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ABSTRACT
Plasma enhanced chemical vapor deposition is a versatile technique to obtain vertically aligned carbon nanotubes
at lower temperatures than chemical vapor deposition. In this work, we used thermal evaporation technique to deposit Ni as
a catalyst on silicon substrate. After that, radio frequency (RF) assisted PECVD reactor was used to grow CNT’s. And we
report on the electron emission properties of carbon nanotubes grown by plasma-enhanced chemical vapor deposition
system. Electron emission has been observed at 65V.
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INTRODUCTION
Nanotechnology is the construction and use of functional structures designed from atomic or molecular scale with
at least one characteristic dimension in the nanometer range. Their size allows them to exhibit novel and significantly
improved physical, chemical, and biological properties because of their size. When characteristic structural features are
intermediate between isolated atoms and bulk materials in the range of about one to 100 nanometers, the objects often
display physical attributes substantially different from those displayed by either atoms or bulk materials. Nanotechnology
is going to change the world and the way we live, creating new scientific applications that are smaller, faster, stronger,
safer and more reliable. As impressive as nanotechnology might be, there are also potential disadvantages; potential mass
poisoning over a period of time or incredibly small particles that may very well cause eventual health problems in the
consumers that use them.

Figure 1(a): Schematic Diagram Showing how a Hexagonal Sheet of Graphite is Rolled to form a Carbon Nanotube

Figure 1(b): Illustrations of the Atomic Structure of an Armchair, a Zig-Zag and a Chiral Nanotube
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Carbon Nanotubes
Carbon nanotubes are built from sp2 carbon units and consist of honeycomb lattices and are a seamless structure.
They are tubular having a diameter of a few nanometers but lengths of many microns. MWCNTs are closed graphite
tubules rolled like a graphite sheet. Diameters usually range between 2 and 25nm and single-walled carbon nanotubes
(SWCNT) are made of a single seamlessly rolled graphite sheet with a typical diameter of about 1.4nm which is similar to
a buckyball (C60). They have a tendency to form in bundles which are parallel in contact and consist of tens to hundreds of
nanotubes. Depending on how the graphene walls of the nanotube are rolled together they can result in an armchair, zigzag
or chiral shapes (fig.1b). These groups are distinguished by their unit cells which are determined by the chiral vector given
by the equation: Ch= na1 + ma2 where a1 and a2 are unit vectors in the two-dimensional hexagonal lattice, and n and m are
integers as seen in fig.1a. Another important parameter is the chiral angle, which is the angle between Ch and a1. When n =
m and the chiral angle is 300 it is known as an armchair type. When m or n are zero and the chiral angle is equal to zero the
nanotube is known as zigzag. Chiral nanotubes are therefore when the chiral angles are between 00 and 300.
Properties
Carbon nanotubes (CNTs) are unique nanostructures which are known to have remarkable electronic and
mechanical properties. These characteristics have sparked great interest in their possible uses for nano-electronic and nanomechanical devices. CNTs have an elastic modulus of greater than 1 TPa (that of a diamond is 1.2 TPa) and strength 10–
100 times higher than the strongest steel at a fraction of the weight. They can conduct electric current carrying capacity
1000 times higher than copper wires. The nanotubes were found to have an extremely large breaking strain which
decreased with temperature. In the π-tight-binding model within the zone-folding scheme, one third of the nanotubes are
metallic and two thirds are semiconducting depending on their indices (n, m). On the other hand, carbon nanotubes that
arise during the production process may induce oxidative stress and prominent pulmonary inflammation. Studies
collectively show that regardless of the process by which CNTs were synthesized and the types and amounts of metals they
contained, CNTs were capable of producing inflammation, epithelioid granulomas (microscopic nodules), fibrosis, and
biochemical/toxicological changes in the lungs. The needle-like fiber shape of CNTs, similar to asbestos fibers, raises fears
that widespread use of carbon nanotubes may lead to mesothelioma, cancer of the lining of the lungs often caused by
exposure to asbestos. Although further research is required, results presented today clearly demonstrate that, under certain
conditions, especially those involving chronic exposure, carbon nanotubes can pose a serious risk to human health.
Therefore, their use has to assess the whole life cycle of the product and its proper disposal. Field emission relates to the
extraction of electrons from a solid material by tunneling through the surface potential barrier. The emitted current depends
directly on the local electric field at the emitting surface and on its work function. The Fowler–Nordheim model shows an
exponential dependence of the emitted current on the local electric field and the work function. Given that the emitted
current is strongly influenced by the emitter shape (geometric field enhancement) and by the chemical state of the surface,
the small diameter and elongated shape of nanotubes lead to a high geometrical field enhancement making them ideal
candidates for field emission applications such as displays or triodes.
Application
The unique properties of both the single-walled and multi-walled varieties of carbon nanotubes have led to several
studies in modern physics, resulting in applications in a wide variety of materials and devices. CNTs’ small size with larger
surface area, high sensitivity and fast response to gas molecules and good reversibility at room temperature enable them as
a gas molecule sensors, high electrical conductivity, and chemical stability make them good electron emitters, carbon
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nanotubes are also being considered for energy storage and production because of their small dimensions, a smooth surface
topology, and perfect surface specificity, they are also used in scanning probe tips or as a composite on airplane wings and
fuselages.

Production Methods
Three main production methods to prepare CNTs are as follows: (i) arc-discharge method; (ii) laser ablation
method; (iii) chemical vapour deposition method.
The carbon arc-discharge method is the first technique that was used to grow CNTs. The process is carried out in
a vacuum chamber with two carbon electrodes as carbon source. Inert gas (typically helium) is supplied to increase the
speed of carbon deposition. When high DC voltage is applied between the carbon anode and cathode, plasma of the inert
gas is generated to evaporate the carbon atoms. The ejected carbon atoms are then deposited on the negative electrode to
form CNTs. Both SWCNTs and MWCNTs can be grown by this method, while the growth of SWCNTs requires catalysts.
It is the principal method to produce high quality CNTs with nearly perfect structures.
In the laser ablation technique, a carbon target is ablated by intense laser pulses in a furnace in the presence of an
inert gas and a catalyst. CNTs are formed and collected on a cold substrate. Both the arc-discharge and laser-ablation
methods require high growth temperature, which is about 3000–40000C for the evaporation of carbon atoms from solid
carbon source.
In a CVD system, a gas hydrocarbon source (usually methane, acetylene or ethylene) flows into the reaction
chamber. The hydrocarbon molecules are broken into reactive species at the temperature range of 550–10000C. The
reactive species react in the presence of catalysts (usually metal particles such as Ni, Fe or Co) that are coated on the
substrate, leading to the formation of CNTs. Compared with the first two techniques; CNTs can be synthesized at relatively
low temperature using CVD method. Therefore, this technique is more efficient and allows scaling up the growth of
SWCNTs. By modification and calculated control of the growth parameters, vertically aligned MWCNTs growth can be
achieved by CVD technique. This enhances CNTs electronic properties in different applications. High-quality SWCNTs
can also be obtained by the optimization of the catalysts.

EXPERIMENTAL
Reactor Chamber
One of the design specifications was to make the chamber big enough to process four inch diameter wafers. This
required that the inside diameter of the chamber is at least ~4.5 inches to provide adequate clearance. To keep costs down,
a standard chamber was used rather than a custom design. A stainless steel Ultra High Vacuum (UHV) six-way cross with
eight-inch flanges (six inch inside diameter) was selected as the main reaction chamber. This design provides ample
interior space as well as isolation of the process from the laboratory environment. To heat the system during annealing and
PECVD, the heater is used. As vacuum plays an important role in evaporation and PECVD processes, 3 types of pumps are
used in the reactor. From atmospheric pressure to ~2 x 103 Pa or lower, rotatory pump is used, from ~2 x 103 to ~3 x 10-2
Pa Root pump and from ~3 x 10-2 to ~4 x 10-4 Pa Turbomolecular pump is used.
Thin Film Deposion
Nanometric transition metal particles Ni are indispensable to catalyze CNT growth when using PECVD methods.
That has been generally done by physical vapor deposition techniques. Anyhow, catalyst deposition is an auxiliary step in
PECVD grown CNTs. In thermal evaporation technique (Fig.2), thin films of Nickel metal is deposited on silicon
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substrate. First of all, the gadgets of the vacuum chamber were cleaned with acetone. A clean evaporation source –
molybdenum boat – was fixed in the filament holder inside the chamber. A Ni metal was kept in a molybdenum boat. The
substrates were cleaned first with acetone. Then they were put on the substrate stand and crystal monitor was placed near
it. The chamber was evacuated at a pressure better than 10-5 Torr by the combination of rotary and diffusion pump. When
10-6 Torr vacuum was attained in a vacuum chamber, the heater connected to the evaporation source was switched on
which in turn slowly heated the source (Ni) to temperatures greater than the melting point. This allowed the evaporation of
Ni material. The thickness of the deposited films and the rate of evaporation were obtained from the thickness monitor.

Figure 2: A Typical Evaporation System Consisting of an Evaporation Source to Vaporize the Desired
Material and a Substrate Located at an Appropriate Distance Facing the Evaporation Source. Both the
Source and the Substrate are Located in a Vacuum Chamber
Annealing
Annealing is a crucial step where prepared Ni layer is cracked into nanometric Ni-islands. These nanoislands will
be the origin of CNT growth and it is necessary to obtain a homogenous island dispersion on the wafer. In the present, Ni
layer was heated up to several temperatures between 400oC and 800oC and kept during 15 min. NH3 gas was used at 2
mbar and 20 sccm to keep a reducing atmosphere and avoid Ni oxidation.

Figure 3: Effect of Annealing Process on Catalyst Layer
Plasma Enhanced Chemical Vapor Deposion
Schematic diagram of the PECVD system used for the growth of the CNTs is shown in Fig.4. First, the deposited
samples which are post annealed at different temperature in vacuum and or different gas environments are placed onto a
heating plate in the center of the PECVD reactor, which is then pumped down to a low base pressure (~1mTorr) to
evacuate atmospheric gasses. Then the substrate is heated to a temperature shown to produce carbon nanotubes (450 to
700°C depending on process and chemistry). The carbon-containing and reacting gases are introduced into the chamber
through a network of mass flow controllers allowing to regulate the flow rate and gas composition of the mixture. A high
voltage applied to the electrode above the sample causes an ionization of the gases, resulting in plasma formation. The
energy from heating the substrate and from the high-voltage plasma causes decomposition of the gas into its components.
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The exact growth mechanism of CNT formation is not precisely known, however it is likely that carbon from the precursor
gas dissolves in the catalyst until it is supersaturated, at which point the carbon is precipitated out of the catalyst in the
form of a carbon nanotube.

Figure 4: Simplified PECVD Reactor Schematic
Table 1: PECVD Reaction Parameters (RF Plasma)
Precursor Gas*
Flow rate
Carbon Source**
Flow Rate
Purge pressure
Reaction Pressure
Plasma Power

NH3
10 sccm
C2H2 (acetylene)
10 sccm
0.2 mbar
1 mbar
5W

Reaction Temperature

7000C

Reaction Time

25min

Table 2: PECVD Reaction Diagram
Creating vacuum (0.2mbarr)
NH3(10sccm)+C2H2(1mbarr & 10sccm) were sent into
the reactor
Reaction was performed (25min & 1mbarr)
Plasma was obtained with RF (5W)
Sample let to cool down (1hr)
Field Electron Emission Measurements
To know the field electron emission properties of CNTs, an experiment has been performed in the home made
vacuum setup (Fig.5), which can go up to 10-6 mbar base pressure. There have parallel plate electrodes, and distance can be
varied during the electron emission of CNTs. The distance between the cathode and anode was fixed at 35 micrometers and
voltage was increased using high voltage regulated power supply.

Figure 5: Field Emission Measurement Setup
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RESULTS AND DISCUSSIONS
Structure Characterization
The samples were characterized by using Scanning Electron Microscopy. SEM micrographs have a characteristic
three-dimensional appearance and are useful for judging the surface structure of the sample. Fig.6.a shows the SEM image
of Ni layer after Annealing at 7000C and found the formation of nanoparticles due to effect of mismatch of surface energy
and different forces between the film and substrate.

Figure 6(a): SEM Image of Ni Layer after Annealing at 7000C
(This Image also Shows the Formation of Nano Particles)
And Fig.6.b. Is the Top view SEM image of vertically aligned CNTs after PECVD with RF-Plasma using a
mixture of NH3 (10sccm) and C2H2 (10sccm) at a Plasma power of 5W and Reaction temperature of 7000C. From this it is
clear that the growth of CNTs produced is tip-growth, where the nanotube lifts the catalyst from the substrate during the
growth, as the nanotube nucleates and grows below the catalyst.

Figure 6(b): Top View SEM Image of Vertically Aligned CNTs after PECVD with RF-Plasma
Field Emission Properties
Fig.7 shows the VI characteristics of PECVD-grown sample. From the graph, we can see that the current is
approximately zero till 65V and at 65V; the current suddenly increases to 0.0008A. Means the electron is emitted at a
voltage of 65V. This is the equivalent of ~2V/micrometer, it is minimum electric field which is required to emit electron
from the CNTs.
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Figure 7: VI Curve of PECVD-Grown Sample

CONCLUSIONS
Vertically aligned CNTs were synthesized using PECVD technique. From VI characteristics of PECVD grown
sample it was observed that the current is approximately zero till 65V and at 65V; the current suddenly increases to
0.0008A. This is the equivalent of ~2V/micrometer, it is minimum electric field which is required to emit electron from the
CNTs. Hence this system directly can apply in various futuristic electron emission applications.
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