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ABSTRACT

Microwave Plasma Assisted Chemical Vapor Deposition of
Ultra-nanocrystalline Diamond Films

By

Wen-Shin Huang

Microwave plasma assisted ultra-nanocrystalline diamond film deposition was
investigated using hydrogen deficient, carbon containing argon plasma chemistries with
MSU-developed microwave plasma reactors. Ultra-nanocrystalline diamond film deposi-
tion on mechanically scratched silicon wafers was experimentally explored over the fol-

lowing input variables: (1) pressure: 60-240Torr, (2) total gas flow rate: 101-642 sccm, (3)
input microwave power 732-1518W, (4) substrate temperature: 500°C-770°C, (5) deposi-
tion time: 2-48 hours, and (6) N, impurities 5-2500 ppm. H, concentrations were less than

9%, while CH,4 concentration was 0.17-1.85%. It was desired to grow films uniformly

over 3” diameter substrates and to minimize the grain size.

Large, uniform, intense, and greenish-white discharges were sustained in contact
with three inch silicon substrates over a 60-240 Torr pressure regime. At a given operating
pressure, film uniformity was controlled by adjusting substrate holder geometry, substrate
position, input microwave power, gas chemistries, and total gas flow rates. Film ultra-

nanocrystallinity and smoothness required high purity deposition conditions. Uniform



ultra-nanocrystalline films were synthesized in low leak-rate system with crystal sizes
ranging from 3-30 nm. Films with 11-50 nm RMS roughness and respective thickness val-
ues of 1-23 um were synthesized over 3” wafers under a wide range of different deposition
conditions. Film RMS roughness 7 nm was synthesized with thickness of 430 nm. Film
uniformities of almost 100% were achieved over three inch silicon wafers. UV-Raman and
XRD characterization results indicated the presence of diamond in the synthesized films.
Optical Emission Spectroscopy measurements showed that the discharge gas temperature

was in excess of 2000 K.

The synthesized films are uniformly smooth and the as grown ultra-nanocrystalline
diamond can be used for a high frequency SAW device substrate material. IR measure-

ments indicated that the films have a wide-band, low-loss transmission window.
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1 Introduction

Many attempts to control polycrystalline diamond’s microstructure have been
made but success has been limited to the control of crystal morphology through influenc-
ing the crystal’s preferred orientation (film texture). Recently it was discovered that the
microstructure of diamond can be manipulated so the crystal size decreases from microns
to nanometers [Kond 1990]. One of the most common diamond thin film deposition pro-
cesses is microwave plasma assisted chemical vapor deposition (MPACVD). In contrast to
other diamond synthesis processes, i.e. hot fillament CVD, plasma torch, combustion syn-
thesis, etc., MPACVD has a number of advantages. MPACVD is excellent for
investigating the fundamental science of the synthesis of nanocrystalline diamond films
because (1) it is easy to operate, (2) it is a simple technology, (3) it can be operated in a
wide range of pressure and power, (4) it produces high quality films with reproducibility,

and (5) it is reliable and safe for long-time experiments.

The research described in this thesis is concerned with developing a microwave
plasma assisted chemical vapor deposition process and methodology that enables
ultra-nanocrystalline diamond films to be uniformly deposited over large areas. The
MSU-invented and -developed reactors are the outcome of a long-term research effort
[Zhan 1993], [Zhan 1994], [Kuo 1997], [Khat 1997] and are utilized in this dissertation.
Building upon the experimental results of Gruen et al. [Grue 1998], microwave plasma
assisted ultra-nanocrystalline diamond film deposition is investigated using hydrogen
poor, carbon containing argon plasma chemistries. In order to better understand the

argon-hydrogen-methane plasma discharges, the plasma species concentrations and the



gas temperature of the deposition conditions were studied by optical emission

spectroscopy.

This exploratory investigation is concerned with depositing smooth, nanometer
sized diamond films using a MSU-MPACVD reactor. Experimental operations was carried
out between 60-240 Torr. This research has extended the reactor operation pressure from
20-150 Torr [Zhan 1994], [Kuo 1997] to the higher pressures of 240 Torr. The work of this
thesis develops experimental methods that allow (1) the creation of large, uniform, mostly
argon discharges over a 60-240 Torr pressure regime and (2) the synthesis of uniform,
smooth ultra-nanocrystalline diamond films on 3” diameter substrates. When first reported
during 1999-2000, these experiments were the first in the world to produce uniform
ultra-nanocrystalline diamond over 3” diameter substrate areas. Some of the results have
been presented at international conferences [Huan 1999], [Huan 2000] and two patent dis-
closures have been submitted to MSU. As part of this thesis [Asmu 2002}, [Bi 2002], the
use of ultra-nanocrystalline diamond for a few important applications was investigated.
For example, applications such as IR optical transmission windows, tribological coatings
(SiC chemical process pump seal), and SAW (surface acoustic wave) devices were briefly
investigated. The successful fabrication and operation of ultra-nanocrystalline diamond
films as SAW device substrates, in collaboration with the Physics Department at MSU, has

been published [Bi 2002].



1.1 Motivation

Microwave plasma assisted chemical vapor deposition of diamond thin films has
been extensively investigated by many research groups throughout the world. These
experimental investigations have shown that diamond films can be synthesized from disso-
ciated CH4/H, gas mixtures. As synthesized, these films typically consist of 1-100
micron-sized grains and hence they have a surface roughness that is of the same order as
the grain size. The rough surface usually requires costly and time-consuming post process-
ing such as polishing and thus this additional step and associated cost often prevents these
films from being used in many applications. Thus, it is desirable to develop new methods

to synthesize diamond films with very small grains and a smooth surface.

The nucleation and growth of ultra-nanocrystalline diamond films from a “hydro-
gen poor”’ argon-hydrogen-methane microwave discharges has been demonstrated by
Gruen et. al [Zhou] on substrate areas of less than 25 cm?. A practical importance is that
ultra-nanocrystalline diamond grown from Ar/H,/CH, gases has advantages in many
applications as compared to the more common H,/CH, grown polycrystalline diamond
films. Ultra-nanocrystalline diamond films have smaller RMS (root mean square) rough-
ness i.e., 20~40 nm vs. 1-100 micron for conventional CVD polycrystalline diamond, and
a lower film wear coefficient, and counterface wear coefficient {Erde 1999], which reduces
frictional energy losses over polycrystalline diamond films. Thus the ultra-nanocrystalline
films may be the preferred diamond films for many applications where smooth diamond

coatings are desired. One potential application is in wear coatings such as pump seal coat-






ings. The smaller crystal size has the benefit of smaller gaps, which result in smaller seal

leakage. As a consequence, it reduces hazardous emissions.

1.2 Research Objectives

The objectives of the research covered in this dissertation were to (1) develop
microwave plasma assisted process methodologies that synthesize smooth ultra-nanocrys-
talline diamond films uniformly over large areas using MSU-MPACVD (Michigan State
University-Microwave Plasma Assisted Chemical Vapor Deposition) reactors, (2) evaluate
the performance of the MSU-MPACVD reactor for ultra-nanocrystalline diamond synthe-
sis by investigating the reactor conditions and geometry over a wide range of experimental
parameters, (3) characterize the ultra-nanocrystalline diamond film quality and properties
versus various deposition conditions, (4) develop a better understanding of the plasma,
species concentrations, and gas temperature during the deposition process by performing
OES (Optical Emission Spectrum) measurements, and (5) explore the use of ultra-nanoc-
rystalline diamond in a few important applications, 1.e. IR optical transmission window,
tribological coatings (SiC chemical process pump seal), and SAW (surface acoustic wave)

device.

1.3 Dissertation Outline

Chapter 2 presents background and reviews the related literature. Chapter 3
describes the experimental systems and the experimental procedures; identifies the impor-
tant input, internal and output variables; reports the parameter space used in this research;

and describes the measurement methodology for reactor performance and film character-



ization. Chapters 4 through 6 summarize the experimental results of this investigation. In
particular, Chapter 4 experimentally determines the relationships of input, internal and
output variables and relates the film deposition results with the reactor performance over
the range of the experimental parameters, and reports the influence of adding N, impuri-
ties on ultra-nanocrystalline diamond synthesis. Chapter 5 presents the deposited film
quality and properties versus the experimental variables. Chapter 6 presents the OES
investigation of the microwave plasma during film deposition process and particularly
relates the C, concentrations with the deposition conditions, and also determines gas tem-
perature versus deposition conditions. In Chapter 7, the application to an IR optical
transmission window, tribological coatings (SiC chemical process pump seal), and a SAW
device are explored. Chapter 8 summarizes the conclusions of the research in this thesis
and presents some speculations on future research/development of the ultra-nanocrystal-

line diamond film deposition using microwave technology.






2  Background

2.1 General Introduction

Throughout the world, researchers have long been attracted to diamond’s unique
properties. They include extreme hardness, high thermal conductivity, a wide spectral
optical transmission range, and chemical resistance. In addition, diamond has semicon-
ductor characteristics such as high breakdown electrical fields, a large band gap, and high
electron and hole mobility. Table 1.1 lists some of diamond’s properties and some applica-
tions related to them [Angu 1989], [Grae 1992], [Grot 1994], [Kani 1993], [Liu 1995],
[Mori 1993], [Orr 1988], [Pan 1993], [Pier 1993], [Qadr 1993], [Shio 1990], [Spit 1981],

[Tamh 1992], and [Vavi 1992].

TABLE 2.1: SOME PROPERTIES OF NATURAL, CVD DIAMOND AND THE

APPLICATIONS
Property Type Ila CVD Comparison Application
Hardness (Gpa) 57-104 50-100 2.1(Cu) Abrasive Coatings
31.5(SiC) for cutting tools
Thermal Conductivity 20-23 10-21 3.99(Cu) Heat sink for electronic
(W/cm/K) at 298K & microwave power devices
Electrical Resistivity 10'6 1012-10!6 Heat sink for electrical
(ohm-cm) device
Thermal Expansion Coeffi- 0.8-1.2 ~2.0 17(Cu) Microelectronic circuit
cient (x10°%/K) 5.5(Si0,) boards, Semiconductor sub-
between 298-473K strates
Band Gap (eV) 5.45 ~5.5 1.124(S1) Semiconductor & micro-
(GaAs) wave power devices
Optical Transparency UV(~230nm) | Visible to Optical coating,
to mid-IR electro-optical device
microwave
(mm)




TABLE 2.1 (cont’d)

Property Type I1a Comparison Application
Rel. Dielectric 5.7 5.6 11.7(S1) RF electronic device
Constant at 45 MHz to 20 (GaAs)
GHz
Lattice Electron Mobility 1900- 1350- 1350(S1) High speed electronic
(V/cmz) 2200 1500 device
Lattice Hole Mobility 1600 10-1000 480(S1) High speed electronic
R /cmz) device
Breakdown Field (V/m) 107 3x10°(Si) Semiconductor device
3.5x10%(GaAs)
Electron Saturation 2.7x107 2.7x107 1x107(Si) Semiconductor device
Velocity (cm/sec) |

Ever since Tennant discovered that diamond is a crystalline form of carbon in
1797, researchers have attempted to synthesize it [Tenn 1797]. Since the early 1980’s,
applications and deposition processes for thin polycrystalline diamond films have been
pursued. At Michigan State University (MSU), East Lansing, Michigan, past reactor
research by Asmussen et al. [Zhan 1994] has led to some MSU-owned and -patented
microwave plasma technologies. One outcome of this activity is the MSU-MPCVD
(Microwave Plasma Chemical Vapor Deposition) reactor, which is used for diamond syn-
thesis experiments. The experimental and theoretical knowledge developed in earlier
investigations with this reactor has been applied to diamond film deposition. Extensive
experimental studies using H,/CH,4 gas mixtures to deposit diamond films are available for
this reactor configuration including uniformity of coating, optimization of growth rate,

and control of morphology [Zhan 1993], [Kuo 1997], and [Khat 1997].



As potential applications of CVD diamond are continuously developed, it is
expected that this emerging diamond technology will an have an important impact on
space, defense, science, engineering, and commercial technologies. For example, nowa-
days, tooling engineers and tool fabricators are incorporating CVD diamond products into
their product lines. As a result, an end user can buy more reliable and more readily avail-
able thick-film diamond inserts for the consistent production of highly accurate parts.
CVD diamond offers significantly longer tool life and increased machining productivity
because of its pureness, hardness, and‘ rigidness, which gives it a low coefficient of fric-
tion, great abrasion resistance, high thermal conductivity, and good chemical and thermal

stability.

However, the conventional H,/CH, CVD polycrystalline diamond synthesis meth-
odologies exhibit columnar growth. The grain size increases rapidly with the thickness of
the film, and usually the larger the grains the rougher the surface of the films. The surface
roughness requires additional post processing to smooth the films and thereby increases
the cost of the films being used in many wear and cutting tool applications. Thus, it is
desirable to develop new methods to synthesize small crystalline and smooth diamond

films.

2.2 Diamond Synthesis

This section briefly describes the atomic and crystalline structure of diamond, as
well as the competing forms of carbon, such as graphite or amorphous phases, which

might be produced during the synthesis process.



Two basic crystal structures, cubic symmetry and hexagonal symmetry, are found
in diamond. The dominant crystal structure in both natural and synthetic diamond is cubic
structure because of the slightly lower energy (0.1-0.2 eV/carbon atom) [Pier 1993]. The
diamond cubic crystal structure (Fig.2.1) consists of two interpenetrating face-centered
cubic (FCC) lattices, displaced from each other by one quarter of a body diagonal. Each
carbon atom is tetrahedrally coordinated (using sp3 atomic orbitals), creating strong,
dirécted sigma bonds with its four neighboring carbon atoms. The bond length and lattice

constant are 1.54 and 3.56 angstroms, respectively.

@ st lattices

@ displaced lattice

FIGURE 2.1 : DIAMOND CUBIC CRYSTAL STRUCTURE
Diamond symmetry covalent structure:
each carbon atom combines with four other tetrahedra

Graphite is the most common form of carbon. Each in-plane carbon atom com-
bines with its three neighbors using hybrid sp2 atomic orbits, with a covalent ¢ bond
length of 1.42 angstroms. The repeating layers are van der Waals bonded, perpendicular to

the planes with a 3.35 angstrom lattice constant (Fig. 2.2).



FIGURE 2.2 : GRAPHITE CRYSTAL STRUCTURE
Graphite stacking-sheet structure:
in-layer carbon atoms form a two dimensional network of regular hexagons

Diamond is stable once formed, but the formation of diamond is less likely than
graphite or other possible phases of carbon. During the formation, diamond is thermody-
namically stable relative to graphite only at high pressure. Graphite to diamond conversion
faces a considerable kinetic barrier, although the free energy difference between them is
only 0.02 eV [Liu 1995]. In 1953, direct conversion from graphite to diamond, under high
pressure (6Gpa) and high temperature (~1300°C), using a liquid solvent catalyst, was
developed by H. Liander in Sweden [Liu 1995]. In 1949, the first successful attempts to
form CVD (chemical vapor deposition) diamond at low pressure were achieved by W.G.
Eversole [Ever 1958], who discovered that diamond could be deposited on a substrate
from a CO/CO, mixture or a hydrocarbon gas. In 1968, more research was reported by
Derjaguin et al. [Derj 1968] and Angus et al. [Angu 1968], but the low growth rate of this
method (less than 0.1 micrometer per hour) was discouraging and prevented it from

achieving industrial success. The breakthrough in synthesizing diamond at low pressure
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came when Spitsyn et al. [Spit 1981] and Matsumoto et al. [Mats 1982] succeeded at pro-
ducing diamond film growth at higher rates (up to 5 micrometers per hour) at high

temperature from hydrocarbon-hydrogen gas mixtures.

P.K. Bachmann et. al. [Bach 1991] described the diamond growth region with the
C-H-O gas phase diagram, shown in Figure 2.3. It is apparent that diamond can be grown
from a wide range of gases mixed with hydrogen, including methane (CH,), ethane
(C,Hg), ethylene (C,H,), acetylene (C,H,), and carbon dioxide (CO,). The diagram is
independent of deposition technique but not independent of temperature. Bachmann con-
cluded that diamond synthesis depends on the overall content of C, O, and H in thé input
gases and the specific carbon containing input gases are not important. He also described
“above temperature of 1300 °C, only graphitic carbon can be deposited and below temper-

ature of 400 °C, amorphous carbon tends to grow”.

11



FIGURE 2.3 : PHASE DIAGRAM BY BACHMANN ET AL. [BACH 1991]
Identification of the possible gas combinations in reported successful
polycrystalline-diamond-growth experiments. [Bach 1991]
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2.2.1 Polycrystalline Diamond Synthesis
2.2.1.1 Methyl Radical and Acetylene Growth Processes

The current knowledge of diamond growth is described in this section. In 1995,
Huimin Liu and David S. Dandy divided the typical growth process associated with the
CVD assisted deposition of polycrystalline diamond films into several steps [Liu 1995]: (i)
incubation period, (ii) three dimensional nucleation of an individual crystal on a substrate
surface, (iii) termination of surface nucleation and three dimensional growth of an individ-

ual crystal, (iv) coalescence of an individual crystal and the formation of a continuous

film, and (v) the growth of a continuous film.

Experimental observations found that diamond did not nucleate directly on a
non-diamond substrate surface. The nucleation takes places on an intermediate layer
which is formed between diamond and the non-diamond substrate during the incubation
period. This layer is formed by chemical interactions of activated gas species with the sub-

strate surface. Such an intermediate layer provides nucleation sites for diamond crystalline

growth.
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The surface nucleation process may include the following events [Liu 1995]:

a) Atoms from the gas species impinge upon the deposition substrate and are adsorbed

onto the substrate surface.

b) The adsorbed atoms may desorb and diffuse over the substrate surface and may bond

to other surface atoms.

c) As time progresses, the concentrations of absorbed atoms increase and clusters are
formed.

d) These clusters grow or decay according to statistical fluctuation of the adsorbed atom

concentrations.

e) There exists a critical cluster size above which the cluster is more likely to survive and

grow than to decay.

Those clusters whose size exceeds the critical size during the concentration fluctu-
ation are called the stable clusters, which provide suitable sites for growth either from the

direct impingement of atoms from the gas species or from the continued migration of the

adsorbed atoms.

Nuclei are formed and crystals grow independently of each other during the nucle-
ation step. Nucleation will stop when crystals have occupied all the available nucleation
sites. Three dimensional growth of individual crystals continues until crystals coalescence

and then a continuous film forms.

The chemical mechanism of CVD diamond growth is not completely understood.
But it is well established that H, and hydrocarbon gases such as CH,, CH;, C,H,, etc.
Play an important role in the quite complex CVD growth environment. C.C. Battail, D.J.
Srolovitz, and J.E. Butler proposed a possible growth theory by studying the morphologies

of diamond films from three dimensional atomic-scale simulations of chemical vapor dep-
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osition in atmosphere containing H, H,, CH3 and various partial pressures of C,H, [Batt

1997]. The diamond growth species are believed to be C,H, and CH3. Some important

facts about the diamond growth on diamond surfaces are summarized in (a) through (g)

below:

a)

b)

c)

d

€)

g)

Diamond grows by the chemisorption of hydrocarbons on the substrate surface. The
chemical environment (which affects the rate at which chemisorption occurs at each
surface site) and the surface crystal structure (which determines how chemisorbed
hydrocarbon must be coordinated to form diamond) play interdependent roles in gov-
erning growth behavior.

Among {111},{110}, and {100} faces, the growth of the {111} face is the most sensi-
tive to C,H, partial pressure and the {100} face is the least sensitive.

A single C,H, molecule contributes two neighboring C atoms (CHj contributes only
one) when it chemisorbs. Therefore, the presence of C,H, effectively reduces the req-
uisite number of chemisorbed hydrocarbons for the deposition into neighboring sites
to nucleate diamond on a flat surface.

At low C,H, partial pressures, {110} films grow slowly, and {111} films grow very
slowly, because the nucleation of a monolayer on flat {110} and {111} faces requires
the bonding of two and three neighboring chemisorbed C atoms, respectively.

Once a monolayer has been initiated, for the {111} surface subsequent growth of the
monolayer requires bonding of at most two (at some sites only one) neighboring
chemisorbed C atoms, and for the {110} requires only one C atom. So, the growth of
the {111} and {110} layers is faster than their initial nucleation.

Low C,H, concentration yields low growth rates on both {111} and {110} faces,
because at low C,H, partial pressures, the growth of {111} and {110} facets is con-
trolled by the limited nucleation of monolayers on atomically smooth facets. Thus,
growth in C,H,-poor environments occurs primarily from CHj.

CH; might be responsible for the major growth events, while C;H, controls the
growth rate by controlling the nucleation of growth layers.
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Gas mixtures of high hydrogen concentrations are commonly used to provide an
in-situ graphite etching. At less than or equal to one atmosphere, in which CVD systems
operate, graphite codeposition results from the higher probability of graphite formation
than diamond or other possible phases of carbon. In the CVD process, hydrogen atoms
play a crucial deposition role [May 1995]. For example:

a) H-atoms remove the ‘dangling’ carbon bonds on the growing diamond surface and
stop them from cross-linking and constructing graphite-like surfaces.

b) Atomic hydrogen etches both diamond and graphite, but unlike other forms of carbon,
diamond’s growth rate exceeds its etching rate. This is believed to be the reason that
diamond growth predominates over growth of other forms of carbon under this condi-
tion.

c) H abstraction reactions with stable hydrocarbon molecules produce highly reactive
carbon-containing radical species, such as methyl (CH3), which diffuses to the sub-
strate surface and reacts with it, thereby forming the C-C bonds necessary to propagate
the diamond lattice.

Atomic H helps stabilize the diamond phase by preferentially etching sp’~bonded

carbon and passivating radical sites on the growing surface [Butl 1993], [Good 1996].

2212 Polycrystalline Diamond Competitive Growth Model

Diamond films produced by regular H,/CH, CVD methodologies results in 1-100
micro-sized polycrystals. In CVD-polycrystalline-diamond films, the texture is usually
Perpendicular to the substrate. The Van der Drift [Van] competitive growth model has two
assumptions: (1) the absence of secondary nucleation, and (2) crystalline morphology is
independent of crystalline orientation. Polycrystalline diamond films grown from ran-
domly oriented nuclei exhibit columnar growth, which is evidence of “evolutionary

selection” by this model. Competitive growth between differently oriented grains deter-
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mines the subsequent film growth. With increasing film thickness, only those crystals with
the fastest vertical growth rate will survive and determine the final texture and surface

morphology of the film.

The surface morphology is often very important in industrial applications. A typi-
cal SEM plan-view image of a Hy/CH, CVD diamond film, shown in Figure 2.4, displays

the often rough surface of polycrystalline diamond film.

FIGURE 2.4 : POLYCRYSTALLINE DIAMOND FILM
The evolutionary selection of the crystal growth and the determination of the surface
morphology by the survived crystals with the fastest vertical growth rate.
Deposition condition: Pressure=120 Torr, Hy:CH4=90:10, f=223 sccm and deposition
time =8 hours by system I.



2.2.2 Ultra-nanocrystalline Diamond Synthesis

2.2.2.1 Carbon Dimer Growth Processes For The Synthesis of Ultra-nanocrystalline
Diamond Films

Ultra-nanocrystalline diamond films have crystal sizes on the order of nanometers.

These crystal sizes are usually much smaller than polycrystalline diamond films synthe-
sized by H,-CH, chemistries, such as shown in Figure 2.4. Nanocrystalline diamond is
often grown in a lower hydrogen concentration environment. Noble gases, such as Ar, are
sometimes used in place of H,. When a noble gas such as Ar is added to a H,/CH, dis-
charge, the plasma chemistry changes. That is, ionization, dissociation, and species
concentrations are greatly modified and thereby changes the emission intensity of various
species of plasma. As H, input is reduced and replaced by Ar, C, emission is greatly
increased. This increase in C, emission is interpreted as being due to the increased C,
ground state population in the plasma since excitation and quenching (competing de-exci-
tation mechanism) rates can be expected to change only marginally under these conditions

[Grue 1995]. This rise in C, population is correlated with the observed increase in growth

rate, and thus supports that C, is a growth species for UNCD synthesis. Thus, dicarbon

(C,) is believed to be the key growth species [Grue 1995] for ultra-nanocrystalline dia-

mond growth instead of methyl (CH3) and acetylene (C,H,), which are believed to be the

important species in traditional CH4/H, polycrystalline diamond growth.

A two-step C, addition mechanism for growth from a CH, precursor in Ar plasmas

for a (110)-(1x1):H unreconstructed surface was proposed by Gruen et al. [McCa 1998],
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as shown in Figure 2.5. The ultra-nanocrystalline diamond growth process is summarized

as follows:

a)

b)

c)

d)

One C, adds to the unreconstructed monohydride surface by inserting itself into first
one C-H surface bond without abstraction of the terminating hydrogen bond (step1) (at
the Hartree-Fock level of theory, C, can insert into a C-H bond of methane with no
activation barrier, forming a stable H;C-CH=C molecule).

The C, molecule then rotates about the newly formed bond to insert its other carbon
into the C-H bond across from it, thus forming a (100)-oriented surface dimer row
(step 2), producing an adsorbed ethylene-like structure (III).

A subsequent C, molecule then inserts itself into the adjacent surface C-H bond, paral-
lel to the newly inserted surface C, dimer (III) to produce a surface with two adjacent
ethylene-like groups (V), (steps 3 and 4).

The original state of the (110) surface is finally recovered by the formation of a C-C
single bond between adjacent ethylene-like groups and produces a new layer on the
diamond surface via step 5 (formation of a singlet diradical, structure VI, directly from
structure V) This direct insertion growth mechanism for C, is unique in that it is not
dependent on the abstraction of hydrogen atoms from the surface. Specially, the path
for the formation of a C-C single bond between adsorbed, two-carbon moieties via

step 5 does not involve any gas-phase atomic hydrogen.
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FIGURE 2.5 : DIAMOND (110) SURFACE GROWTH MECHANISM
WITH C, AS A GROWTH SPECIES
A schematic representation of the proposed mechanism for direct two-
step C, addition to the (110)-(1x1):H diamond surface [McCa 1998].

In 1999, D.M. Gruen reported: (1) the reaction of a singlet C, with the C=C double
bond of the CgH;, cluster gives carbene structures, which lead to the formation of new
diamond critical nuclei during growth. (2) On the other hand, the reaction of singlet C,
with the HC-CH single bond or C-H bonds of the CgH,, cluster results in a
cyclobutene-like geometry, which leads to growth on the (100) surface in a series of steps.
(3) The nucleation rates increase dramatically under conditions where small fractions of

the reconstructed (100) surface are unhydrided and C, concentrations in the plasma reach
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levels of 102 cm™, and (4) low hydrogen content plasma favor these conditions [Grue

1999].

2.2.2.2 Ultra-nanocrystalline Diamond Re-nucleation Growth Model

In contrast to CVD polycrystalline diamond films (grown by the traditional
method involving CHy/H, mixtures), which frequently have a crystal-facet morphology
with rough surfaces (Van der Drift’s “survival of the largest”), ultra-nanocrystalline dia-
mond films (grown from carbon containing Ar plasma) have a “featureless™ morphology
with RMS surface roughness on the order of a few to 10’s of nanometers. Unlike polycrys-
talline diamond films, ultra-nanocrystalline films are grown by continuous re-nucleation.
An ultra-nanocrystalline growth model explains the structural evolution of the film based
on a substrate seeded with diamond nuclei that grow isotropically. Very high heteroge-
neous renucleation rates (1010cm'zsec'1) ensure that growth occurs and results in the
formation of smooth, phase-pure ultra-nanocrystalline diamond films. This high second-
ary nucleation rate make the transition from microcrystalline to nanocrystalline diamond

films. A typical SEM plan-view image, shown in Figure 2.6, illustrates the surface mor-

phology of a UNCD film.
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FIGURE 2.6 : ULTRA-NANOCRYSTALLINE DIAMOND FILM
The renucleation growth and the determination of
the surface morphology by the small crystallinity.
Deposition condition: Pressure=120 Torr, Ar:H,:CH,=100:4:1, =105 sccm,
and deposition time=8 hours by system II.

23 Nanocrystalline Diamond Film Deposition Techniques
and Conditions

This section describes the past experimental work associated with nanocrystalline

diamond film synthesis. In general, most i igations do not use hydrogen poor, carbon
containing argon discharges and most of the synthesized films have crystal sizes greater

than 50 nm. Thus this thesis will refer to those films as nanocrystalline films. On the other

hand, when a high ation of Ar discharge is bined with a 0.5-2% CH,4 and zero

to a few percentage of Hj, the resulting crystal sizes are usually smaller than 50 nm and

often are as small as 10 or less nm. Due to the different input gas mixtures, plasma chem-
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istries, and the very small resulting crystal sizes, this thesis will refer to the deposited films

as ultra-nanocrystalline diamond (UNCD) films.

Ever since nanocrystalline diamond was recognized as an important structural
class in the diamond family, a number of different deposition techniques and conditions
have been employed to synthesize nanocrystalline diamond films. Among these are hot fil-
ament CVD [Lin 2000], [Wang 2004], TMHFCVD (time modulated hot filament chemical
vapor deposition) [Ali 2003], RF plasma CVD reactor [Nied 2001], biased hot flame [Holl
1998], remote tubular microwave CVD [Erz 1993], DC arc plasma [Kono 1995], [Nist
1997], dual ECR (electron cyclotron resonance)-rf plasma [Zarr 1997], condensing carbon
ions [Dava 1996], and microwave plasma CVD reactors [Zuik 1995], [Yosh 2001], [Hong
2002], [Xu 2001], [Bhus 1998], [Grue 1998], [Chen 2000], [Shar 2001], [Shar 2003],
Yang 2002], [Li 2002]. A summary of the deposition techniques, conditions, and results of
the synthesis of nanocrystalline diamond films is listed in Table 2.2. Some of these investi-

gations are briefly described below.

Lin et al. [Lin 2000] studied the influence of argon concentration in the transition
of the morphology of diamond crystal from microcrystalline to nanocrystalline using an
argon-methane-hydrogen mixture in a conventional hot filament chemical vapor deposi-
tion system. A transitional boundary between polycrystalline and nanocrystalline occurred

when 95.5% argon concentration was used.

The nanocrystalline diamond films were deposited on 2” Si (100) wafers by

decreasing the deposition pressure and increasing the acetone in hydrogen ratio with a hot
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filament technique [Wang 2003]. Averages grain sizes of approximately 4-8 nm were
achieved. However, HRTEM (high resolution transmission electron microscopy) images
of the nanocrystalline diamond films show grains are surrounded with amorphous

graphite.

Ali et al. fabricated the nanocrystalline diamond films on cemented tungsten car-
bide (WC-Co) substrates using a new growth technique, identified as TMHFCVD (time
modulated hot filament chemical vapor deposition) [Ali 2003]. The modulated methane

flow promoted the secondary nucleation of nanometer crystalline diamond.

With a RFPACVD (radio frequency plasma assisted CVD) reactor, an appropriate
thickness of nanocrystalline diamond layer as an anti-abrasive coating on cemented car-
bide substrates without post mechanical polishing can improve the friction coefficient in
sliding against wood [Nied 2001]. The results of this study are helpful in the selection of
the optimum thickness of the nanocrystalline diamond films to be coated on the cemented

carbide tools to improve cutting of the mills used in the wood industry.

Nanocrystalline diamond coated spherical cemented carbide substrates have been
tested in air, lubricant (water and oil) sliding against ball-bearing steel, cemented carbide,
stainless steel, titanium, and aluminum [Holl 1998]. The smooth nanocrystalline diamond
coatings show exceptionally low friction and wear when slid against ball-bearing steel,
cemented carbide, stainless steel in air and lubricant (water or oil). But when sliding
against titanjum and aluminum, the nanocrystalline diamond coatings need to be polished

slightly to have the similar behavior.
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Erz et al. fabricated nanocrystalline diamond optical transparent films on silicon
and quartz substrates using a methane-oxygen-hydrogen mixture by a remote tubular
microwave CVD [Erz 1993]. In this investigation, they used different diamond powder
with grain sizes ranging from 0.01-3 um to enhance diamond nucleation on the substrates.

The results showed that a nucleation density up to 3x10'° nuclei cm™?

was achieved by
scratching the substrates with 10 nm diamond powder. The high nucleation density led to a

flat diamond film with a smooth surface. However, by increasing the film thickness from 1

pum to 10 pm, the surface roughness increases more than 6 times (30 + 10 nm to 200 nm).

Konov et al. [Kono 1995] and Nistor et al. [Nist 1996] grew fine-grain diamond
films on silicon substrates using a methane-hydrogen argon gas mixture with fixed argon
flow (50 sccm) and varied the methane flow from 5-50 sccm and the hydrogen flow from
45-0 sccm in a D.C. arc discharge plasma. After the ultrasonic seeding process (ultrasonic
seeding with 5 nm sized diamond powder suspension in ethanol), pulsed excimer laser
iradiation generated by an excimer KrF laser (pulse duration 15 nanosecond) was used to
remove the undesirable non-uniformities in the surface distribution of the seeded crystals,
while leaving the uncoalesced particles for subsequent growth undisturbed. The two-step
seeding procedure led to highly smooth films owing to the irradiation on the pretreated
substrates by laser assisted disintegration of the coalesced seeds and removal of large resi-
due diamond particles [Kono 1995]. The improvement of the growth of nanocrystalline
diamond films was obtained by the combination of the uniformly seeded substrates and a

high methane concentration (50% of argon-methane-hydrogen mixture) [Nist 1996].
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HRTEM and EELS (electron energy loss spectroscopy) characterization results of
the films synthesized with a dual ECR-rf plasma by Zarrabian et al. showed the 4-30 nm
diamond crystallinities were embedded in, amorphous matrix, DLC (diamond like carbon)
[Zarr 1997]. Hexagonal diamond crystals that were changed to cubic diamond crystals

were observed when the bias voltage was increased.

Nanophase diamond films were deposited on stainless steel substrates using con-
densing carbon ions carrying kinetic energy of the order of kiloelectronvolts, generated
from the laser ablation of graphite at target intensity near 10" W cm™ by Davanloo et al.
[Dava 1996]. Deep penetration of carbon atoms into the steel substrates was shown within
the interfacial layers examined by TEM images. The measured mechanical properties (low
friction coefficient [Coll 1994]) and a hardness, in excess of 78 GPa [Coll 1993], [Coll
1994]) confirmed that the nanophase diamond films were suited to a wide range of indus-

trial applications.

Zuiker et al. [Zuik 1995] and Gruen at al. [Grue 1998] grew nanocrystalline and
ultra-nanocrystalline diamond films with an argon-carbon (Cgq in argon) microwave
plasma and controlled the diamond crystal microstructure by argon additions to meth-
ane-hydrogen microwave plasma discharges in a microwave plasma CVD reactor (ASTeX
PDS-17). It was found that nanometer sized diamond could be synthesized with either a
Cgo or a CH, carbon precursor [Zuik 1995]. Cross-section and plan-view SEM images
showed that the morphology, grain size, and growth mechanism are affected by the ratio of
argon to hydrogen in the gas mixture. The transition from microcrystalline to nanocrystal-

line, which depended on the ratio of argon to hydrogen, was confirmed by X-ray
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diffraction and Raman spectroscopy. The nanocrystalline diamond was synthesized at an
Ar/H, volume ratio of 9 and CH, volume percentage of 1%. The ultra-nanocrystalline dia-
mond was synthesized at 0-2% of H, and 1% of CH,4 (vol%). An OES (Optical Emission
Spectroscopy) study reveal that the C, dimer concentration is promoted significantly by

increasing the argon concentration [Grue 1998].

A nanocrystalline diamond film was synthesized on a 4” Si(100) wafer with hydro-
gen flow rate of 100 sccm and methane flow rate of 10 sccm using a microwave plasma
CVD system. The silicon substrate was scratched twice by dry diamond powders with the
sizes of 250 nm and 5 nm respectively [ Yosh 2001]. The high nucleation density, approxi-
mately 1x10'! cm™, led to a smooth (RMS=8.4 nm by atomic force microscopy) and
fine-grain (about 10 nm observed by field emission scanning electron microscopy) dia-
mond film with 3.5 pm in thickness. The FTIR (fourier transform infrared spectrometer)
spectra showed C-H bands: sp3-CH2 symmetric stretch at 2850 cm’! and sp3-CH2 asym-
metric stretch at 2925 cm’!, in the film. Hong et al. used the same technique and similar
conditions to deposit nanocrystalline diamond films also on a 4” Si(100) wafer, but modi-
fied the two-step scratch seeding procedure with dry diamond powders of the sizes of 1
um and 5 nm for tribological characteristics study [Hong 2002]. A slightly thinner film
(2.2 pm thick) with approximately same size crystals (10-15 nm) showed a very close sur-

face roughness value (10 nm).

Bhusari et al. [Bhus 1998] and Chen et al. [Chen 2001] deposited diamond films
with grain sizes ranging from 4 nm to a few hundreds of nanometers in methane, hydro-

gen, and oxygen gas mixture by an AsTex 5 kW microwave reactor. The growth results of
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the quartz substrates pretreated, with two different diamond-powder sizes, 4 nm and 0.1
um, were compared. The ultrasmooth and highly transparent nanocrystalline diamond
films were coated on the quartz substrates (1) scratched by 4 nm sized diamond powder
and with low ( £20%) methane concentration, and (2) scratched by 0.1 pm sized diamond
powder and with high (>20%) methane concentration. According to the in situ OES
(optical emission spectroscopy) study, the C, dimer continued to increase as methane con-
centration increased, while other hydrocarbon (CH*, C;, CH) species that decreased
significantly as methane concentration increased. Thus, it was speculated that C, may be

the predominant growth species at higher methane fractions [Chen 2001].

Sharda et al. compared the optical properties of microcrystalline and nanocrystal-
line diamond films fabricated on silicon substrates by microwave plasma chemical vapor
deposition with a mixture of 5% methane in hydrogen. The substrate was pretreated with
bias enhanced nucleation. The nanocrystalline diamond film grown at 700 °C had a very
high optical absorption coefficient, i.e. > 10* cm’! (higher than that of the microcrystalline
diamond film), even though it was smoother than microcrystalline diamond film. Never-
theless, the nanocrystalline diamond film grown at 600 °C, was smoother, had 78%
transmittance in the infrared region, and thus had demonstrated a potential for application
as optical windows [Shar 2001]. A homogeneous refractive index within the nanocrystal-
line diamond films and negligible changes at the interface between the film and the

substrate were observed [Shar 2003].

Transparent nanocrystalline diamond protective coatings on quartz glasses were

grown with a MPECVD technique in methane-hydrogen-oxygen plasma discharges [Yang
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2002]. The substrates were ultrasonically polished with 0.5 um diamond powder prior to

deposition. The nucleation density was generally higher than 10'! cm?

as revealed by
TEM examination. By 3% of methane fraction, with coatings of 1 um in thickness, and

about 12 nm surface roughness, an optimal transmittance of 65% in the visible light region

was achieved.

Nanocrystalline diamond thin films deposited on both sides of silicon wafers with
a flow rate ratio of methane to hydrogen fixed at 1:100 in a MPECVD reactor had shown
that the diamond coatings greatly enhanced the infrared transmission of silicon wafers [Li
2002]. A maximum transmittance of 85% at the wavenumber of 2200 cm’! (at 4.55 pm)
was achieved with 0.5 pum and 0.3 pum film thickness on each side of the silicon wafer and

approximately 27 nm surface roughness.

29



(0s-5) [oyooe [s661 ouoy]
o€ > 00 (0-sv):08= ur uoisuadsns sodreyosip
0S-0¢ 10 | 8-009 VN 001 VN YHO:CHIY wu g 1S are O
paydeIds
_ eipaw sno
or+ 1:L6:C= | -onbe ur painip (€661 23]
o€ 0z | 008 0SS S'LE 001 20:%H:PHD wr €-10°0 zirenb dADNLY
0 T J|qejreae (8661 110H]
+ j0U SI 0t01-:0¢6= paystjod swep]
113 VN VN | o0s8| 31amodowey 09L 0961 ‘HD:0 wl | DD | 10H paserg
SLS1
0 000€ [100Z PaIN]
S1zl VN VN 006 [ 19mod indur SLEO | 001-08 YHD VN D0 | dADVdNd
01S 1< M00€ 1omod (86-96):(v-0)= Surysijod [£00Z V]
001 VN dure[y o€ VN ‘H*HD owosenin |  0D-OM | AADJHWL
Do 00£T-0061 payoelos
dodoN, 0S ‘dwy 001:(+-€)= J)sed puourerp 0o1)1s | [€00z Suem]
0S-0¢ 8-t S11 | 67088 Jusure[y o1-s VN | “H:*HDOD'HD wrl 60 ol dADd4H
JIqe
oS > -[reAe jou SI £1:61:0eb= Buiyojeios [000Z ut]
VN 9z | o0L8 | selqiusurey 09 €0SP YHO:CHIY owosenin | (001)IS dADdH
(wu) wi (90 (woos) (3opmod
A”_Emv azig M____ "_v s ° hMBWm ?Mb Ay Ansiway) sen puoureip) ensqng Jo)oedy
[e1sh1D = L MO jusuneanaly
SOILLSINALOVIAVHD

WTIA ANV ADOTOAOHLAN NOLLISOdHd W'TIA ANOWVIA ANITIVLSAYOONVN :T°T A'TdVL

30



.t

seen

ce-ae



6vI= Do 0£9 99D
"oAe 0-86= paystjod [s661 HinZ]
v | 00€-0l | os8 00S1 001 001 ‘Huy wr [ 1S dAVdN
-09
6vi= Do 0£9 :9°D
"one 01:06= paystjod [s661 AnZ]
o1 00€-01 | os8 00S1 001 001 ‘Huav wrl 17 1S dAVdN
:09
"9A® ¢001= paystjod [s661 AnZ]
o€ | 00€-01 L1 | 0s8 00S1 001 201 tHuv wrl [0 1S dAVdN
08 001:01= | poysresos wu ¢ [z00Z 8uoH]
o1 S1-01 e | 9-0v9 0022-0081 ¥T VN ‘HHO P uwr| 1S | dADIMIN
payoreds
0S oor-o1= wug | (001s | [100T usox]
v'8 01 se | L-OLY VN ve o1l H:*HD 2 Wu 0§ o dAVdIN
jpue [9661 eaeq]
_ suor uoq (d10 [991S | suof uoqre)
VN 0S-01 €1 s¢> VN VN VN | -Teo Suisuopuod | piodsioqioe) | ssoures | Suisuspuo)
og > (0s-$) [ouey1d [9661 1SIN]
(0-Sp)-08= ut uoisuadsns so8reyosip
ti< os01 | s11| oo vN| ool 001 YHOTHIY wu g 1S are 5
(wu) (wrdos) (a39pmod
@ | g | GO0 ) WoD) | "oy | Ansnusypsep |  puowmip) | ewnsqns [ soroeey
'S 114 SL Jomod d
Te1sk1) mo[q usuneanaid

anunuo) 7'7 AqeL.

31



4 aes



1'0:(6'6L-6'S6) Suysijod [000Z uayD)

002 001 00 (0T-)= oluosen|n [8661 snug]

9| m3jep | 9060 | 9-06S 0001 a4 00T ¢0:%H:*HD wu zirenb AADdIW

payolelos

$8:91=| oised puourerp [100Z nX]

8¢ | 00¥-OL 80| OSL 0002 09 VN CH:*HD wrl ¢ 1S dADddN

1:0:66= paystjod [8661 anu1D]

VN 0z-€ s| oo8 00Z1 001 001 YHD:ICHaVY wr [0 1S dAVdN

1:T:L6= paystjod [8661 2ruD)]

¥8'81 0€-01 s| oo08 00Z1 001 001 YHO:CH IV wr [ 1S dAVAN

1:6:06= paystjod [8661 snuD]

61'vS 0S-0¢ s| oos 0021 001 001 YHO:'H:IY wr [0 | (0OD)'S dAVAN
D007 9D

1:2:001= paystjod [s661 ¥nZ]

97 VN o1 | o0s8 008 001 €01 YHO:ICH:V wr [ 1S AAVAN
D00 %)

8°0:6°1:86= paystjod [s661 NInZ]

€S VN €z | 0s8 00S1 001 €001 YHO:*H: IV w17 1S AAVAN
D002 9D

8°0:01:06= paystjod [s661 MnZ]

Y4 VN | oss 00S1 001 8001 YHO:CH:IY wrl [0 1S dAVdN

(wu) ” ( (wdds) (3apmod
AEE ErALN M”_e_ v Uov Aav A.:Ob ey Qm_Eo_._U sen _u__oEﬂ_E aensqng J0)ORY
asS L= ) SL Jomod d
[eIsh1) MO[ jusuneanaid

anunuo) 7'7 AlqeL

32



60 001:1= Suiysijod [zooz 1]
VN YN| €1 | 059 0052 0¢ VN tH*HD owosenn IS-u [ dADHIN
001:1= Suystjod [zooz 1]
VN VN €1 | 089 00S¢ o€ VN HYHD dtuosen[n 1s-u dAJ3dN
€0 001:1= Surystjod [zooz 1)
LT VN| 50| 089 0052 o€ VN TH:PHD swosen[n 1S-u [ dADddN
001:1= Suiysijod [zooz 111
VN VN S0 | 0s9 00§T o€ VN tH*HD owosen[n 1S-u | dADAdIN
h0 K O Suiysijod
M o..Nw o.m.ml Sruosenn [z00z 3uex]
A 9 01~ | 00s 00S1 0¢ 00z~ « O°'HHO wri ¢'Q Zyrenb AADMIN
001 A 09T [€00T reys)
moj e 001:6= “pasueyuy (100 Teys]
vE -m3j e €1 | ooL 0001 o¢ VN H*HO paserg | (00I)S AADdN
. A 09T (€002 reys]
01 maje 001:5= “pasueyuy (100 Teys]
L1 -md) e 't | 009 0001 (0]3 VN HPHD peserdg [ (001)S AADdW
1'0:(6'LS-6'6L) Surysijod [000Z uayD]
002 001 00 (Ty-00)= awosenjn (8661 snug]
9| myey | 9050 | 9-065 0001 w 002 20:%HYHD wr 1°Q Zirenb AADdIN
(wu) ” (O0) (w29s) (3opmod
A.E.:v azIg AEE_ ) Jo ) (uop) ANey Answay) sen puourerp) aensqng 103089y
Ad'S Iy L omod d
esk1) Mol jusuneanaid

anunuoD z'z SiqeL

33



utw (¢ 10j Suruead ewsed
1y AQ pamo[[0] ‘Ut Qg IoJ UOIIN[OS SUBYIAW pue sueyld0IonyLoIo[ysL) [:1 aind-enin ur Surnestuos ‘Suiues)d [eroual :j
soponed D1g 9z1s U8 goO1 ynm Surysijod so[quing :9
1apmod aprxo wnuiwnfe pautored wrl | yim Surysijod pue Suiddey :p
Japmod aprxo wnuiwnje paurdred win ¢ yim Surysijod pue Suiddey :0
Jopmod 9pixo wnuiwnpe pautofed wrl g Yim Surysijod pue Suiddey :q
JayiajAinqouow [0dA[3[AYe %06 Pue HOIDH %01 Jo uonnjos ynm Surysijod A[feonkjonossys e
siuawadxa Jo sinoy g J9)je pappe sem Lo N*NOHNE%EU
9pIqIed PIAUIWD D))
SpIqIed USISTuUN] PAIUSWId :0D)-IM
a1moruls snoydioure AQ papunouns a1am S[eISAId puowielp aulj[eisAiooueu ‘dON,

ssauyory wy :With
ssauydnos aoeuns "Y'S
ammeradwa) sjensqns 51,

34




2.4 Nanocrystalline Diamond Applications

2.4.1 IR Optical Transmission Window

Proper coating protection has become a necessity because many optical compo-
nents are operated in a hostile environment, such as infrared windows for aerodynamic
applications. By combining the good optical transparency of diamond and its exceptional
physical, mechanical, and chemical properties, like high strength and chemical inertness,
diamond films make excellent protective coatings for optical elements. Thus, during the
past 15 years, researchers have given much effort to investigating the deposition of dia-
mond films for optical coatings. Table 2.3 summarizes the past experiments concerned
with the deposition of polycrystalline diamond for optical application. The different depo-
sition methodologies that were employed for polycrystalline diamond deposition are
summarized along with the transmission performance of the resulting structures. The

results of a number of these investigations are briefly described below.

A low temperature (~400 °C) plasma enhanced chemical vapor deposition process
(by varying the time duration of the plasma pulse and the number of the pulses to control
the substrate temperature) was developed to coat diamond on fused quartz slides. It used a
methane, hydrogen, and oxygen gas mixture as deposition gases [Ong 1989]. The films’
transmission is over 60% in the range of 0.6-2 um wavelength. In 1990, Wang et al.
noticed that by etching away the substrate and polishing the rough surfaces of polycrystal-
line diamond, the transmittance of the free-standing diamond film was increased from the
range of 14-45% to the range of 64-75% (4000 cm’! to 600 cm") [Wang 1990]. Sun et al.

[Sun 1992] produced another free-standing diamond film by etching away the silicon sub-
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strate. Without polishing the diamond surface, the mean transmission was 71% around a
wavelength of 20 um and 57% around a wavelength of 2.5 pm. Another investigation
which makes use of the traditional CH4/H, polycrystalline diamond growth achieved
as-deposited, non-polished CVD polycrystalline thin diamond films with near idea optical
transmission throughout the visible and near- to mid- infrared [Ulcz 1998] and [Rein
2000]. Tang et al. reported that the transmittance of the polished diamond films (by
another thick polycrystalline diamond film) could be increased more than one order in
magnitude when the surface roughness were decreased from 3.2 um to 0.55 pm and the

other from 5.2 um to 1.35 um [Tang 2003].
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Due to the significant impact of the surface roughness on optical transmission of
diamond coated samples, i.e. the reflected and transmitted light from the rough surfaces
are scattered in various directions, which leads to poor transparency. Consequently, in
recent years, the effort of depositing diamond optical coatings has been directed toward
nanocrystalline diamond. The smooth surfaces of nanocrystalline diamond films have
enhanced the optical transmittance of as-grown diamond films for optical coating applica-
tions. Table 2.4 summarizes the past experiments concerned with the deposition of
nanocrystalline diamond for optical application. The different deposition methodologies
that were employed for nanocrystalline diamond deposition are summarized along with
the transmission performance of the resulting structures. The results of a number of these

investigations are briefly described below.

In 1998, the optical transparency of nanocrystalline diamond films grown using
methane, hydrogen, and oxygen gas mixture in a microwave reactor with different sizes of
diamond powder for substrate (quartz) pretreatment was investigated [Bhus 1998]. A few
discoveries was made by Bhusari et al. and Chen et al. [Bhus 1998], [Chen 2000] and

summarized below.

(1) The optical transmittance and surface roughness data exhibited some crossover

behavior.

(2) The films reached the saturation of optical transmittance of the films around 80-84%

even though the surface roughness continued to decrease from 13 nm to 6 nm.
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(3) as long as the sp2 bonded carbon in the film was minimum, the surface roughness was

the dominant factor that controls the optical transmission of the films,

(4) the grain size of the nanocrystalline diamond films did not have as much influence as

the surface roughness on the optical transparency, and

(5) smooth and highly transparent nanocrystalline diamond films could be synthesized
with (i) low methane concentration (between 4-20%) on finer-diamond-powder (4
nm)-scratched quartz substrates, and (ii) high methane concentration (between
20-42%) on coarser-diamond-powder (0.1 um)-scratched quartz substrates. The opti-
cal transmittance was around 80% at a wavelength 700 nm and was achieved on the

quartz substrate.

The comparison of the optical properties of free-standing diamond and nano-dia-
mond was performed by Sharda et al. [Shar 2001]. Although the nano-diamond grown at
600 °C had a somewhat higher absorption coefficient, its lower surface roughness (17 nm
of nano-diamond versus 60 nm of polycrystalline diamond) gave it the potential for appli-

cations as optical windows in the near IR region (transmittance close to 78%).

A 0.1 pm-thick nanocrystalline diamond protective coating on quartz glass, syn-
thesized by microwave chemical vapor deposition system with methane and hydrogen gas
mixtures, achieved 65% of optical transmittance in the visible light range when the surface

roughness was controlled under 12 nm [Yang 2002].
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Jing et al. used a microwave plasma enhanced chemical vapor deposition tech-
nique to grow nanocrystalline diamond on both sides of a silicon wafer with thickness of
0.3 pum and 0.5 um, and reported a maximum transmittance of 85% at the wavenumber of

2200 cm’! (~4.5 um) [Jing 2002].
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2.4.2 Tribological Application-Seal Coatings

Since the first success of chemical vapor deposition diamond synthesis, there has
been great interest in producing high-quality, smooth diamond films on various substrates
(for example, steel, WC-Co, SiC, etc.) for use in a wide range of engineering applications.
This is because diamond, the hardest among all materials, has high thermal conductivity
and is impervious to most chemicals. However, microcrystalline diamond films are usually
rough due to the large faceted crystallinity, which makes post processing, like polishing, a
necessity to improve its friction and wear characteristics. Thick polycrystalline diamond
films grown by the hot filament CVD method was coated on cemented carbide. However,
it only reduced the wear of cutting edge if the cutting path was short [Mori 1998], [Endl
1999]. When the polycrystalline diamond films were used in sliding wear applications and
machining, their rough surfaces cause severe wear damage on the mating surfaces and

high frictional loss [Hayw 1992].

The importance of smooth diamond surface in tribological contacts has been theo-
retically studied and experimentally explored [Case 1973], [Miyo 1993], [Holl 1994],
[Kohz 1994]. Miyoshi et al. tested diamond coated pins sliding against diamond coatings
in both dry nitrogen and humid air and found that the initial friction coefficients were 0.14
and 0.6 with the film surface roughness of 15 nm and 160 nm, respectively [Miyo 1993].
When the roughness of diamond films was reduced from 530 nm to 75 nm, a 50-75%
decrease in friction for sliding against aluminum and about 50% for carbon steel were
observed by Hollman et al. [Holl 1994]. As a result, the development of smooth, as-depos-

ited nanocrystalline diamond coatings is desirable. Table 2.5 shows the results of a number
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of different investigations concerned with diamond film for tribological application. Both

the growth methods and testing techniques are described.
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2.4.3 SAW Devices Based on Nanocrystalline Diamond

Surface acoustic wave (SAW) devices are largely used as frequency filters or reso-
nators in the range of 100 MHz - 1 GHz and are applied to such applications as digital
communications, mobile phones and video systems. SAW devices have the advantage in
that their size is smaller than the equivalent electromagnetic device. Due to the rapid
development of the high speed communication systems, the demand for large volume data
transmission and mobile communication is increasing and requires devices to operate at
high frequency with high power durability and low loss. Multi-layered diamond substrates
are of interest because of their high SAW velocities which satisfy the need for increasing
the operational frequency range without reducing the electrode spacing into sub-micron
region. Diamond is not piezoelectric. Thus, it is necessary to incorporate piezoelectric
materials, like ZnO, into the composite layered structure. Higaki et al. [Higa 1997] com-
pared the performance of ZnO/Diamond/Si SAW devices with the conventional SAW
devices composed of LiTaO; (X-112°Y) and found that at 2.9 GHz, up to 36 dBm of the
input power, the input-output relationship was maintained for ZnO/Diamond/Si SAW fil-
ters, whereas the LiTaO; SAW filters that operated at 822 MHz, degraded significantly
with only 27.7 dBm of input power, and the input-output relationship became nonlinear
starting from the input power of only 23 dBm. Clearly, compared to LiTaO3; SAW filters,
“Zn0/Diamond/Si SAW filters were durable for 8 dB higher input power even at 3.5 times

higher frequency.

Table 2.6 lists the typical SAW velocities of layered structure with a diamond layer

and those of conventional SAW materials [Higa 1997], [Naka 2003], [Chen 2003], [Jian
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1991], [Begh 2002], [Ferr 1999]. The surfaces of the diamond films, which were used as
SAW device substrates were mechanically polished until a less than 3 nm surface rough-

ness was obtained.

TABLE 2.6: SAW VELOCITIES

Sample Velocity

(m/sec)
Si0,/ZnO/IDT/Diamond/Si [Naka 2003] 9000
Si0,/IDT/ZnO/Diamond/Si [Naka 2003] 10000
ZnO/IDT/Diamond/Si [Naka 2003] 10500
IDT/ZnO/Diamond/Si [Higa 1997], [Naka 2003] 11600
IDT/LiNbO3/Diamond/Si [Naka 2003] 11900
IDT/LiTaO5/Diamond/Si [Naka 2003] 10600
IDT/ZnO/R-sapphire [Chen 2004] 10500
ZnO/sapphire [Naka 2003] 5500
LiNbOj; (128Y cut X prop.) [Naka 2003} 3980
LiNbO;3 (64Y cut X prop.) [Naka 2003] 4742
LiTaO3 (X cut 112Y prop.) [Higa 1997], [Naka 2003] 3290
LiTaO5 (36Y cut X prop.) [Naka 2003] 4160
ST-cut quartz [Naka 2003] 3160
36°Y-cut quartz [Naka 2003] 5100
a-H:C [Jian 1991] 4583
ta-C (8 nm thick) [Begh 2002] 5138
ta-C (76 nm thick) [Ferr 1999] 6250
DLC/Quartz (1 um thick diamond-like carbon) 3243

[Zhan 2001]

ta-C/Quartz (120 nm thick ta-C) [Zhan 2001] 3278
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A comprehensive theoretical study was carried out by Nakahata et al. [naka 1995]
and they concluded that when diamond was combined with a piezoelectric thin film, the
SAW velocities up to 12000 m/sec could be reached as propagating in ZnO/Diamond/Si,
LiNbO5/Diamond/Si, and LiTaO3/Diamond/Si structures. Table 2.7 shows the calculated

SAW velocities of layered structure with a diamond layer and those of conventional SAW

materials [Naka 1995].

TABLE 2.7: CALCULATED SAW VELOCITIES [Naka 1995]

Sample Velocity
(m/sec)
Si0,/Zn0O/Diamond/Si (kHz,=0.3, kHg;0,=0.45) 10710
Si0,/ZnO/Diamond/Si (kHz,=0.5, kHg;0,=0.72) 8050
ZnO/Diamond/Si (kHz,6=0.5) 10520
ZnO/Diamond/Si (kHz,0=1.0) 7180
LiNbO5/Diamond/Si 11890
LiTaOz/Diamond/Si 10610
ZnO/glass 2600
LiNbOj3 (128Y cut X prop.) 3980
LiNbOj3 (64Y cut X prop.) 4742
LiTaO5 (X cut 112Y prop.) 3290
LiTaOj3 (36Y cut X prop.) 4160
ST-cut quartz 3158

Smooth diamond surface is an important fabrication requirement for utilizing dia-
mond films as SAW materials. Smooth diamond films: (1) reduce the propagation loss
which affects the insertion loss of SAW devices and (2) ensure the correct generation and

propagation of surface acoustic wave. Polishing the surface of the diamond films is a diffi-
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cult task especially for large wafers. Thick nanocrystalline diamond films, with good
insulating properties can offer considerable advantages over traditionally grown polycrys-
talline diamond in SAW applications. Therefore, the application of nanocrystalline

diamond films to SAW substrate are of interest for the fabrication of high frequency SAW

devices.
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3  Description of Experimental Systems and
Procedures

3.1 Introduction

This chapter, in Section 3.2, first describes the two experimental systems, reactor
geometry, and reactor conditions that were utilized in this thesis research, including
microwave power supply, waveguide/transmission system, vacuum pump and the gas flow
control system, computer control system, and reactor operating field map. The experimen-
tal procedure, including seeding procedures, start-up and shut-down procedures are
described in Section 3.3. The experimental parameter space that was employed in the
experiments for this thesis is described in Section 3.4. and the measurement methodolo-

gies for reactor performance and film characterization are described in Section 3.5.

3.2 Experimental systems

As shown in Figure 3.1, two MSU-MPACVD systems that were used in this thesis
research consisted of (1) a microwave cavity plasma reactor, (2) a microwave power sup-
ply and waveguide/transmission system, (3) a vacuum pump and the gas flow control
system, and (4) a computer control system. These systems are described in detail in the

subsections below.
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FIGURE 3.1 : MSU-MPACVD SYSTEM
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3.2.1 Microwave Power Supply and Waveguide/Transmission System
Figure 3.2 shows a schematic drawing of the microwave power and
waveguide/transmission system. The microwave power supply (1) consists of a magnetron
(2), a circulator (3) and a dummy load (4). The waveguide/transmission system consists of
the rectangular waveguides (5), a dual-directional coupler (6), incident and reflected
power meters (7) and (8), a flexible waveguide (9), and a waveguide to coaxial transition

unit (10).

The microwave power supplied by the magnetron (2) is transmitted to a coaxial
waveguide (11) by the transition unit (10) after it propagates through waveguides (5) and
(9). Microwave power is coupled into the cavity applicator (14) through a mechanically
tunable coaxial excitation probe (12). The excitation probe (12) is located at the center of
the sliding short (13). Both the excitation probe depth, L, and the sliding short position,
L, can be manually adjusted. That is, Lg and L;, can be moved up and down along the
reactor axis and can be adjusted independently from each other. Whenever there is a tun-
ing mismatch between the impedance of the cavity applicator and the waveguides, some of
the incident power is reflected back from the cavity applicator and propagates in the oppo-
site direction of the incident power. This reflected power passes through the
dual-directional coupler (6), and is directed by the circulator (3) into a matched dummy
load (4), where it is absorbed and dissipated as thermal energy. The circulator and the
matched dummy load protect the power source from being damaged by preventing the
propagation of the reflected power back into the power supply. The microwave power

source is a Cober (Model No. S6F/4503), 2.45 GHz, 6 kW power source. The dual-direc-
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tional power coupler attenuation factors for incident and reflected power are 55.6 dB and
55.7 dB for system I, and for system II are 55.88 dB and 55.96 dB respectively. P,

(absorbed power) = P;, (input power) - P ¢ (reflected power).

(15) Monitoring computer

X

(7) Incident Power Meter (8) Reflected Power Meter

(5) Rectangular Waveguide (9) Flexible Waveguide

™ I
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FIGURE 3.2 : MICROWAVE POWER SUPPLY AND WAVEGUIDE/TRANSMISSION SYSTEM
FOR MSU-MPACVD REACTOR

61



3.2.2 Vacuum Pump and Gas Flow Control System
3.2.2.1 MSU-MPACYVD System I

Figure 3.3 displays a schematic drawing of the vacuum pump and gas flow control
systems for the MSU-MPACYVD reactor 1. The source gases consist of Ar (1), H, (2), H,
(3), and CH, (4) with a respective purity of 99.999%, 99.999%, 99.999%, and 99.99%.
The gas flow control is monitored by four MKS type 1159 mass flow controllers (5) along
with a 4-channel MKS type 247C flow controller (6). The system operator sets the flow
rates of the source gases and the values are displayed on the 4-channel MKS flow control-
ler (6). The source gases with desired flow rates are mixed before they enter the baseplate
(7). An ALCATEL 2033 type mechanical roughing pump (16) is used to pump down the
chamber pressure to ~ 0.01 Torr, which is measured by a MKS type 286 TC-1 (Thermal
Conductivity) vacuum gauge (11). The system operator sets the pressure on the MKS type
651C pressure controller (14) and its value is displayed on the Baratron 1000 Torr gauge
(13). An automatic throttle valve (10) controls the pressure of the process chamber (8)
with the value set in the pressure controller. A manual valve (9), normally open, is
installed and can be used to manually control the pressure of the chamber if the automatic
throttle valve malfunctions. During the experiment, the manual valve is open and the
chamber pressure is controlled by the throttle valve. A pirani gauge (12) is installed for
routine leakage check. Nitrogen gas (17) is released through the system vent valve (15) to
bring the chamber pressure up to atmospheric pressure. It is also used to dilute the exhaust
gases (19) through an exhaust valve (18) with the N, flow rate equal to or greater than
twenty times of the total flow rate. The mixing of nitrogen into the exhaust gases ensures

that the exhaust gases are not in a flammable condition.
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FIGURE 3.3 : VACUUM PUMP AND THE GAS FLOW CONTROLLER SYSTEM
FOR MSU-MPACVD REACTOR 1
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3.2.2.2 MSU-MPACYVD System II

Figure 3.4 displays a schematic drawing of the vacuum pump and gas flow control
systems for MSU-MPACVD reactor II. The source gases consist of N, impurity pre-mixed
tanks, No-H, 1% (1), Ny-H; 2% (2), N,-Ar 5% (3), Ar (4), H; (5), CH, (6), and He (7)
with a respective purity of 99.995%, 99.995%, 99.995%, 99.999%, 99.9995%, 99.99%,
and 99.995%. The gas flow control is monitored by six MKS type 1179 mass flow control-
lers (8) along with a 8-channel MKS type 247C flow controller (9). The system operator
sets the flow rates of source gases and the values are displayed on this 8-channel MKS
flow controller. A process gas flow valve (labeled as gas on the panel) (10) is installed to
have manual control on when the input gases are following into the reactor and isolates the
gas lines from the main chamber. The source gases with desired flow rates are mixed
before they enter the baseplate (11). A mechanical roughing pump (24) is used to pump
down the chamber pressure to the low pressure required for the ALCATEL PTM 5150
turbo molecular pump (15) to work efficiently, and to remove gases from the outlet of the
turbo pump. A turbo isolation valve (23) is connected between the turbo pump and the
mechanic roughing pump to protect the turbo pump. It’s only open when the system pres-
sure is below 107 Torr. A SensaVac 919 hot cathode ion gauge (13) is used to measure the
pressure of this high vacuum system. A PPT Quadrupole RGA (Residual Gas Analyzer)
(14) is available to determine the gas composition of the remaining gases at low pressure,
i.e. 107 ~ 10"Torr, before starting an experiment. An automatic throttle valve (20) adjusts
the pressure of the process chamber (12) to the value set by the system operator in the
MKS 651C pressure controller (21). A roughing valve (labeled as process on the panel)

(22) is installed between the automatic throttle valve and the mechanic roughing pump.
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Three temperature controlled Baratron gauges with capacitance manometer technology:
10 Torr gauge (17), 100 Torr gauge (18), and 1000 Torr gauge (19) are installed to func-
tion at different pressure regimes. There are two isolation valves (16). One is connected
between process chamber and the 10-Torr head and it closes when the pressure is greater
than 9.5 Torr to protect the 10-Torr head. The other one is located between process cham-
ber and the 100-Torr head and it closes when the pressure is greater than 99.5 Torr to
protect the 100-Torr head. Either nitrogen (26) or Ar with 99.999% purity (27) is released
through the system vent valve (25) when raising the chamber pressure to the atmospheric
pressure. Nitrogen gas (29) is used to dilute the exhaust gases (30) through a 5000 sccm
gas flow controller (28) with a N, flow rate equal to 2000 sccm. The mixing of nitrogen

into the exhaust gases ensures that the exhaust gases are not in a flammable condition.

Compared to MSU-MPACVD system I, the vacuum pump and gas flow control
systems of MSU-MPACVD system II are greatly improved, providing a better high purity
controlled environment for deposition experiments. (System I has a leak rate of 12.6
mTorr/hr, which yields a purity of 99.987%. System II has a leak rate of 4 mTorr/hr, which
yields a purity of 99.995%.) The low-pressure-pump-down capability of system II ensures
that there is a low leak rate before each experiment. In addition, it removes the impurities
that come off the chamber walls at very low pressures. The use of argon as a vent gas in
system II also reduces N, impurities in the system and the low leak rate of system II
ensures negligible introduction of impurities from the atmosphere. In system II, the source
gases have higher purity to minimize the introduction of impurities, such as nitrogen, oxy-

gen, etc., into the system. The high vacuum capability of system II lowers the combined
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N, impurities from the input gases to 5-8 ppm level, as compared to system I where N,
impurities are 30-50 ppm (Nitrogen-impurity determination was measured by optical
emission spectroscopy technique and was performed by Dr. Mossbrucker.) The influence
of nitrogen on the growth, morphology, and crystalline quality of MPACVD diamond
films has been studied by Asmussen et al. [Asmu 1998]. It was found nitrogen impurities
as low as 20 ppm could affect the morphology and quality of the films. With limited impu-
rities in the system II and the precise gas flow controllers, the operator can (if desired)
carefully control the nitrogen impurities and then can investigate the influence of nitrogen

impurities on film deposition quality and properties.
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3.2.3 Computer Control System
3.2.3.1 MSU-MPACYVD System I

A computer is used to monitor and regulate system I operating conditions and to
control the experimental running time and shut down procedures. The preset running time
and system operating pressure along with the reflected power readings are the input sig-
nals to the computer. Figure 3.5 shows the flow chart of the computer monitoring program
[Zhan 1993]. As shown, the experimental running time, reflected power upper limit, and
the operating pressure threshold are first set. The experimental system is then enabled to
allow the feed gases to flow and the microwave power to turn on. After the system is
enabled, the automatic throttle valve operates in a remote mode controlled by the com-
puter control system to adjust the pressure of the chamber. During the experiment, a
checking loop compares the pressure, reflected microwave power, and time with the preset
values to determine the state of the experiment. An emergency shut down of the micro-
wave power and feed gas is performed if the reflected microwave power, and/or operating
pressure exceed the preset values, and/or power supply is shut down, and/or cooling water
flow is too low at any time during the experiment. In an emergency, the automatic throttle
valve controls the pressure of the system with the preset value. At normal conditions,
when the experiment is complete (i.e., the timer expires), the computer program directs the

system into a normal shut-down sequence (see Section 3.3.2.1) when the timer expires.
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1. Set experiment running time

2. Set threshold pressure

3. Enable the system

4. Experiment start-up sequence, see Section 3.3.2.1

5. Start timer

1. Record the incident and reflected power and
operating pressure. Compare these values

with preset values.
2. Check timer.

Operating pressure over threshold
Reflected power over upper limit
Time expires Microwave power shut down

Water cooling flow too low

Y |

Normal shut down procedure Emergency shut down procedure

See Section 3.3.2.1 1. Turn off microwave power

2. Turn off all gases flow
3. Close automatic throttle valve

FIGURE 3.5 : COMPUTER CONTROL SYSTEM FOR MSU-MPACVD REACTOR I
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3.2.3.2 MSU-MPACYVD System II

System II is also equipped with a computer to monitor and regulate the system
operating conditions and to control the experimental running time and shut down proce-
dure of the experiments. The preset system operating pressure and inpl;t microwave power
along with running time are the input signals to the computer. Figure 3.5 shows the flow
chart of the computer monitoring program written by Michael J. Ulczynski. As shown, the
operating pressure, input microwave power, and the experimental running time are first set
in the computer monitoring program. The experimental system is then enabled to allow
the feed gases to flow and the microwave power to turn on. After the system is enabled, the
automatic throttle valve operates in a remote mode controlled by the program to adjust the
pressure of the chamber. During the experiment, a checking loop compares the pressure,
incident microwave power, and time with the preset values to determine the state of the
experiment. An emergency shut down of the microwave power and feed gas is performed
if the reflected microwave power is more than 25% of incident microwave power value,
and/or operating pressure exceeds t 5 Torr of the preset values at any time during the
experiment. In an emergency, the automatic throttle valve controls the pressure of the sys-
tem with the preset value. It closes if the chamber pressure drops below 10 Torr of preset
value. It opens if there is a leak in the system and the gases are pushed into the system
from atmosphere. At normal conditions, when the experiment is complete (i.e., the timer
expires), the computer program directs the system into a normal shut-down sequence (see

Section 3.3.2.2) when the timer expires.
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1. Set experiment pressure

2. Set input microwave power

3. Set Experiment running time
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5. Experiment start-up sequence, see Section 3.3.2.2
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FIGURE 3.6 : COMPUTER CONTROL SYSTEM FOR MSU-MPACVD REACTOR II
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3.2.4 Reactor Geometry

3.2.4.1 Microwave Cavity Plasma Reactor

Figure 3.7 shows a cross sectional drawing of the microwave cavity plasma reactor
configuration. As shown, the cavity applicator side wall (1) is made of a 17.78 cm inside
diameter cylindrical brass tube. This brass tube which forms the conducting shell of the
cavity applicator is electrically shorted to a water-cooled baseplate assembly (2 - 4) and a
water cooled (21) sliding short (8) via a finger stock (9). Thus the cylindrical volume
bounded by the sliding short, the cavity applicator side wall and the baseplate forms the
cylindrical cavity applicator electromagnetic excitation region. With a fixed excitation fre-
quency and cavity radius, a cavity length was determined by J. Zhang et. al. [Zhan 1994]
to have TMy;3 mode for exciting a ellipsoid-like discharge (12) in good contact with the
substrate (7). The TMy;3 mode was used so that the probe was located far enough away
from the discharges to eliminate the near field effect caused by coaxial excitation probe
(11). 2.45 GHz (CW) microwave power is coupled into the cylindrical cavity applicator
through a mechanically tunable coaxial excitation probe which is inside a coaxial
waveguide (10) and is located in the center of the sliding short. The sliding short controls
the applicator height, L¢ and the excitation probe controls the depth of the coaxial excita-
tion probe, L. Both Lg and L, can be moved up and down along the longitudinal axis of
the applicator cavity wall and can be adjusted independently to excite the desired electro-
magnetic mode and optimally match the resonance. The applicator height L is adjusted
approximately to 21.7 cm and the probe depth, Ly, is about 3.2 cm [Zhan 1993]. The base-
plate assembly consists of a water-cooled (22) and air-cooled (19) baseplate (2), an

annular input gas feed plate (3), and a gas distribution plate (4). A 12.5cm inside diameter
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quartz dome (5) is sealed by O-ring (20) in contact with baseplate assembly. The thermally
floating substrate holder setup assembly includes a flow pattern regulator (15), a metal
tube (16), a quartz tube with 1.D=95 mm, O.D.=100 mm, and height=50 mm, (17), and a
holder-baseplate (6). The premixed input gases are fed into the gas inlet (23) in the base-
plate assembly. The substrate (7) is placed on top of a molybdenum substrate holder (15),
also called a flow pattern regulator, which is supported by a quartz tube (17). Quartz tubes
of different heights may be used to change the position of the substrate with respect to the
plasma to optimize the film deposition. A metal tube (16) which serves as an electromag-
netic field resonance breaker is placed inside the quartz tube. The metal tube prevents the
plasma discharge from forming underneath the substrate by reducing the electric field
underneath the substrate. The metal tube (16) and quartz tube (17) are placed on a sub-
strate holder-baseplate (6) which has 3 cm diameter hole at its center to pass the hot gases
from within the quartz dome (5) to the exhaust roughing pump. The baseplate, the annular
input gas feed plate, and the gas distribution plate introduce an uniform ring of input gases
into the quartz dome where the electromagnetic fields produce a microwave discharge.
The plasma consists of a mixture of neutral gases, electrons, and ions, i.e. dissociated spe-
cies. A screened view window (13) is cut into the cavity wall for viewing the discharge.
By focusing an optical pyrometer onto the substrate through the view window, the sub-
strate temperature can be determined. A air blower with 60 CFM (cubic foot per minute)
blows the cooling air stream into the air blower.inlet (14), onto the quartz dome (5) and
cavity side wall (1), and then finally flows out of the cavity through the screened window
(13) and optical access ports(19) in the baseplate (2). The air blower existing inside the

Cober microwave power supply adds another air cooling stream into the microwave cavity
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plasma reactor. Two Teflon pieces (18) were drilled with four of 1/8” diameter holes. This
allows the cooling air from the air blower in the microwave power supply to flow through
the coaxial waveguide, onto quartz dome and cavity side walls, and then flows out of the
air blower outlet and the optical access ports. On the system I, one fan is used to cool the
cavity applicator side wall. On system II, two fans are used to cool the cavity applicator
side wall and the air cooling provided by the fans also extends the lifetime of the quartz
dome. The microwave cavity plasma reactor is mounted on a process chamber with the
chamber outlet leading to vacuum pumps. On system II, water cooling: (21) and (22) is
replaced by a chiller which controls the temperature of the input coolant liquid. The cool-

ant temperature can be set by the system operator.

The thermally floating substrate holder setup utilizes a flow pattern regulator for
the molybdenum substrate holder (1.D.=3.03125” and O.D.=4.03125") as shown in Fig.
3.9. The flow pattern regulator is a plate with a series of holes arranged in a circle right
inside the big circumference. The gas flow coming out the gas inlet, into the quartz dome,
is directed by the flow pattern regulator as it flows through the plasma. The configuration
is designed to increase the uniformity of the film deposition by changing the flow pattern

in the plasma discharge and influencing the shape of the plasma discharge [Zhan 1993].

The top-side substrate temperature measurement was carried out by focusing the
pyrometer onto the substrate through the screen view window for system 1. Strong argon
emissions interfere with top-side substrate temperature measurements using the pyrometer
positioned to look through the plasma discharge. A silicon wafer back-side substrate tem-

perature measurement was made in system II by aiming the pyrometer at the back side of
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the wafer image that was reflected off the mirror for system II. In system II, the
holder-baseplate has a 1”” diameter hole cut in the center to allow the optical access to the
backside of the wafer. The pyrometer defects 1 pm (near IR) wavelength light. Since the
mirror is not a perfect reflector, the bottom temperature measurement may be somewhat
low. Also, there is a slight reflection loss at the window. However, these effects probably
not significant because blackbody radiation is proportional to T*. Figure 3.8 displays how

the substrate temperature was measured for systems I and II.
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(a) Top side substrate temperature measurement through view window for system I.
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Top view of the substrate holder (flow pattern regulator) [Zhan 1993].
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FIGURE 3.9 : THERMALLY FLOATING SUBSTRATE HOLDER SET UP
Optimized substrate holder design that achieves deposition uniformity.
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3.2.4.2 Substrate Heating Stage

Unlike conventional H,/CH,; CVD diamond growth, ultra-nanocrystalline dia-
mond is not grown in a hydrogen rich environment. A noble gas, Ar is the dominant input
gas. Argon changes the plasma chemistry, including the gas temperature and thus has an
impact on substrate temperature. Gas temperatures and the power densities are lower in
the “hydrogen poor” carbon containing argon plasmas than in the more conventional
H,/CH, discharge. In order to increase Lhe; deposition rate and provide independent con-
trol of the substrate temperatures, a substrate heating stage may be desirable. Figure 3.10
shows the cross sectional view of the substrate heating stage that was developed for

ultra-nanocrystalline diamond film deposition.
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FIGURE 3.10 : SUBSTRATE HEATING STAGE SET UP
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