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ABSTRACT
POLY-C TECHNOLOGIES FOR FIELD EMISSION ELECTROLUMINESCENCE
By

Ungsik Kim

Poly-crystalline diamond and carbon nanotube, with their unique
mechanical, thermal, chemical and electrical properties, are attractive
materials for field emission display applications. The research reported in
this thesis concerns the investigation of electron emission and electro-
luminescence during electron emission from diamond and carbon
nanotube.

Diamond and carbon nanotube emitters were fabricated under
various growth conditions using microwave plasma chemical vapor
deposition system. Methane concentration in hydrogen and extrinsic
doping of boron were used to vary the defect density in diamond films.

Various shapes of multi-wall carbon nanotubes with diameters ranging

from 20 - 400 nm and densities in the range of 108- 109 cm'2 were grown on

iron and nickel coated substrates.

The spatial mapping of electron emission over the sample surface
was achieved by computer controlled x-y-z stages with 1 um resolution in a
vacuum chamber. The mapping study revealed that secondary nucleation
on the diamond film surface which resulted in an increase of density of

grain boundaries played an important role in improving the electron



emission. Vertically aligned carbon nanotubes improved dramatically the
site density and uniformity of electron emission. Carbon nanotubes were
grown on a pointed metal tip with a radius of a few microns. It was
demonstrated that the tube on a tip could be used as single electron
source.

We have reported for the first time field emission electro-
luminescence (FEEL) from poly-crystalline diamond although light
emission during field emission from carbon nanotube was observed by
other researchers. The analysis of spectral data indicated that the defects
present in the film served as luminescent centers. The quantitative models
for FEEL and hysteresis behavior of emission current were discussed.
FEEL is potentially attractive for display devices without the need for

phosphor-coated screens.
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CHAPTER 1

RESEARCH MOTIVATION AND GOALS

1.1 Introduction

Devices based on microfabricated field emission sources were
proposed in the early 1960s [1]. The concept of molybdenum microtip
emitters was first developed by Spindt [2]. A variety of materials and
structures have been attempted thereafter to improve the performance of
the devices [3,4,5]. The development of a new generation of flat panel
displays can be regarded as a strong driving force for stimulating the
research effort in the field of carbon cold cathodes. Various forms of
carbon based materials, such as CVD diamond film, amorphous carbon,
graphite, and carbon nanotubes, are being studied concerning both
fundamental and applied purposes in flat panel displays, microwave tubes
and point electron guns [6,7,8,9,10,11]. The ideal emitter has a high carrier
concentration and high mobility that results in good electrical conductivity
to keep up stable emission and to enable high speed applications. A high
electric field breakdown strength is also important to avoid destruction by
arching. The thermal conductivity should be sufficient that the heat
generated by the high current densities can be quickly dissipated. The

emitter medium should be chemically inert to avoid an emission decay



during ion bombardment or surface diffusion on the cathode surface. The
resistance to chemical attacks would make it possible to use a lower
vacuum without running into emission deterioration. High tensile strength
and low vapor pressure minimize mechanical surface damage due to high
electric field forces, and emission noise.

Diamond and carbon nanotubes have proven themselves as
excellent candidates for the next generation of electron-emission devices
[12,13]). Parallel investigations of both the physics of emission and
attempts for devices have taken places [6,14). The original interest in
investigating emission properties of diamond stems from the fact that
certain orientations of diamond exhibit negative electron affinity [15,16].
This means that the vacuum level lies below the conduction band edge so
that electrons present in the conduction band can readily escape the
surface. The potential use of carbon nanotubes as a material for electron
emitter originates from the small diameter and elongated shape of the tube
that lead to a high geometrical field enhancement [17]. Another strong
point of carbon nanotube emitters is the relatively simple production in

large quantities [18,19].

1.2 Objective of This Work
The scope of the present work is to understand the electron
emissions of poly-diamond and carbon nanotubes and to gain a detailed

understanding of electro-luminescence during field emission.
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Figure 1.1 illustrates an overview of the present study. Infrastructure
technologies for diamond and carbon nanotubes are required to
successfully fabricate the emitter structures and related systems. The
deposition parameters, such as temperature, doping, gas mixture ratio and
pre/post-growth treatment, influence the film morphology and defect
contents. Although nanotube geometric structures appear to be ideally
suited as field emission, the orientation and density of the tubes are critical
for emission properties. The electron emission characteristics with respect
to the density of nanotubes were reported [20]. The low density nanotube
film showed inhomogeneous emission with very few sites emitting a low
current. A much more homogeneous emission image was obtained for a
medium density film. A very dense film yielded a result similar to the low
density film. The length of the tubes and the distance between neighboring
emitters are important to reach a high field enhancement along with an
emitter density that is high enough to ensure homogeneous emission at
low fields. To best utilize the characteristics of nanotubes for field
emission, the tubes should have highly oriented and well-distributed. The
electron emission from the surface of diamond and nanotubes is non-
uniform which arises from non-uniformity of emission sites. It is, however,
not clear whether this non-uniformity is related to variation of electron
affinity, surface roughness, defects or grain size for diamond films and
orientation, defects or non-uniform distribution of nanotubes. |-V

characteristics and spectral data are expected to be helpful for



understanding the field emission electro-luminescence mechanism. A
model that can be used to explain the observed field emission induced

electro-luminescence will be made.

The present research mainly focuses on the following issues:

(1) The development of fabrication techniques for diamond and

carbon nanotube field emitters.

(2) Characterization of field emission/mapping and electro-

luminescence properties from fabricated emitters.

(3) Qualitative explanation of field emission electro-luminescence.

1.3 Dissertation Organization

Chapter 2 presents a brief overview of the current technologies of
diamond and carbon nanotubes. Unique properties of diamond and
nanotubes are reviewed. It considers the various methods for synthesizing
nanotubes, including arc evaporation and catalytic growth. Field emission
studies from various types of diamond and nanotubes are summarized.
Defects in diamond investigated by Iluminescence techniques are
discussed. Luminescence researches on diamond and carbon nanotubes

are also given. In chapter 3, poly-C technologies used in this study are



outlined. The detail description of the film deposition system, MPCVD, is
given. Nucleation, patterning, doping, and characterization of diamond film
are investigated. Nanotube growth procedure and method of purifying
tubes are also covered. Chapter 4 focuses on the characterization of field
emission from diamond and carbon nanotube films as well as nanotubes
on a pointed metal tip. The computer controlled system is used to study a
spatial mapping of electron emission over the sample surface. In chapter 5,
experimental observations of electroluminescence during field emission
are described. The qualitative models for field emission
electroluminescence and hysteresis behavior of emission current are
proposed. Chapter 6 presents conclusions of this study and considers

possible future directions.



CHAPTER 2

DIAMOND AND CARBON NANOTUBES:

A REVIEW

2.1 Introduction

An overview of diamond and carbon nanotube films is presented.
The properties of the films are discussed. The fabrication of carbon
nanotubes (CNT) using different methods is described. Various types of
poly-diamond (poly-C) and CNT field emitters are summarized.

Luminescence studies are reported in detail.

2.2 A Review of Diamond

The unique electrical, chemical, thermal and mechanical properties
of poly-diamond as a field emitter are reported. Comprehensive field

emission and luminescence studies from diamond are discussed.

2.2.1 Properties of Diamond

Diamond is comprised of covalently bonded carbon atoms in a

diamond cubic crystal structure, shown in Figure 2-1(a).
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Figure 2-1: (a) Unit cell of diamond structure and
(b) band structure of diamond.



Table 2-1:

Properties of diamond.

Lattice constant

0.356725 nm

Atom density

1.77x 10" em™

2

Hardness 5700-10,400 kg/mm
Young’s modulus 10.5 x 1011 N/m2
Density 3.515 g/cm3
(e:)?::r:zlizrr‘\t of thermal 08 x 1 0-6 c
Thermal conductivity 20 W/em'K
Specific heat 6.195 J/K'mol
Melting point 4000 C
Refractive index 242

Band gap 5.45 eV
Resistivity (lla) >10'% oem
Dielectric constant 5.7

Hole mobility 1600 cm2/V's
Electron mobility 2000 cm2N's
\!,E;?g::ritt); saturated current 27 x 1 07 cm/s
Hole saturated current velocity | 1 x 107 cm/s
Electric breakdown field 1x 107 V/cm

Johnson figure of merit

73856 x 10°° W-Q/s>

Keyes figure of merit

444 x 102 W-C/cm's




The diamond lattice can be thought of as a face centered cubic (FCC)
structure with an extra atom placed at a/4 + b/4 + c/4 from each of the FCC
atoms with a, b, ¢ being the basis vectors of the lattice. Therefore, four

additional points within every unit cell are occupied by atoms resulting

from two interpenetrating FCC sublattices. In diamond covalent sp3-

bonding is found, which distinguishes it from other carbonaceous

structures with different hybridization. Diamond with its low dielectric

constant g, = 5.7 has a high electrical breakdown field strength of 107 Viecm

for undoped diamond, and a high electron saturation velocity at 2.7x107

cm/s which is favorable for high speed applications [21]. It is not very
reactive so that surface contaminations are of lesser concern. A thermal
conductivity of 20 W/cm'K enables a quick dissipation of heat induced by
high emission current [22]. In addition, diamond has a low coefficient of
thermal expansion at room temperature. In the [111] direction, electron
affinity is very small or even negative [15] whereas defect density and
stress are high. Diamond has an indirect band gap of 5.45 eV, as depicted
in Figure 2-1(b). Due to its large band gap, diamond is an insulator, in the

absence of dopants, at room temperature with a resistivity on the order of

>1014 Qcm [23]. The properties of diamond are summarized in Table 1.

2.2.2 Field Emission from Diamond

10



The wide bandgap of diamond produces interesting effect. The
conduction band approaches the vacuum level. The energy difference
between the vacuum level and conduction band is known as the electron
affinity, while the work function is the energy difference between the Fermi
level and the vacuum level. The work function of most metals is 4 eV to 5
eV. In diamond, there is some evidence that the conduction band may
exceed the vacuum level, yielding a negative electron affinity [15,24)].
Therefore, there is no potential barrier for the electron emission from the
conduction band. The electron emission current density is a function of not
only the barrier height, but also of the electron supply which in turn
depends on the electron concentration in the conduction band. Because of
the wide bandgap of diamond, to obtain significant electron emission one
needs to populate the conduction band by doping or by injection of
carriers from a metal contact. While p-type doing of diamond has been
demonstrated, effective n-type doping is still unsuccessful. Nitrogen is an
n-type dopant in diamond but its energy level is significantly below the
bottom of the conduction band. Consequently, the increase of
concentration of electrons due to the nitrogen doping is insignificant.
Exact mechanisms of the electron injection from the metal contacts, as well
as of the electron transport through the diamond film remain subjects of
theoretical modeling and discussions [12,25,26,27]. Diamond may promise

as a cold cathode electron source for use in flat panel displays [6,28].

11
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Theoretical considerations of electron emitters suggest that the desired
material would be one with a low work function. In addition to low
temperature emission, there are numerous benefits to an emission source
with a low work function. Emission sources often have a small radius of
curvature to enhance the electric field. The emission is sensitive to
changes in the radius of curvature, but a low work function device would
be less sensitive to geometrical effects. The turn-on voltage to initiate
electron emission is reduced in a low work function material and is more
abrupt. Therefore, voltage variations do not alter the emission current as
significantly as in higher work function emitters with a more gradual turn-
on. Another benefit of a low work function material is that the saturation
emission current is higher in low work function devices. Based on these
benefits, the low work function of diamond may make it ideally suited for
field emission applications.

Several structures have been investigated for electron emission from
diamond. A diamond junction device [29], homoepitaxial diamond [30],
amorphous diamond [31], nano-crystalline diamond [32,33,34,35], and
polycrystalline diamond [36,37,38] have been demonstrated. Field emission
was studied from diamond films implanted [39,40,41] or doped by boron
[42,43,44,45], nitrogen [46,47,48,49], or phosphorous [50,51]. Diamond was
used as a tip for electron emission and these tips were made into an array
[7,52]. Diamond was also used as a coating on Si [53,54,55,56] and metal

tips [57,58]. Patterned diamond was investigated for electron emission
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[59,60]. The resilience of diamond emission when exposed to oxygen at 10

2 Torr was demonstrated [61]. In addition to a negative or low work function,

field enhanced electron emission may be generated by the formation of a
diamond tip with a small radius of curvature [62]. Field emission from

various types of diamond is summarized in Table 2-2.

2.2.3 Luminescence from Diamond

The luminescence spectra observed when excited states relax is
beneficial in assessing the properties of diamond. Cathodo-luminescence,
where states are excited with an electron beam, is probably the most
commonly used luminescence technique. Photo-luminescence is
generated when the sample is exposed to photons and electro-
luminescence is investigated when the excitation caused by an applied
voltage is sufficient to generate light. The peak position and description for

several common defects in diamond are summarized in Table 2-3.

. Cathodo-luminescence (CL)

The wavelength of the emitted photon is related to the energy
difference of the transition that generated the light. Therefore, CL provides
information about the defect levels within a material. The CL spectrum
typically consists of sharp peaks and broad bands. The sharp peaks are
indicative of discrete transitions between energy levels whereas broad

bands indicate variable transition energies [72,73,74].
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Table 2-3: Luminescence spectra in diamond.

Peak Peak
position position Name Description Reference
(eV) (nm)

5.15 240.7 Boron related acceptors [85]

497 2494

4.65 266.6

4.582 270 Carbon interstitial [79]

3.188 388.8 Carbon interstitial and [78]
single nitrogen atom

2.85 435 Blue Broad band — dislocations [76]

band A

2.8 442 Growth induced [86]
dislocation

2.33 532 Doublet line — nitrogen [76]
related

2.355 526.3 Nitrogen-carbon [87]
interstitial complex

2.284 543

2.2 563 Green Broad band - thought to [76]

band A be related to boron

2.156 574.9 Single Nand V [77]

1.945 638 Vacancy [88]

1.9 652.4 Related to phosphorous [89]

1.682 737 Silicon [80]

1.673 741 GR1 Neutral vacancy [80]
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CL is a near-surface technique. Typical acceleration voltages are 10 to 50
keV and correspond to emission depths of 0.5 to 17.7 um. The CL spectrum
typically consists of broad bands and sharp zero phonon lines and their
sidebands. Two broad peaks are often observed and are referred to as
green and blue band A because they occur in the green and blue
wavelengths, respectively. The broad band was thought to be associated
with dislocations [75). A comparison of the CL spectra and x-ray
topographic images revealed a strong correlation of the 2.85 eV band to the
dislocation density. The 2.2 eV band was thought to be attributed to a
boron related center [76]. The sharp peaks were often associated with
impurity atoms or aggregates. Nitrogen containing defects generated
numerous CL peaks. The most common nitrogen peaks occurred at 2.156,
2.33, 2.807, and 3.188 eV. The 2.156 eV defect was thought to consist of
nitrogen and a vacancy [77]. Near 2.33 eV, a doublet line occurred which
was thought to be related to nitrogen [76]. Separate lines at 2.807 and 3.188
eV were thought to be caused by a single nitrogen atom and a carbon
interstitial [78). Another defect that was believed to be related to a carbon
interstitial occurred at 4.582 eV [79]. The 1.681 eV defect near neutral
vacancy defect was attributed to silicon [80]. The emission intensity of one
defect may vary with the concentration of other defects and the efficiency
of individual defects differs. Therefore, CL does not provide a quantitative

determination of the defect density.
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o Photo-luminescence (PL)

Laser light is often used for PL [81,82,83]. The luminescence occurs
from defects with lower energy than the incident photons. This feature
allows selective excitation of a defect by controlling the incident laser
energy. The intense beam can excite lower concentration of defects. The

PL spectra are similar to the CL spectra for most defects.

o Electro-luminescence (EL)

Although not as heavily investigated, EL generated by an applied
voltage is also used to characterize diamond. Yellow-green luminescence
was observed for Schottky barrier point contact probed at 300 C to 750 C
[84]. EL from Schottky diode of boron-doped poly-diamond was observed
[75]. Figure 2-2 shows EL spectra of the lightly doped and heavily doped
diamond films, respectively. EL was observable when the forward bias
across the diode exceeded 25 V or the reverse bias exceeded 20 V. The EL
spectra were similar in forward and reverse biases. The luminescent center
of EL was equal to that of CL.

Blue-green EL from free-standing diamond has been observed [90].

The In203 transparent conductor and conducting epoxy were used for the

front and back contacts on the 15 um thick free-standing diamond. EL was
observed with the unaided eyes from the individual 5-10 um grains of the

diamond film. The peak position of EL occurred at 485 nm.
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Figure 2-2: EL and CL spectra of boron-doped poly-diamond.
(a) B/C = 200ppm. (b) B/C = 1000ppm.
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Figure 2-3: (i) Schematic diagram of experimental
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spectra at different voltages.
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It was proposed that the recombination of donor-acceptor pairs was
responsible for the emission of the observed light. The donor was believed
to be nitrogen and the acceptor was probably boron. Nitrogen
contamination was likely from the wall of the reactor or from the relatively
poor vacuum during deposition. The trace of boron was likely to have been
carried over from deposition to deposition.

Blue-violet EL from 400 um thick free-standing diamond has been
reported [91]. The electrical contacts were provided by Ti/Pt/Au. The EL
was observed at voltages above 800 V which was a field of 2 V/um. Figure
2-3 shows schematics of experimental setup and EL spectra at different
voltages. The main luminescence band was centered at 3.0 eV. Additional
peaks at about 3.65 and 3.85 eV appeared at voltages above 1850 V. The
subgap photocurrent spectrum in the photon energy range from 1.7 to 5.0
eV revealed that there was a 3.0 eV transition of electrons or holes between

the conduction or valence band and the gap states.

2.3 A Review of Carbon Nanotubes

In this chapter, properties and fabrication methods of carbon
nanotubes are discussed. Electron emission research works from a variety
of nanotubes are summarized. A discussion is given of luminescence from

nanotubes.

2.3.1 Property of Carbon Nanotubes
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A carbon nanotube is a graphene sheet, a simple planar assembly of
carbon atoms disposed in a honeycomb lattice, rolled into a cylinder. The
primary classification of a carbon nanotube consists of either one
cylindrical graphene sheet (single-wall nanotube, SWNT) or of several
nested cylinders with an interlayer spacing of 0.34 — 0.36 nm (multi-wall
carbon nanotube, MWNT). The nanotube diameter varies from ~1 nm (for
SWNTs) to 400 nm (for MWNTSs) and its lengths are usually well over 1 um.
Ohe of the most significant quantum properties of carbon nanotube is its
electronic structure which depends only on its geometry. The helical
geometry of the honeycomb lattice is called chirality of SWNT which is
unique to solid state physics [92]. The electronic structure of SWNT is
either metallic or semiconducting, depending on tube diameter and chiral
angle and does not require any doping. The diameter and chirality is

determined by a chiral vector,
Ch=na +mb = (n,m) (2.1)

where a and b are the unit vectors of graphene sheet as shown in Figure 2-
4. The chiral vector specifies the equator of SWNT. Any other geometry and
properties are defined by the two indices (n,m). Only armchair (n,n) and
zigzag (n,0) nanotubes have a mirror symmetry and that the other (n,m)
nanotube has a chiral symmetry. Metallic conduction occurs when

n—-m=3q (2.2)

where n and m are the integers which specify the tube’s structure and q is

an integer [93,94,95].
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notube.

Figure 2-4: Construction of the unit cell for (2,3) na
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Figure 2-5: Raman Spectra of (a) highly oriented pyrolytic
graphite, (b) inner core of the cathodic deposit,
(c) outer shell of the cathodic deposit, and (d)

glassy carbon.
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All armchair tubes and one out of three zigzag and chiral tubes are metallic.
The band structure of the nanotube shows a gap leading to
semiconducting behavior, with a bandgap that scales approximately with

the inverse of the tube radius.

Resistivity measurements on MWNT showed wide variations (5x10'6

- 0.8 Qcm). Since samples of MWNT are known to be structurally
heterogeneous, these results provide clear evidence that the electronic
properties of carbon nanotubes can vary greatly according to their
structure [18,96,97,98]. Raw cathodic soot had a resistivity of
approximately 0.01 Qcm [18]. The catalytically grown straight tubes of 8.5
nm and 13.9 nm in diameter had resistivity of 0.00195 and 0.00078 Qcm,
respectively [97]. Nanotubes were annealed at 2850 C before carrying out
electrical measurements. Four metal leads were deposited with 1 um of
distance between contacts to enable four-probe measurements. The
resistivity values were in the range of 0.0000051 and 0.8 Qcm. A slight
increase in resistivity was observed with decreasing temperature [98]. The
resistivities of bundles of SWNTs were measured in the range of 0.000034
and 0.0001 Qcm using MWNTSs as voltage probes [99]. The resistivity of the
bundles increased with the temperature above 200 K.

Figure 2-5 shows the Raman spectra of material from nanotubes and
nanoparticles taken from the core of the cathode, with those from the outer

shell of the cathodic deposit produced by arc evaporation process, and

27



with the spectra of highly oriented pyrolytic graphite and of glassy carbon

[100,101]. The strong peak which occurs in the region of 1580 cm'1 can be

assigned to Raman vibrations of graphite, while the band at around 1350
cm'1 can be attributed to disorder. However, the spectra do not give

detailed information about nanotube structure since the core deposit
contains nanotubes with a variety of different sizes and structures. There is
little difference between Raman spectra from purified and unpurified
nanotube samples [102].

The theoretical work predicted the Young’'s modulus for nanotubes
close to that for a graphene sheet (1060 GPa) [103,104,105]. The
quantitative measurements of the mechanical properties of nanotubes were
carried out in the transmission electron microscopy (TEM) and atomic
force microscopy (AFM). The Young’s modulus ranged from 400 GPa to
4100 GPa [106,107,108,109]. Clusters of nanotubes were deposited on TEM
grids such that isolated tubes were extended for a considerable distance
into empty space. The Young’'s modulus was estimated from 410 to 4150
GPa, with an average of 1800 GPa. The large spread in values resulted from
uncertainties in estimating the lengths of the anchored tubes, and from the
presence of defects in the tube structures [106]). Scanning probe
microscopy enabled individual tubes to be manipulated directly. One end
of the tube was fixed, and then the bending force of the tube was
determined as a function of displacement. A linear curve for lateral force

versus displacement was observed from MWNTs. The results implied a
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value of ~1.28 TPa for the Young's modulus [110]. Carbon nanotubes were
subjected to large bending stresses using atomic force microscopy. The
tubes were not fixed at one end, but were supported on mica. It was found
that the tubes can be bent repeatedly through large angles without

fracturing [111].

2.3.2 Fabrication of Carbon Nanotubes

A description of arc evaporation method of nanotube synthesis is
given. This is a classic method of preparing MWNTs, and produces good
quality tubes. Carbon vapor condensation, pyrolysis, and electrochemical
methods are summarized. Catalytic method for producing MWNTs is

discussed.

. Arc evaporation

The arc discharge technique [112] has been in use for the production
of carbon fibers as depicted in Figure 2-6. The graphite electrodes are held
a short distance apart during arching. Some of the carbon which
evaporated from the anode re-condensed as a hard cylindrical deposit on
the cathodic rod. The deposit on the cathode contains both nanotubes and
nano-particles. A number of factors have been shown to be important in
producing a good yield of high quality nanotubes. The most important is

the pressure of the helium in the evaporation chamber [18].
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Figure 2-6: Schematic diagram of arc discharge.
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Figure 2-7: Schematic diagram of laser ablation.
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Figure 2-8: Schematic diagram of catalytic growth.
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Another important factor is the current flowing through the two electrodes.
The current is usually in the range of 50 — 100 A. Too high a current will
result in a hard, sintered material with few free nanotubes. The current
should be kept as low as possible, consistent with maintaining a stable
plasma [113,114]. Efficient cooling of electrodes and the chamber has been
shown to be essential in producing good quality nanotube samples and
avoiding excessive sintering [115]. lijima et al. and Bethune et al. reported
that an arc discharge with a cathode containing metal catalysts (such as
cobalt, iron or nickel) mixed to graphite powder resulted in a deposit
containing SWNTSs [17,116]. The yield of the method has been significantly
increased by optimizing the catalyst mixture and the deposition conditions

[19,117].

° Carbon vapor condensation
Another method to grow nanotubes using condensation of carbon

vapor was demonstrated. An electron beam was used to evaporate graphite

in a high vacuum (10'6 Torr), and collected the material which condensed

on quartz [118]. Carbon vapor was produced by resistively heating a

carbon foil, and the vapor was condensed onto highly oriented pyrolytic

graphite, under a vacuum of 10'8 Torr [119]. The synthesis can be carried

out in a horizontal flow tube under a flow of inert gas. The flow tube was
heated to ~1200 C by a tube furnace as displayed in Figure 2-7. Laser

pulses entered the tube and struck a target consisting of a mixture of
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graphite and a metal catalyst such as Co or Ni. SWNTs condensed from the
laser vaporization and were deposited on a collector outside the furnace

zone [120].

o Pyrolysis

MWNTs can be produced by the pyrolysis of benzene in the presence
of hydrogen. Benzene vapor and hydrogen were introduced into a ceramic
reaction tube in which a graphite rod was positioned to act as a substrate.
Microscope examination showed the presence of MWNTs similar in
structure and quality to those produced by arc-evaporation, although the

yield appeared to be low [121].

. Electrochemical synthesis

An electrochemical synthesis of MWNTSs involved the electrolysis of
moilten lithium chloride using a graphite cell in which the anode was a
graphite crucible and the cathode was a graphite rod. The cathode was
immersed in the melt. A current was passed through the cell and then
water was added to dissolve the lithium chloride and reacted with the
lithium metal. Toluene was added to the aqueous suspension. The solid
material resulted through the treatment contain large numbers of rather
imperfect MWNTs. Both tubes and nanoparticles contained encapsulated

lithium chloride or oxide [122].

34



. Catalytic growth

The catalytic growth of nanotubes is based on the decomposition of
a hydrocarbon gas over a transition metal to grow nanotubes in a chemical
vapor deposition (CVD) reactor, as in Figure 2-8. In general, the catalytic
growth yields nanotubes of larger diameter as compared to the arc
discharge, along with a crystalline structure that is not perfectly
graphitized. The ends of the tubes are mostly open. For the production of
MWNTs acetylene is usually used as source of carbon atoms at
temperatures typically between 600 and 800 C. To grow SWNTs the
temperature has to be significantly higher (900 — 1200 C) due to the fact
that they have a higher energy of formation. Yield and average diameter of
tubes were varied by controlling the process parameters [123]. The type of
catalyst was found to control the formation of individual bundled tubes
[124]. The catalytic method is ideally suited to grow films of nanotubes on

planar substrates.

2.3.3 Field Emission from Carbon Nanotubes

Carbon nanotubes have attracted considerable attention as electron
sources. Their high conductivity, sharp tip and long, narrow shape make
useful field emitters, and some promising results have been achieved. The
intrinsic structural and chemical properties of the individual tube play a
role. The field emission behaviors for SWNTs [125,126,127] and MWNTs

[13,128,129] were studied.
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Differences in field emission were found depending on the geometry [8],
fabrication methods [9,130], and surface treatment [131] as well as between
closed and open tubes [8]. The density and orientation of the tubes on the film
influenced also the emission [8,129]. Field emission was investigated on
patterned films with different densities [132]). The low density film showed a
rather inhomogeneous emission pattern with very few sites emitting. A much
more homogeneous emission with a large number of emission sites was
obtained for a medium density. A film of high density yields a result similar to the
low density film. In addition to the work on arrays of nanotubes, field emission
was carried out on an individual tube [8,133]. This enabled to determine the field
emission characteristics of an individual tube. It was found that field emission
was dramatically enhanced when the tube was opened by laser vaporization or
oxidation [134]. A flat panel display was demonstrated employing a nanotube-
epoxy composite as the source [135]. A summary of field emission from different

types of nanotubes is given in Table 2-4.

2.3.4 Luminescence from Carbon Nanotubes

Rinzler et al. detected a very faint luminescence at the tip of individual
opened nanotube [134]. Individual nanotube was attached to graphite fiber

electrodes. The tip of tube was opened either by laser heating in high vacuum to

near sublimation temperature (~3000 C) or by exposure to several militorr of O2

while laser-heating the tip to 1000 to 1500 C. The field emission ranged from 0.5

to 1.5 pA at —-100 to —-110 V bias with 1 mm separation. The nanotube
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incandesced dimly at the tip. The structures responsible for the incandescence
were individual linear carbon chains that had pulled out from the open edges of
the graphene sheets of the nanotube as shown in Figure 2-9. The dim
incandescence was due to the carbon chains heated by the emission current.
The tube was biased substantially above —110 V and field emitting more than 2
MA suffered catastrophic burm-back events. This produced a single bright streak.
The incandescent flash that illuminated the side of the nanotube was caused by
resistive heating of the outermost layer unraveling down the side of the tube.
Bonard et al. observed light emission during electron field emission on SWNT
and MWNT films [155]. The light was emitted from the vicinity of the apex of the
tip. The light intensity was increased with emitted current. Luminescence was not
homogenous on the emitting surface as the intensity variations were detected.
Figure 2-10 showed the spectra acquired at different emitted currents. The peak
intensity and widths were varying between 1.73 and 1.83 eV and between 0.3
and 1 eV, respectively. For SWNT films, light was emitted at higher energies as
compared with MWNTSs, but their behavior was comparable to those of MWNTSs.
Theoretical calculations showed that the local density of states at the tip
presented sharp localized states with well-defined energy bands. It was thus
suggested that the luminescence was due to electronic transitions between

energy levels at the tip that are participating in the field emission.
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Figure 2-9: Model of the tip of a multiwalled nanotube.
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Figure 2-10: Luminescence spectra. (a) Variation of emitted current
for MWNT. (b) Different MWNTSs with different emitted
currents.
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CHAPTER 3

POLY-C TECHNOLOGY

3.1 Introduction

The fundamental technologies such as nucleation, patterning,
deposition, doping, post-growth treatment, and characterization used in the

study are discussed, as shown in Figure 3-1.

3.2 Fabrication System

Both poly-diamond and carbon nanotube films were synthesized
using microwave plasma chemical vapor deposition (Model MPDR 313EHP,
Wavemat, Inc.) with 2.45 GHz microwave generator up to 6 kilowatts. The
schematic diagram is shown in Figure 3-2. The main parts of the system
consist of;

(1)  Cylindrical microwave cavity

(2) Process chamber

(3)  Substrate holder

(4) Pressure

(5) Microwave source unit

(6) Gas supply unit
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(1)  Microwave cavity
The side view of the microwave cavity, the base plate, the substrate
holder and the deposition chamber is shown in Figure 3-3. The diameter of

the aluminum cylindrical microwave cavity was fixed at 17.78 cm and its

height defined by Ls in Figure 3-3 was changeable to tune the microwave

cavity. The cylindrical quartz dome inside the microwave cavity had
dimensions of 5 inch diameter and 3.5 inch height. The microwave cavity
was essentially a termination to the microwave transmission waveguide.
The intensified microwave energy produced the plasma of the feed gases

in a quartz dome inside the cavity. The cavity was designed to operate in

the electromagnetic mode designated TMg13. This mode was found to

provide optimum film deposition uniformity. The resonant condition of the
cavity was mainly determined by the position of the cavity short and the
microwave coupling probe. The short was the electrical top of the cavity

and determined the overall length of the cavity, which in turn controlled the

operating mode of the cavity. The position of the probe, defined by Lp in

Figure 3-3, determined the electromagnetic fields near the cavity wall and
hence the coupling of the energy into the cavity. By tuning the positions of
the short and probe, the impedance of the plasma discharge/microwave
cavity was matched to that of the transmission waveguide, producing a
resonant condition. A well tuned cavity would show little or no reflected

microwave power.
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Figure 3-2: Schematic diagram of MPCVD system.
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Figure 3-3: The side view of the microwave cavity, the baseplate,
and the deposition chamber of the system.
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The power supplied to the cavity should be increased to the desired power
level only after the cavity operation in the desired mode has been verified.
Water was used to cool the cavity walls, sliding short, coupling probe, and
base plate. The jet pump (Model 9K862A, Dayton motors) was used to
increase the inlet pressure. The thermocouples (Type K, Omega
Engineering, Inc.) were used to monitor the temperature of the microwave

cavity, base plate, quartz dome, short, and probe.

(2) Process chamber

The process reactor consisted of a 17 inch high, 18 inch O.D.
stainless steel chamber. The sample can be loaded and unloaded through a
10 inch front door. The sample stage attached to the base plate by sliding
through two guiding rods. Cooling water of the sample stage, vacuum
gauges, and electrical feedthrough were assembled through 2.75 inch Del-

Seal ports.

(3) Substrate Holder

Graphite or molybdenum was used as a substrate holder and
accommodates 4 inch substrate. The substrate holder had active cooling,
so the temperature of the substrate was decreasing with cooling. The
substrate temperature was observed by the infrared thermometer (Model

083707, Omega Engineering, Inc.).
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(4) Pressure

Three capacitance manometers (Type 622A, MKS Instruments, Inc.)
were used to measure the pressure in the chamber. The pressure controller
(Type 651, MKS Instruments, Inc.) read the pressure transducer and
controls the throttle valve (Type 653, MKS Instruments, Inc.) to achieve the

desired deposition pressure. A base pressure of 10 mTorr was achieved

with the mechanical pump (Model SD-300, Varian Inc.). N2 was used to

purge and backfill the chamber.

(5) Microwave source unit

The microwave source unit consisted of a DC power supply (Model
GMP60KSM, Sairem), a microwave power controller (Model PIL408, Sairem)
and a magnetron (Model GMP60KSM, Sairem). A DC power supply drove a
magnetron source producing waves with frequency 2.45 GHz. The power
supply was able to deliver power between 0.6 to 6 kW. The microwave
power circulated from the magnetron source to the plasma, but diverted
the reflected power to the matched load where it was absorbed. Hence, the
magnetron head was protected against any reflected power on the

transmission line.

(6) Gas supply unit
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The reacting gases were ultra high pure grades (99.999% purity). The
gas supply unit consisted of four mass flow controllers (Type 1159B, MKS
Instruments, Inc.) and a flow readout unit (Model 247C, MKS Instruments,
Inc.) to control the flow of the processing gases. Source gases were mixed

before reaching the inlet on the baseplate.

3.3 CVD Diamond Technology

The fabrication of CVD diamond is categorized into nucleation,
patterning, and doping. The technologies used and developed for the study

are investigated in detail.

3.3.1 Nucleation

Diamond has been shown to nucleate on a wide variety of materials.
Due to the low nucleation density on non-diamond materials, the
substrates are treated to enhance the nucleation density. The commonly
used pre-treatment techniques are abrading [156,157], ultrasonic
nucleation [158,159], bias enhanced nucleation (BEN) [160,161], and
electrophoresis [162]. Diamond powder loaded fluids with different carrier
fluids, diamond particle sizes, and densities are used to enhance the
nucleation density for this study. The details of diamond particle loaded
fluids are summarized in Table 3-1. N10 and DW (DuPont industrial
diamond) are diamond particles dispersed in mainly water and suspending

agent.
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Table 3-1:

Details of diamond powder loaded fluid

N10 DW DPR
Carrier Fluid Water Water Photoresist
Mean Powder 10 nm 38 nm 100 nm

Size

Density 250 carats/liter 40 carats/liter 12 carats/liter
Nucleation 11 -2 10 -2 8 -2
Density ~10 "cm ~10 " cm ~10" cm
Application . Spray, spin or .

Method Brushing brushing Spin

51



Figure 3-4: Di d ! d by brush ing of N10.

52



Figure 3-5: DW spin coating; (a) spin/growth,
(b) splnlgrowthlspm/growth and

(c,d) spin/growth/spin/growth/:
The sample is spun at 2500 rpm for 20 sec,
followed by 5 min growth.
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DW coated Si structures.

Figure 3-6.



N10 and DW provided high nucleation densities resulting continuous film
in a short growth time. Although the nucleation density was high, diamond
film seeded by brush-coating of N10 exhibited diamond particle
constellations as shown in Figure 3-4. This may be due to the applying
method and the ultra high density of diamond particles in the fluid. DW was
spin-coated in order to reduce the agglomeration of particles. Figure 3-5(a)
shows diamond film after growth for 5 min at 800 C. No pinholes were
observed after the seeding and growth sequence was repeated three timés
as seen in Figures 3-5(c) and (d). DPR was prepared by suspending fine

diamond particles with a mean size of 0.1 um into photoresist [163]. The
uniform nucleation density of 108 cm'2 was achieved. The advantages of

DPR method include simplicity of application, compatibility with standard

IC fabrication process, and reproducibility.

3.3.2 Patterning

Various patterning techniques have been developed to fulfill the
need of desirable structures in microelectronics and microsensor
applications. Patterning of diamond is obtained through either selective
deposition or selective etching.
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