci–Capobianchi): (a–c)
[68–71]
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7.6.2 CNT Growth in the Chemical Vapour Deposition
Process Based on Metal Nanoparticles

The CVD (chemical vapour deposition) is a highly versatile approach to producing

nanotubes and is, perhaps, the most commonly published technique for nanotube

growth often used to synthesize CNTs for commercial applications. The process

involves decomposition of a carbonaceous precursor at high temperatures under

oxygen-free conditions and reduced atmosphere to produce nanotubes.

CVD process begins with previously made supported catalyst material placed in

a furnace. A flow of gaseous carbon precursor is introduced for a given time period

follows the heating of the furnace till the appropriate reaction temperature. Heating

periods can reach several hours. The reaction product is collected from the reactor

walls and support surfaces after cooling. There are various experimental conditions

for CVD realization in SWCNTs production procedure. Catalyst and carbon pre-

cursors, flow rates, reaction temperatures and batch run times together with support

materials are presented when available. There are two growth mechanisms in the

CVD process: root (base) and tip growth. In root growth, the catalyst particle stays

pinned at the support surface and the support – particle interaction must be taken

into consideration. In the tip growth, the catalyst is lifted off from the support

surface during CNT growth due to weak support – catalyst interaction. Evaporation

of the catalyst metal may take place during CVD synthesis due to the physical

Fig. 7.15 (continued)
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properties of nanosized catalyst particles (nanodrops). The vapourized metal may

nucleate and form secondary metal particles away from the surface. The catalytic

decomposition reaction may then take place in the gas phase on the surface of the

newly formed particles. This product is eventually deposited on the reactor walls.

7.6.3 CVD Process Analysis

The chemical vapour deposition (CVD) process involves decomposition of a

carbonaceous precursor at high temperatures. The carbonaceous precursor may be

a carbon gas, methane or ethylene, for instance, or it can be in the form of a volatile

hydrocarbon solvent such as ethanol, which is generally fed into the reactor with

some inert carrier gas. In the reaction chamber, the precursor is decomposed in the

presence of a catalyst – usually a transition metal such as iron, cobalt or some

similar combination of metals. The catalyst can be introduced in a number of

different ways.

The substrate needs to have catalyst nanoparticles providing the growth of CNTs

where nanoparticles present the place from which nanotubes start growing.

Nanoparticles can be composed of lots of different substances (usually, a metal

like Fe, Co, Ni Co, Mo, Mn, Pd, etc.) [72].

The substrate is then heated to the temperature of about 700–800 �C under H2.

As the nanoparticles heat up, the hydrogen pulls oxygen out from the nanoparticles,

leaving behind metallic nanoparticles.

At the target temperature, a carbon-containing gas such as ethylene (or some

others, e.g. alcohol vapour) is introduced. At these temperatures, the gas partly

decomposes, giving carbon-containing fragments and other molecules. These frag-

ments and molecules then work their way onto the catalyst nanoparticles, where

they stick and then break down into carbon. The carbon dissolves with some

probability into or on the nanoparticle. When a critical concentration of carbon is

reached in the nanoparticle, the addition of just a little bit more carbon from the

vapour causes carbon to precipitate as a crystal.

When carbon crystallizes under the atmospheric pressure (like in CVD), it

crystallizes into flat sheets of hexagonally patterned carbon. But because the

nanoparticle is so small and has such a high curvature, when the carbon crystallizes

out, it is constrained into a cylindrical shape in the form of a carbon nanotube.

Additional carbon atoms on the nanoparticle provide further nanotube growth,

which stops when the carbon-containing gas is turned off if the substrates cool

down or for a number of other reasons that can influence the nanotube or catalyst

nanoparticles.

Tuning the appropriate parameters, it is possible to obtain a huge amount of

CNTs in a cheap and quick way. Also it is the technique enabling the growth of

CNTs with specific characteristics: particular diameter, length and orientation

(alignment) and family (multi- or single wall).
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It has been well known for a long time that carbon nanotubes are synthesized by

catalytic decomposition of hydrocarbon [73] in the reactor, where metal

nanoparticles are presented as a catalyst on a substrate. Catalyst metals mostly

used for these purposes are listed in the following Table 7.4. Hydrocarbon such as

methane adsorbed on the catalytic particle surface releases carbon during decom-

position, which dissolves and diffuses into a metal particle. When a supersaturated

state is reached, carbon precipitates in a crystalline tubular form.

It is necessary to emphasize that it will be possible to grow CNTs using a gas,

both as a catalyst and as hydrocarbon. If a stream of catalyst particles can be

injected into the flowing feedstock, it is possible to produce nanotubes in the gas

phase. This approach is amenable for scale-up to large-scale production. Sen et al.

[74] first reported such a possibility when they used ferrocene or nickelocene as a

source of the transition metal and benzene as a carbon source.

This approach yielded MWNTs, whereas their later work [76] with gas-phase

pyrolysis of acetylene using a metallocene yielded SWNTs with diameters around

1 nm [75]. CVD-produced CNTs are curved and have high amount of defects,

Table 7.4 Most commonly used catalyst metals for the CVD method [73, 75]

Catalyst Temperature (�C)
Carbon

source

Metal Catalyst type Preparation method

Fe Ultrafine particle Decomposition of

metallocene

1,060 Benzene

Silica support Pore impregnation 700 Acetylene

Zeolite or clay

support

Ion exchange 700 Acetylene

Graphite support Impregnation 700 Acetylene

Ultrafine particle Decomposition metal of

carbonyl

800 Acetylene

Silica support Sol-gel process 700 Acetylene

Co Ultrafine particle Laser etching of Co thin film 1,000 Triazine

Ultrafine particle Decomposition metal of

carbonyl

800 Acetylene

Silica support Pore impregnation 700 Acetylene

Zeolite or clay

support

Ion exchange 700 Acetylene

Graphite support Impregnation 700 Acetylene

Ni Graphite support Impregnation 700 Acetylene

Ultrafine particle Decomposition of Ni

(C8H12)2

800 Acetylene

Mo Ultrafine particle Decomposition of Mo*a 800 Acetylene

Mn Ultrafine particle Decomposition metal of

carbonyl

800 Acetylene

Pd Ultrafine particle Decomposition metal of

carbonyl

800 Acetylene

aMo* ¼ (NH4)25 � 5[Mo154(NO)14O420(OH)28(H2O)70] 350H2O
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mainly after the purification in the acid bath; it is needed to remove metal

nanoparticles inside of tubes.

The main interests related to iron-containing nanoparticles are focused on their

potential applications as high-quality magnetic materials. Thus, a new generation of

iron–metal nanoparticles is studied to be used as a catalyst in growing CNTs, with a

magnetic nanomaterial inside, making it possible to design a precise carbon

nanomagnetic device for drug delivery diagnostics.

For example, iron nanoparticles have been widely used as a catalyst for CVD

synthesis of multiwalled carbon nanotubes, [77] while iron–molybdenum can act as

a very efficient catalyst for the synthesis of either single-walled or multiwalled

carbon nanotubes with the CVD method [78–83].

To prevent the magnetic behaviour of these iron nanocompounds, it is necessary

to grow carbon nanotubes of nanocompounds below the Curie temperature. Typi-

cally, the growth temperature is around 600–700 �C at the atmospheric

pressure [84].

The potential applications of carbon nanotubes grown for semiconductor and

sensor devices are presented for CMOS industrial applications [85]. The

low-temperature growth of vertically aligned carbon nanotubes (CNTs) at high

growth rates by a photothermal chemical vapour deposition (PTCVD) technique

using a Ti/Fe bilayer film as a catalyst is presented in [86]. The bulk growth

temperature of the substrate is as low as 370 �C, and the growth rate is up to 1.3
μmmin�1, at least eight times faster than the values reported by traditional thermal

CVD methods. It should be recognized that the mechanism of CNTs growth is not

obvious enough. Technological growth characteristics may differ in detail,

although the concept remains the same. The mechanism of carbon atom deposition

on metal catalyst nanoparticles with the subsequent nucleation of CNTs can be

considered one of the most effective and practically important. Crystal (e.g. Si)

nanoparticles with a set diameter created on a substrate give a high probability of

producing CNTs with the regulated diameter. However, the problem of controlling

the chirality of CNTs remains a pressing one. Among more effective catalysts, it is

possible to distinguish Pt, Pd, Cu, Ag, Au, Si, SiC, Ge and Al2O3 [87] in addition to

the earlier investigated Mg, Ti, Cr, Mn, Fe, Co, Ni, Sn and Pb [88–90](see also

Table 7.5).

7.6.4 Advantages of CVD

Compared to the discharge and laser ablation methods, CVD is a simple and

economic technique for synthesizing CNTs at low temperatures and ambient

pressures. Arc- and laser-grown CNTs are superior to the CVD-grown ones. In

yield and purity, CVD has advantages over the arc and laser methods. Considering

CNTs in relation to structure or architecture control, CVD is the only answer. CVD

is versatile in the sense that it offers harnessing plenty of hydrocarbons in any state

(solid, liquid or gas), enables the use of various substrates and allows CNT growth
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in a variety of forms, such as powder, thin or thick films, aligned or entangled,

straight or coiled nanotubes or a desired architecture of nanotubes on predefined

sites of a patterned substrate. It also offers better control over the growth parameters

zone, while carbon crystallization (being an endothermic process) absorbs some

heat from the metal precipitation zone. This precise thermal gradient inside the

metal particle keeps the process going on. This last advantage is the most essential

one [87].Taking only two main CNT parameters, namely, CNT diameter and

chirality, the problem cannot be solved well enough. There are two marginal

cases of CVD growth.

Tip-growth model – the catalyst–substrate interaction is weak (metal has an acute

contact angle with the substrate); hydrocarbon decomposes on the top surface of

the metal; carbon diffuses down through the metal, and CNT precipitates out

across the metal bottom, pushing the whole metal particle off the substrate; as

long as the top of the metal is open for fresh hydrocarbon decomposition, CNT

continues to grow longer and longer; the metal is fully covered with the excess

carbon and its catalytic activity ceases and the CNT growth stops.

Base-growth model – the catalyst–substrate interaction is strong; initial hydrocar-

bon decomposition and carbon diffusion take place similar to that in the

tip-growth case; the CNT precipitation fails to push the metal particle up, so

the precipitation is compelled to emerge out of the metal apex; carbon crystal-

lizes out as a hemispherical dome, which then extends up in the form of seamless

graphitic cylinder; subsequent hydrocarbon deposition takes place on the lower

peripheral surface of the metal, and a dissolved carbon diffuses upward; CNT

grows up on the catalyst nanoparticle base.

Table 7.5 Comparison of catalysts for SWCNTs growth [88–90]

Type State

SWCNT size

for growth (nm)

Catalysis

for

cracking

Carbon

solubility

Growth

temperature for

ethanol (�C)
Growth

rate

Fe,

Co,

Ni

Liquid/

solid

<10 Yes High 600–950 High

Pt, Pd Liquid/

solid

<5 No? High 850–950 High

Au,

Ag,

Cu

Liquid/

solid

<5 No Low 850–950 High

Ge Liquid/

solid

<5 No Low? 850–950 Low?

Si,

SiC

Solid <5 No No? 850–950 Low

Al2O3 Solid <5 No No 850–950 Low
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7.6.5 CNT Precursors

Most commonly used CNT precursors are methane [91, 92], ethylene [76, 78]

acetylene [93], benzene [78] xylene [94] and carbon monoxide [95].

SWCNTs were first produced from the disproportionation of carbon monoxide at

1200 �C, in the presence of molybdenum nanoparticles [22], and later they were

produced from benzene [96], acetylene [76], ethylene [97], methane [98], cyclo-

hexane [99] and fullerene [100] by using various catalysts. It means that the

working temperature and pressure of the CVD process can be changed in a wide

range of ways and the kinetics of carbon atoms deposition can also be widely

varied.

In 2002 the low-temperature synthesis of high-purity SWCNTs from alcohol on

Fe–Co-impregnated zeolite support was carried out [101], and since then, ethanol has

become the most popular CNT precursor in the CVD method worldwide [102–104].

A special interest in binary catalysts becomes principal now. The unique feature

of ethanol is explained by the fact that ethanol-grown CNTs are almost free from

amorphous carbon, owing to the etching effect of OH radical [105]. Later, vertically

aligned SWCNTs were also grown on Mo–Co-coated quartz and silicon substrates

[106, 107]. It has been shown that intermittent supply of acetylene in ethanol CVD

significantly assists ethanol in preserving the catalyst activity, thus, enhancing the

CNT growth rate [108].

Generally, low-temperature CVD (600–900 �C) yields MWCNTs, whereas

high-temperature (900–1200 �C) reaction favours SWCNT growth. It means that

SWCNTs have a higher energy of formation (presumably owing to small diameters

and the fact that high curvature bears high strain energy). Probably, this is the

reason that MWCNTs are easier to grow than SWCNTs.

Recent developments in the nanomaterials synthesis and characterization have

enabled many new catalysts for the CNTs growth. Apart from popularly used

transition metals (Fe, Co, Ni), a range of other metals (Cu, Pt, Pd, Mn, Mo, Cr,

Sn, Au, Mg, Al) have also been successfully used for horizontally aligned SWCNT

growth on quartz substrates [109]. It has been also proposed that the active catalyst

is Au–Si alloy with about 80 at% Au [110].

7.6.6 CNT Growth Control

It is a general experience that the catalyst particle size dictates the tube diameter.

The particle size dependence and a model for iron-catalysed growth of CNTs have

been reported in [111]. Metal nanoparticles of the controlled size, pre-synthesized

by other reliable techniques, can be used to grow CNTs of the controlled

diameter [112].

Influence of a catalyst material and concentration. The additional advantage of

using the bimetallic catalyst is that CNTs can be grown at a much lower
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temperature �550 �C. For example, the melting point of the mixture of Fe and

Co is lower than their individual melting points. Moreover, alloys are known to

be better catalysts than pure metals. These trends suggest that tri-metallic

catalysts should also give interesting results, though the interpretation of the

results would be more complicated.

Influence of temperature. There are investigations of the temperature effect on

camphor CVD in a wide range of temperatures 500–1000 �C [113]. It was

noticed that camphor did not decompose below 500 �C. At 550 �C very short-

length tubes emerged from the zeolite pores suggesting that the catalyst activity,

and hence the CNT growth rate, was quite low at 550 �C. However, the CNT

growth abruptly increased at 600 �C, and a profound growth was observed all

around the zeolite pores. At 650 �C and above, the growth rate was so enormous

that hardly a zeolite particle could be located amid nanotubes. The CNT diam-

eter is increased with the growth temperature increase. Very pure CNTs, almost

free from metallic impurity, were produced up to 750 �C. From 750 �C onward,

both the diameter and the diameter distribution range increased drastically. It is

supposed that at high temperature, the metal atoms agglomerate into bigger

clusters leading to thick CNTs. At 850 �C and above, SWCNTs began to take

shape alongside with MWCNTs, and the volume of SWCNTs increased with the

increasing temperature. For instance, at 900 �C, samples of large bundles of

SWNTs can be observed. The CVD temperature plays the central role in CNT

growth. For a fixed metal concentration, the increasing CVD temperature

enlarges the diameter distribution. It should also be noted that MWCNTs and

SWCNTs can be selectively grown as a function of CVD temperature if the

catalyst concentration is properly optimized [113, 114].

Influence of pressure. For the controlled growth of CNTs by CVD, the vapour

pressure of the hydrocarbon in the reaction zone is another very important

parameter. For gaseous hydrocarbons, a desired vapour pressure in the CVD

reactor can be maintained by a limited gas flow rate and the controlled suction

with a rotary pump [115]. In the case of a liquid hydrocarbon, its vapour pressure

is controlled by its heating temperature before it enters the reactor [116]. How-

ever, for a solid hydrocarbon such as camphor, it is quite problematic to control

its vapour pressure. It becomes a function of three parameters: camphor mass, its

vapourization temperature and the flow rate of argon – the carrier gas. By proper

optimization of these three parameters, the influx of camphor vapour to the

zeolite bed and its decomposition rate were balanced to a great extent, and a

record growth of MWCNTs was achieved at atmospheric pressure by CVD. Pure

SWCNTs (free from MWCNTs) have been selectively obtained from camphor

CVD at low pressures (10–40 Torr) where the camphor vapour pressure is quite

in tune with the low metal concentration [117]. It is important to note that the

melting point of nanoparticles below 10 nm falls abruptly, e.g. 5 nm Fe and Co

particles can melt at about 850 �C and 640 �C, respectively. It leads to essential

limitations in the CVD process of small diameter (< 5 nm) CNTs growth.

Schematic representation of the basic steps of SWCNT growth on a metal

catalyst is usually simulated in three steps [118]:
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1. The diffusion of single C atoms on the surface of a catalyst.

2. The formation of an sp2 graphene sheet floating on the catalyst surface with edge
atoms covalently bonded to the metal.

3. The root incorporation of diffusing single C atoms. It has been shown that carbon

atoms diffuse only on the outer surface of the metal cluster. At first, a graphene

cap is formed which floats over the metal, while the border atoms of the cap

remain anchored to the metal. Subsequently, more C atoms join the border atoms

pushing the cap up and, thus, constituting a cylindrical wall.

7.6.7 Magnetically Stimulated CNT CVD Growth on Fe–Pt
Catalysts

The key question for a CVD process of CNTs growth is the formation of initial

interconnects between substrates (catalyst nanodrops). This step predefines the

future morphology of the created CNTs. Computer simulation of CNT–metal

interconnects is an effective way in formulation of technological recommendations.

Our systemic theoretical approach in a wide scale simulations and modelling is

based on multiple scattering theory and effective media approximation [119]. This

is a reasonable and constructive way to solve a set of marginal condensed media

problems in cases of essential structural disordering.

7.6.8 Effective Bonds Model for CNT–Fe–Pt Interconnect
Electromagnetic Properties

CNT–Fe–Pt interconnect atomistic structures are in compliance with the proposed

‘effective bonds’ model. The ‘effective bonds’ are responsible for mechanical,

electronic, magnetic and electrical properties of interconnects. The common con-

sideration of two marginal carbon structures (CNTs and GNRs) is induced by the

similar technological problems in respect of these materials for the modern

nanoelectronics [120].

We have developed structural models for CNT–Me and GNR–Me junctions,

based on their precise atomistic structures of clusters, which take into account the

CNT chirality effect and its influence on the interconnect resistance for Me (¼ Fe,

Ni, Cu, Ag, Pd, Pt, Au) as well as the predefined CNT (or GNR) geometry. These

atomistic structures are in compliance with the proposed ‘effective bonds’ model.

Our main interest in this particular case is focused entirely on CNT–Me inter-

connects, when the modelling of CNT growth on metal surfaces is combined with

the controlled electromagnetic properties in the interconnect area. To ensure a

predictable interconnect morphology, the permanent magnetic field is used that

accompanies the growth, and magnetic drops are used as growth catalysts that

provide for the special composition of Fe–Pt with unique magnetic properties. The
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results of our simulations show that interconnects resistance and the number of

effective bonds can be considered as indicators of chirality. Figures 7.16, 7.17, 7.18,

7.19 and 7.20 demonstrate the numbers of effective bonds via CNT diameters,

chirality angles and CNT–Me interconnect resistances and impedances. It means

that resistances and the number of effective bonds in the interconnect space are

indicators of CNTs morphology.
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Fig. 7.16 Effective bonds number via CNT diameter: (a) CNT–Pt and (b) CNT–Fe
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7.6.9 CNT–FexPt1�x Interconnect Formation

There is a relation between the use of magnetic catalysts and the CVD growth of

CNTs determining the most commonly used materials for the CNT growth – Fe, Co

and Ni. The nanoparticles of the latter catalysts are magnetically isotropic. Mag-

netism of the particles of catalysts brings order into the process of CVD growth.
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Fig. 7.17 Effective bonds number via CNT chirality for the diameter d¼ 10 nm: (a) CNT–Pt and
(b) CNT–Fe

7.6 Simulation of Magnetically Stimulated CVD CNT Growth 237



Actual class of Fe–Pt nanodrops as possible catalysts in a CVD process has the

diameter ranging from 5 to 30 nm. The stable and predictable creation of definite

sizes of nanodrops is a basis for the output growth of CNTs with the expected

morphology. Their magnetic properties are essentially changed in dependence on

their size. Magnetization orientation of nanodrops in a Fe–Pt system is regulated in

competition of the heat factor and collective magnetization of the nanodrop
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Fig. 7.18 Interconnect conductance via CNT diameter: (a) CNT–Pt and (b) CNT–Fe
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ferromagnetic state. Magnetization of nanodrops becomes non-stable for small

sizes. This also means additional technological complications in magnetically

controlled CMTs CVD growth. Fe–Pt nanoparticles containing a near-equal atomic

percentage of Fe and Pt are an important class of magnetic nanomaterials. They are

known to have a chemically disordered face-centred cubic ( fcc) structure or a

chemically ordered face-centred tetragonal ( fct) structure.
Additional possibilities in controlling the process of CVD growth open up the

ways to use magnetically anisotropic nanoparticles such as those in the alloys with a

different substitutional disorder (e.g. FexPt1�x), to manage the CVD process with

the formation of the predefined CNT chiralities. Besides, the stimulation of the
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process by means of the external magnetic field activates magnetic moments of the

catalyst and the deposited carbon atoms. This also means that we can control the

number of effective bonds inside interconnects. We pay a special attention to Pt and

Fe substrates as possible elements for nanoelectronic and nanomagnetic devices

considering interconnect fundamental properties and magnetically stimulated

nanoprocesses on Fe–Pt L10 nanoparticles [59–61, 121].

7.6.10 Magnetic Properties of Fe–Pt Alloys

The unique magnetic properties of Fe–Pt alloys are an open field for research to

correlate different CNT techniques in terms of the catalyst role in entirely different

range of temperatures and pressures. Carbon nanotubes grow using bimetallic

nanoparticle Fe–Pt as a catalyst [122–125]. Since the mid-1930s, Fe–Pt alloys

have been known to exhibit high coercivities due to high magnetocrystalline

anisotropy of the L10 FePt phase, but their high cost prevented these alloys from

widespread applications in the past. In Fe–Pt alloys, both Fe and Pt atoms carry a

magnetic moment: the induced magnetic moment on the Pt sites and the enhanced

magnetic moment on the Fe sites. A wide variety of the magnetic structure types in

the Fe–Pt alloys is evidently the consequence of various atomic configurations

around Fe atoms, which, in turn, has a considerable effect on the electronic structure

of these alloys (see Fig. 7.21, Table 7.6 and eutectic phase diagram of Fe–Pt alloy

(http://www.himikatus.ru/art/phase-diagr1/Fe-Pt.php)).

Fig. 7.21 Eutectic phase diagram of Fe–Pt alloy (http://www.himikatus.ru/art/phase-diagr1/Fe-

Pt.php)
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To obtain the Fe–Pt alloy in L10 phase, we use a new chemical synthesis strategy

reported in detail in our previous works [59–61, 121]. By planetary ball milling of

nanocrystals of a particular precursor, [Fe(H2O)6]PtCl6 and NaCl were grounded

and then annealed at 400 �C (300 �C – less than typically used temperature) in

reductive atmosphere. After washing, we obtain FePt L10 NPs with selected size as

a function of the fraction [Fe(H2O)6]PtCl6 and NaCl used. By varying the precursor

ratio, we are able to avoid the coalescence phenomena and obtain single-crystal

NPs with the size around 6 nm, not agglomerated.

7.6.11 Magnetically Stimulated CNT Growth

The formation of the initial optimal perimeter for carbon–metal (Fe–Pt) bonds is a

synergetic process with a minimal free energy (see Fig. 7.22).

The nanoparticle diameter determines with a certain error the diameter of a

CNT. The number of effective bonds defines the morphology of the future CNT

(see Fig. 7.23, armchair, chiral, zigzag CNTs,) in terms of chirality. Obviously,

there is a considerable uncertainty in the morphology of the future CNTs, owing to

sporadic thermal dynamics of the deposited carbon atoms.

According to our model, the process can be considerably streamlined using even

minor diamagnetic properties of carbon atoms at the expense of magnetic field and

strong induced ferromagnetism of the nanoparticle. It becomes evident that the

Table 7.6 Specific magnetic structures of Fe–Pt systems

Magnetic structure Behaviour Curie temperature (K)

L12 Fe3Pt Ferromagnetic 410

L10 FePt Ferromagnetic 750

L12 FePt3 Paramagnetic 273

Fig. 7.22 A fragment of the CNT CVD process growth on nanoparticle surfaces
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nanoparticle composition Fe–Pt and its atomic structure (including the short-range

order) play a primary role in the process of CNT growth stimulated by the magnetic

field of CVD.

Nucleation in the process of CNT growth in cases of the ordered Fe–Pt

nanoparticles is more stable and has principal advantages in relation to the CNT

controlled growth compared with the cases of any kind of anisotropic Fe–Pt

nanocatalysts [126].

The availability of substitutional disorder and anisotropy in Fe–Pt nanodrops

used for CNT CVD controlled growth is a negative factor for the production of

CNTs with predictable morphologies. There are some essential negative features of

disorder in Fe–Pt nanodrops for the CVD process:

1. C atoms chemical binding preferences (C–Fe bonds are stronger than C–

Pt ones).

2. A higher structural anisotropy leads to higher relaxation times of a nanodrop

structure [127].

3. Disordering effects in Fe–Pt lead to sporadic magnetization phenomena.

Thus, it is important to control the process of formation of nanodrop structures

corresponding to L10 (Fe–Pt) and L12 (Fe3Pt) systems with reliable magnetism and

adequate cooling rates, when relaxation processes in nanodrops are accomplished.

As it has already been mentioned, Fe–Pt nanoparticles containing a near-equal

atomic percentage of Fe and Pt are an important class of magnetic nanomaterials.

They are known to have a chemically disordered face-centred cubic ( fcc) structure
or a chemically ordered face-centred tetragonal ( fct) structure.

Fig. 7.23 Magnetically stimulated orientation of magnetic moments of atoms in model intercon-

nects during the CNT controlled growth with the expected chiralities under the directed magnetic

field B with the orientation angle ϕ¼ΘB: (a) armchair CNT, magnetic field B with the orientation

angle ΘB, where B is the magnetic induction and the chirality angle is ϕ¼ 0
�
; (b) chiral CNT

0<ϕ< 30
�
and (c) zigzag CNT,ϕ¼ 30

�
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7.6.12 Model of CVD CNT Growth with the Probabilistically
Predefined Morphology

Magnetically stimulated CNT CVD model formulation looks as follows (see

Figs. 7.22 and 7.23):

• Effective bonds are responsible for the future chirality of CNT in the CVD

processes.

• The permanent magnetic field provides the alignment of CVD growth.

• The binding with the Fe–Pt nanoparticle has a probabilistic character; the

probability of binding of C atoms with Fe atoms is preferable as compared to

Pt atoms.

• The composition of Fe–Pt atoms in a nanoparticle and the atomic structure

ordering are essential for chirality of the obtained CNTs.

• The diameter of the future CNT is correlated with the nanoparticle size.

• The direction of the magnetic field stabilizes the direction of CNT forest growth

and is a tool of the growth control.

• The ordering of a nanoparticle atomic structure, as well as a substitutional

disorder or arbitrary disorder of a nanoparticle, is responsible for the magnetic

state of the nanoparticle, which is essential for the possible future nanomemory

devices.

Even a very strong magnetic field is not able to suppress thermal fluctuations of

magnetic moments in carbon atoms. It is a different thing when carbon diamagnetic

atoms appear on the surface of a catalyst in the ferromagnetic condition where

magnetism induced by the external field can be very strong and is able to correct the

behaviour of carbon atoms by suppressing thermal fluctuations.

At the same time, the growth control over chiral and non-chiral nanotubes

essentially depends on stoichiometric composition of Fe–Pt nanoparticles. The

beginning of the nucleation process with the growth of nanotubes might be

connected with stochastic fluctuations of the magnetic moment in a carbon atom

relative to the direction of the local magnetic field in a nanoparticle. Distribution of

the fluctuation angle obeys the Gaussian law (see Fig. 7.24):

f θð Þ ¼ 1

σ
ffiffiffiffiffi
2π

p � exp � θ � θBð Þ2
2σ2

 !

, ð7:6Þ

where σ2 is the angular dispersion of thermal fluctuations of the magnetic moment

angle of a carbon atom. To evaluate this dispersion, the potential energy change of

the magnetic moment under the influence of the thermal energy should be evalu-

ated: μCB(1� cos θT)� kBTCVD, where μC is the induced magnetic moment of a

carbon atom μC¼ 1.25μB (see evaluations in [125], μB¼ 5.788 � 10�5 eV/T, B is the

magnetic induction of the catalyst surface,θT¼ θ� θB, TCVD- is the operating

temperature of the CVD process, kB¼ 8617 3324(78)�10�5 eV/K- is the Boltzmann

constant. Hence, 2 sin 2θT
2
� kBTCVD

μCB
. Taking into consideration one of the main

7.6 Simulation of Magnetically Stimulated CVD CNT Growth 243



problems of the nanotubes growth control – the chirality control – it is necessary to

seek for the small fluctuation angle θ. Then, σ2 ¼ θ2T ¼ 2kBTCVD

μCB
.

The condition of the small fluctuation angle (e.g.θ < 10
�
) at a certain tempera-

ture of the CVD process imposes limitations on the values of the demanded

magnetic induction B.
Taking into account the ratio between the chirality angle and the direction of the

magnetic field ϕ¼ θB, Fig. 7.24 displays the predictable scattering of chiralities for
nanotubes of approximately the same diameter.

We are also able to evaluate the necessary value of the magnetic field

B providing the expected chirality angles scattering, e.g. σ¼ 0.2(appr. 12
�
) leads

to the B evaluation for the CVD process temperature TCVD ¼ 700 �C asB ¼ 2kBTCVD

σ2μC

� 16755
σ2μC

� 57895 � 6 � 104 Tesla. For small angle dispersions σ2 ¼ θ2T ¼ 2kBTCVD

μCB
the high local magnetic field on the nanoparticle surface is necessary. The result

also strongly depends on the carbon atom magnetic momentμC.
Speaking about the possible errors in diameters of growing nanotubes, their

evaluation from beneath is defined by the minimal variations in parameters of the

chirality vector~c ¼ n;mð Þ Δn and Δm, which are equal 1.

Taking into consideration the formula for calculating the diameter of CNT:

-2 0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

s=0.2

s=3.0
s=2.0

s=1.0

s=0.5

(f,ytilibaborpfo
yti sned

f)

Expected chirality angle range f , degrees

Fig. 7.24 The predictable scattering of chiralities for nanotubes of approximately similar

diameters
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d ¼
ffiffiffi
3

p
a

π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2 þ mn

p
,

where a ¼ 0,142 nm is the distance between the neighbouring carbon atoms in the

graphite plane.

The relationship between chirality indices (n and m) and the angle ϕ is given by

the ratio:

sinϕ ¼ m
ffiffiffi
3

p

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2 þ mn

p : ð7:7Þ

Then the minimum relative error in the diameter of CNT is possible to define as:

εd ¼ Δd

d
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5m2 þ 5n2 þ 8mn

p

2 m2 þ n2 þ mnð Þ : ð7:8Þ

Particularly, in the case of armchair CNT (m¼ 0) εd �
ffiffiffi
5

p
=2n, and in the case of

zigzag CNT (m ¼ n), εd � 1= 2
ffiffiffi
2

p
n

� �
.

Thus, errors in the diameter of growing CNTs are incorporated in discrete

morphological properties. But these minimum estimates are only reinforced,

given the obvious errors in the size of catalyst nanoparticles are taken into

consideration.
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