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ABSTRACT

STUDIES OF CHEMICAL VAPOR DEPOSITION OF DIAMOND FILMS IN
CARBON/HYDROGEN AND CARBON/HYDROGEN/HALOGEN SYSTEMS

BY

JIANMIN BAI

Experiments employing molecular beams of atomic hydrogen and a
hydrocarbon precursor were carried out in an attempt to deposit diamond films
at the pressure of 104 torr. No diamond films were deposited using methane,
methyl iodide or di-tert-butyl peroxide as carbon sources. Only amorphous
carbon films were deposited under some circumstances.

By using a carbon-13 labeling technique, it was found that chloromethanes
contribute to diamond growth via a new growth precursor(s) in the form of
chlorocarbon radicals in additional to the methyl radical pathway in a hot
filament reactor. On the other hand, fluoromethanes, bromomethane and
iodomethane yield diamond through the methyl radical mechanism. It was
argued that the drastically different behaviors among halocarbons in diamond
CVD systems are attributable to the differences in their thermodynamic
properties and kinetic parameters of the reactions of halocarbons with atomic
hydrogen.

It was demonstrated that low temperature deposition of diamond films
can be achieved by either using chlorocarbons as carbon sources or adding HCl
to a methane/hydrogen system. The major function of HCI under diamond CVD
conditions is to generate chlorine atoms. These chlorine atoms in turn activate
the hydrogenated diamond surface via a more efficient pathway, i. e., chlorine

abstraction reaction of surface-adsorbed hydrogen atoms at low temperatures.



As a result, diamond films were deposited by using methyl chloride at substrate
temperatures as low as 300 °C.

Studies of the dependence of the growth rate on the substrate temperature
revealed the existence of two growth regions, i.e., the transport/diffusion-limited
regime at high temperatures and the surface-controlled regime at low
temperatures. The transition temperature was found to be around 730 °C and
570 °C for the CHy/Hj and CCly/Hj systems respectively.

It was also found that adding HCI to the CH4/H> deposition system
yielded an increase in growth rates of diamond films at low temperatures. This
phenomenon can be qualitatively explained by the Langmuir adsorption
isotherm model with a modification by incorporating the Eley-Rideal mechanism

for hydrogen abstraction.
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Chapter 1

Introduction

The diamond laid such a hold on me that I burst out with a large "O". The only one of us
who kept his senses was Mr. Godfrey. He said "Carbon, mere carbon, my good friend,
after all”. Wilkie Collins 1868 The Moonstone

For centuries, the human being has been fascinated not only by the
aesthetic beauty of diamonds, but also by their outstanding physical and chemical
properties. Efforts to synthesize diamond date back as early as the seventeenth
century. However, reproducible diamond synthesis was not achieved until 1955
when the General Electric Company announced the first realization of man-made
diamonds [1]. This was accomplished by converting graphite to diamond in the
presence of a transition metal catalyst at a temperature around 1500 °C and a
pressure exceeding 50 kilobars (50,000 atmospheres). The high-temperature/high
pressure (HTHP) processes were operated in a thermodynamically stable region
for diamond. At the same time, there were parallel efforts to deposit diamond
films from the vapor phase under low pressures, where diamond is
thermodynamically unstable relative to graphite. In the last decade, there has
been a resurgence of interest in the metastable synthesis of diamond by chemical
vapor deposition (CVD) methods. Significant progress has been made, and there
is still more to come. In this thesis, the roles of various halogens in facilitating
diamond synthesis will be discussed in depth. It is felt that a historical
background of diamond synthesis and the properties and potential applications of
diamond films should be covered first. A detailed description of the present work

will follow.



1. Early attempts at diamond syntheses

Since about 1797, when Tennant first established experimentally that
diamond is a crystalline form of carbon, there have been many hypotheses on the
formation of diamond and numerous attempts to synthesize it in the laboratory.
In 1880 Hannay reported an extensive series of experiments in which he sealed
mixtures of hydrocarbons, bone oil, and lithium in strong wrought-iron tubes and
heated them to red-heat for several hours in a furnace [2]. Most of the tubes
exploded, but a few survived. The carbonaceous residue in the few remaining
tubes contained some crystals that had the properties of diamond. The crystals
were submitted to the British Museum in Kensington, London, and by modern
tests are indeed diamond. A controversy has existed for many decades regarding
the authenticity of these diamonds and the integrity of Hannay. No one since has
succeeded in reproducing this process.

In 1894 Moissan described his experiments on diamond syntheses [3].
Carbon was dissolved in molten iron to saturation at very high temperatures in
carbon crucibles, which were heated in an electric furnace. The viscous fluid melt
was then quenched by pouring it into coolant liquids. After the iron drops had
been dissolved in an acid, it was found that some of the residue consisted of tiny
refractory crystals that had some diamond-like properties. Many experimentalists
in later years have tried hard to reproduce this process, and their results are
reported to be highly variable. As more sophisticated methods of identification
became available, the negative results obtained caused the most reliable
investigators to believe that the Moissan process did not yield diamond, at least

not reproducibly [4].
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Parsons, an accomplished engineer of steam-turbine fame, also
experimented with diamond synthesis for several years. He tried all the reported
methods and many more ingenious ones of his own. At one time he believed that
he had succeeded with the Moissan method, but later, in 1920, using better
identification tests he concluded that he, as well as the others, had never achieved
a successful synthesis of diamond [5].

At about the same time, Hershey and his students at MacPherson College,
Kansas, carried out many large scale Moissan-type experiments that yielded some
crystals larger than those reported by Moissan [6]. Most of these crystals were
later found to be glass or glasslike particles. But there was a fairly large crystal
that was proven by modern techniques to be diamond. However, there are still
debates concerning whether the diamond is natural or synthetic.

In 1943 Gunther, Geselle, and Rebenticsh reported a series of diamond
synthesis experiments carried out with typical German thoroughness and care [7].
The experiments included more than 70 of the Moissan-type in which the
quenching was done under rather high pressure in a quick-acting press. None of
the crystals and particles were found to be diamond. They also tried direct
transformation of graphite to diamond by electrically heating disks of graphite to
white-hot temperatures and suddenly stamping them to pressures believed to be
over 100,000 atm with a trigger-action gas-driven press. They were unable to
detect any diamond. Bridgman experimented with similar synthesis in 1947, and
obtained the same negative results [8].

In December, 1954, the breakthrough finally came. Bundy, Hall, Strong,
and Wentorf utilized a high temperature and high pressure process with the aid
of molten metal solvent catalysts, and successfully synthesized diamond from

graphite, marking the beginning of a new era of diamond synthesis. In 1960,
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Liander and Lundblad of Allemanna Svenska Elektriska A.B. (ASEA) in Sweden
announced their successful synthesis of diamond at very high pressure and
temperature using mixture of metal carbides and graphite [9]. They claimed their
first successful synthesis was as early as 1953, but just not publicly declared.
Nowadays, the HTHP process of diamond synthesis has matured to
become a routine manufacturing procedure, in which growth of 1 mm sized
diamond particles can be easily achieved. Presently, about 90 percent of
industrial diamond abrasives are synthesized by this method. In terms of size,
shape, and toughness, this process provides a reproducibility and tailorability not
found in natural materials. Commercial synthetic diamond materials are made
and sold primarily by General Electric (GE) Company in the USA; by DeBeers in
South Africa; by Sumitomo in Japan; and by several factories in the former Soviet

Union.

2. Carbon and its phase diagram

It is well known that carbon exists primarily in the form of graphite and
diamond (even though it also has more than ten other allotropes). As opposed to
graphite which is soft, a good electrical conductor, and a poor thermal conductor
along the direction normal to its basal plane, diamond is the hardest material
known, a wide bandgap semiconductor, and the best thermal conductor known at
room temperatures. Table 1-1 summarizes some properties of diamond and
graphite [10-12]. These striking differences are due to their bonding and
structural characteristics. Figure 1-1 illustrates the differences in the atomic
arrangement and the crystal structure in diamond and graphite lattices. In

diamond, all the carbon atoms are sp3 hybridized and tetrahedrally coordinated.



Table 1-1

Some Properties of Diamond and Graphite




Properties
Molecular weight
Bonding

Melting Point( °C)
Boiling Point( °C)
Density (g/cm3)
Crystal Structure

Hardness

Young's Modulus
(kg/cm?)

Index of Refraction
Dispersion

Electrical Resistivity
(LQ cm)

Thermal Conductivity

(W/mK@25°C)

Coefficient of Friction

Color

Heat of Formation

(kJ/mol)

Diamond

12.01

sp3

ca. 3700

ca. 4800

3.52

Face centered cubic
8000 (Knoops)

10 (Mohs)

1.7 x 108

24175

0.044

Type IIb: 1011-1013
Type I and Ila: >1026
Type I 990

Type Ila: 2320

Type IIb: 1360

0.05

(diamond on diamond)
Transparent
(without impurity)
1.850

Graphite

12.01

sp2

ca. 3500

ca. 4800

225

Hexagonal close packed
<10 (Knoops)

0.5-1 (Mohs)

5.0 x 104

Opaque

Opaque

1375

1.59

0.1

(graphite on graphite)

Black

0 (by definition)




Figure 1-1

Schematic of the Crystal Structures of (a) Diamond and (b) Graphite
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On the other hand, all the carbon atoms in graphite are sp2? hybridized and
trigonally coordinated.

Long before diamond synthesis was realized, there had been some carbon
phase diagrams totally or partially based on thermodynamics. In 1955 Berman
and Simon, based on available thermodynamic data, pointed out that the straight
line dissecting graphite and diamond in the phase diagram should extrapolate to
higher temperature and pressure, with a slope of about 0.027 kbar/K. This is
known as the Berman-Simon extrapolation line, proved later by experiments to be
valid. After diamond synthesis was achieved, it was possible to experimentally
construct a phase diagram for carbon. Such a diagram is depicted in Figure 1-2
[13-14]. As seen in the phase diagram, graphite is thermodynamically more stable
than diamond under ambient conditions. However, this thermodynamic stability
of graphite relative to diamond should nct be over-emphasized, since the
difference in the standard free energies of formation is only 0.5 kcal/mol. It is
due to this extremely small difference in energetics that the synthesis of diamond
either from graphite or from the vapor phase becomes possible. Additionally, the
rate of conversion of diamond to graphite at room temperatures is negligibly

slow.

3. HTHP synthesis of diamond

In general, HTHP processes include four methods:
1. Metal solvent-catalyst process (or static, indirect process)
2. Thermal gradient method
3. Direct transformation of graphite

4. Shock wave techniques



Figure 1-2

Carbon Phase Diagram
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The metal solvent-catalyst process was employed by Hall, Bundy and
coworkers at GE to achieve the first synthesis of diamond, and still is by far the
preferred technique in the diamond-making industry. It involves the use of
molten metals of Group VIII of the periodic table, such as iron, nickel, cobalt,
platinum, and palladium, as well as manganese, chromium, and tantalum [15].
The function of the molten metal is to serve as a carbon solvent, which facilitates
the formation of diamond in its thermodynamically stable region. Another
beneficial effect of the molten metal is to lower the temperature necessary for
diamond formation. The famous apparatus responsible for the first synthesis of
diamond is the belt-type press designed by Hall [16]. It allows simultaneous
attainment of high temperature and high pressure. The belt consists of a central
die, generally of cemented tungsten carbide, surrounded by a series of "belted"
steel rings to keep the carbide in compression. Two symmetrically opposed
tapered anvils are pressed toward the die hydraulically and are separated from a
carbide-carbide contact by a set of gaskets made from pyrophyllite or soapstone-
like materials. This apparatus is capable of reaching 60 to 70 kbar when properly
operated. Resistive heating is usually used to obtain high temperatures.

The molten metal solvent-catalyst method can be made to yield diamond
crystals up to about 1 mm in size by very careful control of the temperature and
pressure so as to keep the system close to the equilibrium line, where slow growth
occurs. To grow large crystals, a modified metal-solvent catalyst process called
the thermal gradient method was developed. This method employed diamond
grit as the carbon source instead of graphite [17]. The driving force for
recrystallization comes from a composition difference that is maintained by a
temperature gradient between the hot source (ca. 1720 K) and a slightly cooler

crystal-growing region (ca. 1670 K). Using this technique, colorless, blue (B-
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doped), and yellow (N-doped) diamond crystals of gem quality were grown as
large as 6 mm in length with a weight of 1.3 carats. However, the costs to grow
such crystals are rather high; hence, this process does not compete economically
with digging natural diamond out of the ground.

In spite of the small free energy difference between graphite and diamond,
the activation energy involved in the direct conversion from graphite to diamond
is thought to be at least 60 kcal/mol, and possibly as high as 175 kcal/mol [18].
Therefore, direct conversion without a molten metal catalyst requires much
higher temperatures and pressures. After modifying the belt-type press, Bundy
was able to convert graphite directly to diamond at temperatures ca. 3300 K and
pressures over 140 kbar [19]. When larger and more perfect crystals are desired,
the graphite-to-diamond method is usually unsatisfactory.

In 1961 DeCarli of the Stanford Research Institute and Jamieson from the
University of Chicago demonstrated shock wave synthesis of diamond particles
[20]. In their experiments, they used dynamite to create a shock wave, and shock-
compressed polycrystalline medium-density graphite to about 300 kbar and 1500
K (rough estimates), and found a few percent of cubic diamond of very fine
crystallite sizes. This technique was industrialized by Du Pont to make fine

diamond grit, and is still in use today.

4. History of CVD diamond syntheses

Chemical vapor deposition (CVD) is a process whereby gaseous molecules
react in some manner to leave behind a solid film on a substrate. CVD processes
can be used to deposit a wide range of conducting, semiconducting, and

insulating materials necessary for the fabrication of integrated circuits and
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protective coatings. The methods can be classified by their operating pressures as
Atmospheric Pressure CVD (APCVD) and Low Pressure CVD (LPCVD); or by
their activation methods as Thermal CVD, Plasma-Assisted CVD (PACVD), and
Photo-Assisted CVD, etc.

Chemical vapor deposition of diamond films typically involves mixing
hydrogen gas with a small amount of methane (usually less than 5% in volume),
and then passing the gas mixture through a hot filament array (ca. 2000 °C) or a
plasma in a vacuum chamber before they contact the substrate. If the substrate
temperature is maintained between 600 °C and 1200 °C, a polycrystalline
diamond film will form on the substrate. There are many excellent review papers
on the history, the state of the art, and the current issues of CVD diamond
processes [21-25]. Hence, it will only be reviewed briefly here.

Even though diamond synthesis from vapor phase now has been
accomplished to the satisfaction of even the most skeptical, early work in this area
was met with many doubts and disbelief. As mentioned earlier, attempts to make
diamond from the reactive vapor phase preceded and also paralleled HTHP
efforts. As early as 1911 von Bolton claimed to have achieved growth on diamond
seed crystals from the decomposition of acetylene in the presence of Hg vapor
from an amalgam held at 100 °C for three weeks [26]. He reported very little
amorphous carbon deposit from this simple test tube experiment. Starting in
1949, Eversole of Union Carbide experimented with the decomposition of a
carbon-containing gas (preferably with a methyl group) onto diamond seed
crystals at 600 - 1600 °C and pressures of 0.1 - 1.0 mm Hg [27]. Since diamond and
graphite were co-deposited, he found that it was necessary to remove the graphite
by transferring the substrate with the deposit into an autoclave filled with

hydrogen at a temperature of more than 1000 °C and pressures of more than 50
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atms. A 59.5% weight gained was claimed after 85 alternating cycles of diamond
growth and graphite removal. At the same time, Russian scientists Deryaguin
and coworkers also claimed diamond growth on seed crystals from the
decomposition of hydrocarbons and some halocarbons [28]. They removed the
graphite by oxidizing it in air at atmospheric pressure. Angus and his colleagues
at Case Western Reserve University took a similar, but innovative approach [29].
They first produced diamond by Eversole's method, and then improved the
process by introducing atomic hydrogen to preferentially etch away graphite
during the cleaning cycle. They also demonstrated the possibility of depositing
boron-doped semiconducting diamond films, and increased diamond yield by
using a mixture of methane and hydrogén as the starting materials in the
deposition process.

By the beginning of the 1980s, the continuous efforts of different research
groups had yielded a variety of methods and patents to deposit diamond films at
low pressures. The work by a group of Japanese scientists, including Setaka,
Matsumoto, Sato, and Kamo at the National Institute for Research in Inorganic
Materials (NIRIM), certainly pushed diamond thin films towards practical
applications [30, 31]. Using a heated filament method, in which atomic hydrogen
was produced by a hot tungsten wire, they were able to deposit diamond films
from methane-hydrogen mixtures. Evidence for the existence of diamond was
not only obtained by electron microscopy and X-ray diffraction, but also by
Raman spectroscopy which shows a distinct peak at 1332 cm-1 characteristic of
diamond.

Triggered by the Japanese and Russian results, US researchers at
Pennsylvania State University started to reproduce them in the 80s, and were

quite successful. This apparently rekindled the interest in CVD diamond films
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among American scientists and engineers. Since then, there has been a major
increase in activities around the world in both science and technology of vapor-
deposited diamond. The strong scientific and commercial interest was reflected
by the fact that diamond was named the "Molecule of The Year" by the Science

magazine in 1990.

5. Diamond CVD processes

Up until now, there have been numerous ways of depositing diamond
films by CVD methods including thermal (hot filament) or plasma (DC, RF, and
microwave) activation, electron-enhanced or ion beam deposition, thermal
plasma torch, and combustion flames [32]. Deposition rates in the range of 0.1 to
several tens of um/hr are typical, but a growth rate as high as 900 um/hr was
reported in a DC plasma torch reactor [33]. In spite of the differences in growth
rate by the various methods, there is some commonality of deposition parameters
among many of the techniques. For example, the range of substrate temperatures
for rapid diamond growth is generally from 1100 K to 1400 K, and the
hydrocarbons are diluted in Hp (typically <5%). These common parameters
indicate the existence of similar gas phase and surface chemistry in the growth of
diamond films by these different techniques. Even though fairly high-quality
diamond films can be produced routinely by using a myriad of methods, insight
into the diamond growth mechanism is lagging, and far from complete. Like any
other CVD technique, diamond CVD involves complex multi-component gas
phase and surface processes. A schematic illustrating the major processes in

diamond CVD is shown in Figure 1-3. Gas-phase reactions are initiated and



Figure 1-3

Schematic of a diamond CVD process
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driven by thermal, plasma, and/or combustion activation to produce growth
precursor(s). Once generated, transport of the growth precursor(s) to the
substrate occurs by a combination of laminar, convective, and diffusive flows,
with reactions continuing to modify the relative concentrations of the growth
species. Due to the spatial variations of the fluid velocity, temperature and
species concentrations in the vicinity of the substrate, a boundary layer with
thickness in the range of few microns to several centimeters may exist above the
substrate. The steady-state concentrations of the growth precursor(s) in the
boundary layer actually control the nature of the growth process. Furthermore,
the adsorption and desorption processes couple the gas-phase reactions to those
on the surface through the boundary layer. Diffusion of the growth precursor(s)

on the surface eventually leads to diamond crystal nucleation and growth.

6. Gas-phase chemistry in diamond CVD

As mentioned above, gas-phase reactions produce the reactive species
necessary for diamond growth. Consequently, characterization of the gas phase
in diamond CVD systems has focused on the identification of the growth
precursor(s), i.e., the carbon-containing species that give rise to diamond
deposition. It has been a common observation by many that diamond deposition
is relatively independent of the form of the input hydrocarbons. This is consistent
with the fact that most hydrocarbons tend to be transformed into some common
product species such as methyl radicals and acetylene under highly energetic
conditions. Hence, it has been generally accepted that the same growth
precursor(s) is produced by all activation methods that yield crystalline

diamonds.
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Common to most of the existing techniques is the production of atomic
hydrogen by either a hot filament or plasma. The roles of hydrogen atoms in
diamond CVD are multi-fold [34 ]. First of all, atomic hydrogen can react with the
hydrocarbon in the gas phase to produce diamond growth precursor(s). It is
reported that atomic hydrogen etches away graphite 200 times faster than
diamond. Most importantly, atomic hydrogen was shown to chemisorb on and
subsequently bond with the diamond surface keeping the diamond surface from
graphitizing. Empirical and semi-empirical calculations have shown that the
hydrogenated diamond surface is, in fact, thermodynamically stable under the
growth conditions. One can assume that there is a dynamic equilibrium between
adsorbed hydrogen atoms on the surface and those in the gas phase. Thus the
adsorbed hydrogen atoms are constantly abstracted by the gas-phase hydrogen
atoms and active growth sites for diamond growth are continuously created.
Once the active growth sites are available, diamond growth precursors can bind
to these sites, and incorporate into the diamond lattice.

Several in situ techniques have been applied to diamond CVD systems in
an effort to understand the gas phase chemistry and identify the growth
precursor(s). Infrared diode laser absorption spectroscopy was the first method
employed for in situ diagnostics of the filament-assisted diamond CVD growth
process [35]. High concentrations of CHg and CoHy, as well as low levels of CH3
and CHy, were detected during growth for CHy/H> mixtures. Similarly mass
spectrometry and gas chromatography were utilized to monitor the gas-phase
composition in hot filament reactors [36, 37]. Comparable results were obtained,
which indicate that hydrocarbon species like CHyg, CoHp, CHj3 are all present in
sufficient quantities to account for diamond deposition individually. However,

no definitive evidence was obtained to determine which species is the primary







