
     

 
  

—

_ —

.

v
o «a .lo

. . y ~ .-..
.-—.

.s..
'0. u- .

I (.‘.L"'.

.

-
. .

I
‘ .

.

.V

I
~.

.

.

u

.

.

.

'

—

~

.

.

.

.

.

.

.

I

~

,

‘

I.

.

-

‘

-
‘

.

.

.
.

.
.

.

'
.'

.

o

.

I

-

I

.

.

-

.

I

.

V.

.

-

.
~ . ..

- . .. t
‘-

. .'

‘
.

,
. . ‘ | _.

‘

.

-

I

.

.

.

- -

.
.

I '

.
.

--
.

.

'

‘
I

.

'

.

u

.
. .

'
~

‘

. '

u

.
..

.

.

.

.

.

~

.

_

.

. ~ _
‘

. ' ‘

I

..‘

.

.~

.

.

.

o

.

.

.

I

'

.

.

‘
_

.
-

I . .

.
.

.
.

n . . . .
. i‘ .

.

'

‘

-
.

.

.

.

.

.
‘

— '

I.

.

, - . .

I

'

. -

.

.

.

i

..
l

i

.

‘
.

H
I

> .

v .

.
n

7 v 4 "_
'

. . -
. -

.
‘

_.-

.

-

.
I

.

A

‘ ‘

~ _ ‘.
‘ .

.

. .
.

.
.

I.

‘ I.
' i.

.
.

.
.

.
.

_

--

.
.

. -
-

I
t

.

.

.

'

‘

.7

-

.

.

.

~
'

V

u
a '

-

.
.

I -‘
.

.

.
.

.-.

.

.
.

l
‘-

‘

.

.

I h

.

i

.

n

v . ' _ " .
. »

I _. . I .

I

‘
-

.
..

.
.

.
‘

.

.

. -
' I

. . I

.
n

. ‘
.

'

u‘
.

.I

‘

.

. . .
.

. . . . _ . _ _ V
' ' I

.

.

I

I.

.

A

.

.
. .

I
. I

i .

.

.
. .

.

"

I

.

.

.

. u.

'
-

.
. . .

. . . . ‘
9‘ . - .'

u

‘

'

‘

I

'

.‘

I

.

l

.

.

u

. . .
. -j ~ ‘ . .2 . ‘

.

.

i

.

.

.

.

‘
I .

~

.
.

.

. I

I

.

.

.

.
. .

. ‘
.

.
~

_

.
.. . .

.
.

i

.

-
.

.

.

‘

.
.

- . . . _ . ‘ ‘ ‘
. -

.

.
. .

. . .
- h

. h

.

.

.

-

.

v
-

.

.

.

.-

‘

.

.

- .

.

I

'
V

l

‘

O

'

o

‘

. '

'.

.

. .

.

- ‘

‘

.

‘

.

.

.
. -

_ _

.

.

u .

.
. .

-

.

.

'
.

- .
.

.

~

_
-

“
.

t
I

‘
. .

I
.

0

,°

.
. - I ‘

.

.

.

.

.l

--
'

.

.

. _

f

. .

‘
.

. \ ‘
.

.
- . l

2

.

.

'

.
'

.

I

-
‘

.

. . ‘
.

. .
. .. ‘

I

v
. -

.

.

. . ‘

.

.

.

‘ _
4

.

‘ . ‘
.

.'
u

u _
l .

- ~
.

I

r.

.
.

,

- u I

I

.

.

.

-

’

I
.

r

.
' ‘

A
.

.
.

.

.

.
.

~

. . . .

'

‘

.

.

.

.

. -
5 -

.

.v

~
.

- .
. .

-

.

‘

.

-

.

.

-

.
.

.
h

-

‘

.

.
.

‘

.

.
.

.

.
. ~

.
.

A

. . . . . ,
.

. I

.

.
.

.

I

.

I

.

.

. . .

I

. .
.

h

.

.

.

.

~

7

.

.

'

I

h

.

.

I

.

l

.

‘

‘

.

I

.-

.

.

- .
..

.. .

.

.

.
~

.

.

.

‘

.

.

.

‘

'

'

.

-

.

.

.

.

.

. .

‘

l
.

.

‘

.

I

.

I
‘

.

w

.

'

-

.

.

.

.

.

.

I

-

.

_

.

o

I

I

‘

i

,

.

O

.

‘

'

.

.

_

-

i

.

-

.

.

l

‘

.

'

.
I .

-

.

.

.

.

.

7

h

‘

.

.

‘

‘

-

'

.

I

‘

.

l
-

o

.

.

.

I

.

.
_

.

'

o

.

.

.

.

-

.

.

h

‘

.

.

v

.

.

I

.

_

.

.

‘

l

.

.

‘

.

.

.

.

.

.

-

.

.

.

'-

.

.

.

.

a

'

.

l'

I

-

.

.

h

.

l

.

‘

.

.

-
’

‘
'

.

-

'

~

‘

.

.

..

-

.

.
.

‘

.
.

.

.

O

I

.

.

,

- ,

.

.

‘
.

.

-

,

_ . . I.
~

.
I

.

.

~

, .

.
. .

_

I
.

‘

. .
- . . .

. ‘ . h . - .

.
.

i

‘

-
i

‘ .
. i

.

l

.

.

.

.

.

.

,
. .7

' . - I
. ' ‘

.

. -
. -

_ -
- . . _ ' I . -

.

. -

. ~

‘ .
.

' - .
.

i

u

-

-
_-.

...

. “ ‘

.

.

.

.

~

I
.

‘

.

-

. .
. , .

.

"

‘

.

-
. . . '. _ . ‘ '

. .

.
‘

'

. .

i

.

.

‘ .
'

.
'

'-

.
. .

.

.
‘ - '

‘

.

.

.

‘

.

'

, _

. I
. -

.
'

‘

-

I
.

..

.

V

.

0
II

-

n

.

h

.

'.
.

‘

.

.

‘

’

I

O

I.

'

i .

.
.

- .. .
‘ . ‘ .

.
’ .

.
.

.

. .
I

.

.
.

.

a .
. ,

_
K . .

.

.

.

‘

.

‘

.

.

a

i

.'
.

~

‘

.

.
.

.
._

..
, -

.
.

.

'.

‘

.

‘
.

.

.
. .

.
. _

.
I - .

o

. .
. .

‘~ -
. .

I

.'

.

‘

'
. .

.

‘

.

.

.

.

.
. '

-

-

.

' D

     

  

  

  

  

  



 

LIBRARY

Michigan State

University    

This is to certify that the

dissertation entitled

INVESTIGATION OF MICROWAVE CAVITY

APPLICATORS FOR PLASMA ASSISTED CVD

DIAMOND SYNTHESIS AND PLASMA ASSISTED

COMBUSTION

presented by

Kadek Wardika Hemawan

has been accepted towards fulfillment

of the requirements for the

Ph.D. degree in Electrical Enweering
  

ILA/\k
XMajor Professor’s Signature

5! 1:] lo
I ‘

Date

 

MSU is an Affirmative Action/Equal Opportunity Employer

 

-
c
-
-
.
-
.
-
o
-
-
-
.
-
.
-
.
-
.
-
.
-
-
.
-
.

-
—
.
-
.
—
.
-
-
-
-
-
-
.
-
-
-
-
-
u
-
o



 

PLACE IN RETURN BOX to remove this checkout from your record.

TO AVOID FINES return on or before date due.

MAY BE RECALLED with earlier due date if requested.

 

DATE DUE DATE DUE DATE DUE

 

 

 

 

 

 

 

 

 

     
 

‘ 5’08 KIProVMProsICIRC/DatoDqundd

 

 
 

 



-
.
~
—

—
"
'

INVESTIGATION OF MICROWAVE CAVITY APPLICATORS FOR PLASMA

ASSISTED CVD DIAMOND SYNTHESIS AND PLASMA ASSISTED

COMBUSTION

By

Kadek Wardika Hemawan

A DISSERTATION

Submitted to

Michigan State University

in partial futfillment of the requirements

for the degree of

DOCTOR OF PHILOSOPHY

Electrical Engineering

2010

 



 

ABSTRACT

INVESTIGATION OF MICROWAVE CAVITY APPLICATORS FOR PLASMA

ASSISTED CVD DIAMOND SYNTHESIS AND PLASMA ASSISTED

COMBUSTION

By

Kadek Wardika Hemawan

The objective of this research was to design, build, optimize, and

experimentally evaluate microwave applicators that operate at high pressures for

two specific applications: (a) microwave plasma assisted chemical vapor

deposition (MPACVD) and (b) microwave plasma assisted combustion (MPAC).

Microwave plasma assisted chemical vapor depOsition was experimentally

investigated using a cylindrical plasma source, high purity, 2-5% H2/CH4 input

gas chemistries and operating at high pressures of 180-250 Torr for diamond

synthesis. A microwave cavity plasma reactor was specifically modified to be

experimentally adaptable and tunable in order to enable operation with high input

microwave plasma absorbed power densities within this higher pressure regime.

Uniform polycrystalline diamond films were synthesized on 2.54 cm diameter

silicon substrates and single crystal diamonds were deposited on HPHT diamond

seeds at substrate temperatures of 950-1282 °C. The polycrystalline growth rates

ranged from 3 to 21 um/hr at 2-5% CH4/H2 while single crystal diamond growth

rate varied from 8 to 36 um/hr at 3-5% CH4/H2. Higher operating pressures,

absorbed power densities, and methane concentrations resulted in higher



diamond growth rates. FTIR transmission and Raman measurements indicated

the synthesized diamond at these high pressures was of excellent quality.

Microwave plasma assisted combustion was also investigated using

cylindrical and coaxial microwave cavity applicators using premixed gas

chemistries of OZICH4. These applicators were developed to enable the efficient

coupling of microwave energy into gases/plasmas/flames at pressures of one

atmosphere. The mechanical tuning of the applicators allowed for the efficient

matching of microwave power into the flame and also allowed the optimal

positioning of the flame with respect to the impressed electric field. The addition

of a few Watts of microwave power to a combustion flame with a flame power of

10-40 W served to extend the flammability limits under fuel rich and fuel lean

conditions, increased the flame length and intensity, and also increased the

number density and mixture of excited radical species in the flame vicinity.

Optical emission spectroscopy measurements showed gas rotational

temperatures in the range of 2300 - 3600 K.

This thesis research has led to two experimental applicator designs and

associated systems that allow experimental investigation of microwave energy

interaction with combustion flame and a microwave applicator that enables

MPACVD diamond synthesis at 180-250 Torr pressure regime. This MSU

MPACVD reactor design has recently been commercialized.
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CHAPTER 1

INTRODUCTION

1.1 Research motivation

A major motivation of this thesis research was to develop microwave

applicator technologies that efficiently create and maintain microwave discharges

at pressure regimes of 180 Torr and above. Thus, this thesis research was

devoted to exploring microwave discharge coupling behavior at high pressures

and deveIOping the associated microwave plasma cavity applicator technologies.

The approach which was primarily experimental initially extends the limit

of the existing microwave reactor technologies from 180 to 250 Torr. This was

done by a redesign of a specific reactor In order to enable it to Operate robustly

and optimally in the 180-250 Torr pressure regime. Other experiments were

performed at one atmosphere where small, efficient microwave applicators

sustain a microwave discharge in argon and molecular gases such as CH4, 02

and N2.

The reliability and efficiency of the applicator designs was then evaluated

in the specific high pressure microwave discharge applications. In particular,

applicator designs were experimentally investigated in two applications: (1)

MPACVD synthesis of diamond and (2) microwave plasma assisted combustion

(MPAC). Each application is briefly described in section 1.1.1 and 1.1.2 below:



1.1.1 Microwave plasma assisted CVD diamond synthesis

Early investigations of chemical vapor deposition of diamond employed

low power density microwave discharges/reactors (< 5 W/cm3) that were

operated within the low pressure, 20-100 Torr, regime and used input CH4/H2

gas mixtures that varied between 1-5% [1, 2]. Both polycrystalline and single

crystalline films were synthesized with deposition rates that increased from less

than a one um/h at very low methane concentrations (< 1%) to a maximum of a

few um/h as methane concentrations were increased to 5%. However, high-

quality films could only be produced under low methane input conditions (< 1%)

and as a result, diamond growth rates were very low; i.e < ~1 pm/h. Attempts to

increase the growth rate by increasing the input methane concentrations led to

the formation of defects such as secondary nucleation and unepitaxial

crystallites. While these results were of scientific interest [2] the very low growth

rates limited the commercial potential of microwave plasma assisted CVD

synthesis of diamond. Thus, in the mid 1990’s an important scientific and

engineering challenge and opportunity that remained unsolved was to discover

and develop diamond synthesis methods that dramatically increase the

deposition rates while still producing excellent crystalline quality.

During the mid 1990’s and early 2000's several research groups [3-8]

searched for improved diamond synthesis methods. Their experiments, which

synthesized both polycrystalline and single crystalline materials, utilized high

power density (50—100 W/cm3) microwave discharges operating at moderate



pressures between 100-180 Torr. They found that (1) synthesis rates for both

polycrystalline (PCD) and single crystalline diamond (SCD) were greatly

increased and (2) the diamond quality was improved as the microwave discharge

power density and process pressure were increased. In particular, good quality

PCD was deposited at 4-10 um/h [7-8] and SCD was produced at rates of 50-100

[1th [3, 5]. These growth rates were higher by a factor of 5 to 100 times than the

growth rates for good quality CVD synthesized diamond that was obtained in the

early 1990’s using low pressure microwave discharges.

The research activities in this thesis were directed towards the

development of new microwave reactor technologies that enable the

experimental exploration of CVD diamond synthesis at operating pressures

above 180 Torr. A motivation of the research was to grow diamond at high rates

and high quality. The results of this investigation have been submitted for

publication in Diamond Related Materials and also have been commercialized by

Lambda Technologies.

1.1.2 Microwave plasma assisted combustion

Diamond can also be synthesized using combustion CVD. The first

experiments were conducted by Hirose and Kondo [8] using acetylene flames

and later confirmed by Naval Research laboratory [10]. Combustion CVD is a

potential technique for diamond synthesis because of its simplicity of the



experimental systems, it is scalable technique, and has lower capital costs as

compared to other plasma assisted CVD [11].

As of late, an emerging topic that combines both plasma and combustion

fields commonly referred to plasma assisted combustion, has gained attention

among the plasma and combustion scientific community. Many researchers have

investigated techniques that combine electrical energy with a flame. They

demonstrated the potential to modify the combustion process with the addition of

electric energy. Various discharges such as DC and AC, dielectric barrier, RF,

pulsed corona, and microwave discharges were experimentally investigated for

their ability to interact with, and to modify premixed and diffusion flames.

Microwave plasma-assisted hydrocarbon treatment was initially Investigated for

intemal-combustion engine improvement [13-17] and for the conversion of

hydrocarbons into methane and acetylene gases [18]. More recently the

conversion of hydrocarbons into hydrogen fuels has been also investigated [19].

By investigating microwave plasma assisted combustion, it was desired to

understand any macroscopic changes in the plasma behavior when the

combustion flame is subjected to microwave energy. Thus, the thesis research

developed and experimentally evaluated two microwave applicator designs that

were able to gradually and efficiently couple microwave energy into a flame.

Some of the investigation results have been published in the Applied Physics

Letters, 89, 141501 (2006) and the Review of Scientific Instruments, 80, 053507

(2009). These reactors are now available as experimental test facilities that

enable further investigation of microwave energy interaction with combustion
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flames and also may lead to new MPACVD reactor designs that at high pressure

combine combustion and microwave plasma Le, a hybrid MPACVD combustion

flame reactor for CVD diamond synthesis.

1.2 Research objectives and approach

The Objective of this research was to design, develop, optimize, and

experimentally evaluate microwave applicators that operate at high pressures (>

180 Torr - 1 atmosphere) for two specific applications: (a) microwave plasma

assisted chemical vapor deposition (MPACVD) and (b) microwave plasma

assisted combustion (MPAC).

The specific goal of the microwave plasma assisted CVD research was to

extend the operation of an existing MSU reactor technology to higher pressures.

When increasing the operating pressure, it is expected that the diamond growth

rate and quality will increase. The high pressure plasma reactors and

experimental methods described in this thesis allow the spatial positioning and

shaping of the resulting discharge in a high pressure, thermally inhomogeneous,

high power microwave density discharge, and thereby enable the synthesis of

polycrystalline and Single crystal diamonds at high pressures between 180 to 250

Torr.

The Specific goal of the microwave plasma assisted combustion research

was to build and modify microwave cavity applicators that enable the

investigation of the underlying microwave coupling mechanism, the macroscopic



changes that occur when electromagnetic energy was added into the combustion

flame, and study the hybrid plasma flame discharge characteristics at 760 Torr.

The research approach and specific tasks conducted during the

investigation are outlined below:

1. Modify the existing microwave plasma assisted CVD reactor design and

test the new applicator for diamond synthesis at higher pressure

a. Modify the reactor to enable the excitation of a hybrid (TM013 +

TEM001) mode and provide additional length tuning for the coaxial

section of the reactor.

Design and build a water cooled stage and substrate holders for

high pressure polycrystalline CVD diamond synthesis.

Experimentally synthesize polycrystalline diamond at 180-240 Torr.

. Design and build a water cooled stage and substrate holders for

single crystal diamond synthesis.

Experimentally synthesize single crystal diamond (without nitrogen)

at 180-250 Torr.

2. Develop microwave plasma applicators at one atmosphere for plasma

assisted combustion

a. Experimentally evaluate a premixed combustion flame at 760 Torr

pressure using a miniature coaxial plasma torch burner (new

applicator design).

 



b. Improve microwave coupling of the coaxial plasma torch burner by

placing it inside a tunable cylindrical seven inch cavity (new

applicator design).

c. Modify the microwave coaxial re-entrant plasma cavity applicator

for efficient and optimum coupling between the microwave energy

and combustion flame (applicator design improvement).

1 .3 Dissertation outline

The thesis research activities have two major research components: (1)

MPACVD for diamond synthesis at operating pressures of 180-250 Torr and (2)

microwave plasma assisted combustion at operating pressure of 760 Torr. These

are described respectively in Chapter 2 to Chapter 5 and Chapter 6 to Chapter 9.

In Chapter 2, the theoretical background and literature review of microwave

plasma assisted chemical vapor deposition is presented. In Chapter 3, the

MPACVD diamond reactor design is described. The chapter begins with a brief

review of MSU generic reactor technology followed by the description of the

existing or reference reactor. Detail designs of the modified or hybrid reactor is

also presented. This includes a new water cooling stage and substrate holder

designs. General background of circular and coaxial waveguides/cavities such as

mode charts and field patterns is also presented. Chapter 4 begins with the

description of the overall experimental system setup. The description of the CVD

diamond synthesis experimental multivariable space and experimental



procedures are discussed. Presentation of experimental results such as the

reactor's performance, optimization, and microwave plasma discharge

characteristics are presented in Chapter 5. Here the diamond growth rates,

diamond uniformity, diamond surface morphology, and diamond quality for both

polycrystalline and Single crystal diamonds are discussed.

Chapter 6 presents the background and literature review of plasma

assisted combustion. In Chapter 7, the microwave plasma assisted combustion

experimental systems and procedures are described. This includes, microwave

system networks, optical emission Spectroscopy set up, and rotational

temperature calculation procedures for both N2 and CH. Chapter 8 covers the

microwave plasma assisted combustion applicator #1, Le, hybrid cavity plasma

flame burner system which consists of miniature plasma torch combined with the

seven-inch cavity applicator. The experimental results such as influence of

microwave coupling on the flame structure, flammability limits, and gas

temperature are also presented. Chapter 9 covers the microwave plasma

assisted combustion applicator #2, Le, compact re-entrant cavity plasma flame

burner and the experimental results drawn from the experimental measurements.

Chapter 10 concludes the dissertation with a summary of the work on the

microwave plasma assisted combustion and microwave plasma assisted CVD

diamond synthesis. Recommendations for future research are also presented.



CHAPTER 2

MICROWAVE PLASMA ASSISTED CVD DIAMOND

BACKGROUND

2.1 Introduction

This chapter presents general background and literature review of CVD

diamond synthesis at high pressure (5 120 Torr and above). It begins with basic

properties of diamond and its potential use in various technical applications.

Then, the comparison between microwave plasma CVD versus combustion CVD

for diamond deposition technique is presented. The general growth process and

surface kinetics chemistry of CVD diamond is also described. A literature review

of polycrystalline and Single crystal diamond deposition at high pressure

concludes the chapter.



2.2 Diamond structure, properties and its applications

Diamond has a crystal structure of face-centered cubic (FCC) lattice with a

basis of two identical carbon atoms or lattice points primitive unit cell, one at (0,

0, 0) and the other at (1/4, 1/4, 1/4). It can be viewed as the superposition of two

FCC lattices one displaced relative to the other along the body diagonal by one

quarter of lattice parameter from the origin. At room temperature, the unit cell is

cubic with a side length approximately equal to 3.567 Angstrom. Every carbon

atom in the lattice is bonded with four other carbon atoms to form a tetrahedral

structure. Four valence electrons in each carbon atom form strong covalent

bonds by Sp3 hybridization with nearest neighbor distance of 1.54 Angstrom.

Figure 2.1 shows the cubic crystal structure of diamond.

 
Figure 2.1 — Diamond cubic crystal structure
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Diamond has unique and superior properties as compared to other

materials. Among other properties, diamond is the hardest known solid material,

has a very high bulk modulus. It has highest thermal conductivity at room

temperature, it has a broad optical transparency from the deep ultraviolet to the

far infrared, it has the highest sound propagation velocity, it is a very good

electrical insulator, it can be doped to become a semiconductor, it is a

biologically compatible material, and it is very resistant to chemical corrosion

since it is inert to most chemical reagents. Listed below are the mechanical,

thermal, optical an electrical properties of diamond [20-23].

Hardness

Strength, Tensile

Sound velocity

Young’s modulus

Atom density

Thermal conductivity

Refractive index

Dielectric constant

Optical transparency

Saturated electron velocity

Electron mobility

Hole mobility

Band gap

Resistivity

11

10,000 kg/mm2

> 1.2 GPa

17,500 m/s

1140 GPa

1.77x1023 1/cm3

20 chm K

2.41

5.68

UV to far IR

2.7x 107 cm/s

2,200 cmst

1,600 cmst

5.45 eV

1013-1016 Ocm



These highly attractive properties make diamond a very promising

material for various technical applications ranging from space, defense,

semiconductor, computers, tribological, and commercial technologies. Due to

great hardness, wear resistance, high strength, rigidity, and chemical inertness,

diamond can be used in grinding or cutting tools. For example, industrial knives,

oil drilling tools, surgical scalpels, saws, circuit board drills, ball bearings, jet

noale coatings, and abrasive pump seals.

Because of the high thermal conductivity and electron carrier mobility,

saturated carrier velocity and high frequency performance, diamond has the

potential to be used in semiconductor devices and thermal management.

Examples of applications are heat sink diodes and PC boards, field-effect

transistors, photovoltaic elements, and high power microwaves.

Due to good radiation resistance and transparency from UV to IR,

diamond can be used as an optical coating or an optical material for many

applications such as X-ray windows, fiber optics, UV to IR windows, laser

protection and UV sensors. Also diamond can be used as inert conducting

electrode for a variety of electro chemical applications and in the harsh

environment found in intemal-combustion and jet engines.

12
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2.3 Plasma-assisted CVD vs. combustion CVD diamond synthesis

There are a number of methods that are commonly used to synthesize

diamond; namely, hot filament CVD [24-25], DC plasma CVD [26-27], RF plasma

CVD [28], combustion CVD [9,10,30] and laser assisted CVD [31]. Since the

topic of this research is microwave plasma assisted CVD and microwave plasma

assisted combustion, only microwave plasma assisted CVD (MPACVD) and

combustion CVD (CACVD) are being compared. Shown in Table 2.1 is the

comparison between microwave CVD and combustion CVD techniques. The

advantages and disadvantages of each technique along with typical

characteristics are listed. The several factors that make the microwave plasma

assisted CVD technique popular or commonly used for diamond synthesis are:

(1) high plasma density and low sheath potential which result in high energy

efficiency, (2) high gas temperature as needed for H production, (3) stability and

reproducibility which allows for continuous and long hours of deposition, (4)

potential to scale up the process for larger substrate area, and (5) high purity

deposition environment. The main challenge of this technique still however has to

do with the deposition growth rates and process control (over heating of reactor

walls) when operated at high pressure. As of late, great progress has been made

in increasing the diamond growth rates using MPACVD technique.

Combustion flame diamond deposition at atmospheric pressure was first

reported by Hirose et.al. [9] and then followed by Hanssen eta]. [10]. In a flame

CVD process, a premixed combustion flame is used to synthesize the diamond.

Diamond is formed on the deposition substrate positioned at the reducing part of

13



the flame at substrate temperature of 800-1100 °C and a gas temperature of

about 2000 °C. The atmospheric flame deposition is simpler in design, easy to

use and shows great promise for high growth rates. The main challenge of this

method is that the deposition area is still relatively small and uniformity of the

grown diamond is still not at its optimum. Also, it has been reported that by

employing this method, the consumable costs are too high due to large amounts

of acetylene and oxygen required during deposition.

l4
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2.4 Diamond growth

Figure 2.2 Illustrates the linear growth rate (pm/hr) for various diamond

CVD methods versus gas temperature in their activation zone. It can be seen

that the linear growth rate between ~ 0.01 um/hr to ~ 1000 um/hr could be

obtained depending on the deposition techniques employed. The lowest growth

rates are obtained with the simple thermal decomposition. Then, using the low

pressure DC or RF glow discharges, it induce some gas heating which helped

increase the diamond growth rate at around 0.1 pm/hr. The low pressure

microwave and hot filament CVD methods have gas temperature between 2000-

2500 °C and their growth rate varies from 1 to 10 um/hr. Using the oxyacetylene

method with gas temperature between 5000-7000 °C resulted in growth rate over

100 pm/hr. High gas temperatures lead to the highest linear growth rates due to

atomic hydrogen generation and appropriate neutral carbon containing radicals

by collisions [9].
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Figure 2.2 — Linear growth of various diamond CVD methods versus gas phase

temperature in their activation zone [32].

Goodwin et.al. [41] and Silva et.al. [42] proposed a theoretical formulation

on the influence of CH3 methyl radical and H atomic hydrogen during diamond

growth. Simulation results by Silva et.al. suggested that higher CH3 and H

resulted in higher growth rates and lower defect density. Likewise, as the

operating pressure and methane concentration increase, diamond growth rate

dramatically increases. The atomic hydrogen concentration at the surface

increases by three orders of magnitude while the CH3 concentration is multiplied

by factor of ten. This leads to an increase in growth rate that is greater than10

um/hr at 300 mbar. Also, since the atomic hydrogen density is very high, it is

possible to increase methane concentration at high pressure for high growth rate

without sacrificing the grown diamond quality.
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2.4.1 Gas composition

P.K. Bachmann et.al. [43] established a well-known “Bachmann triangle

diagram” which comprise of ternary C-H-O phase composition. This diagram is a

commonly used general guideline when synthesizing diamond versus the input

gas mixtures. It can be observed from the ternary phase diagram that diamond

can be grown using various gases such as methane (CH4), acetylene (C2H2),

ethylene (C2H4), ethane (C2H5), and carbon dioxide (C02). For higher pressure

operation, the hydrogen rich corner of the triangle can be extended wider that

allows higher methane concentration to be added into the gas mixture as shown

in Figure 2.3.

For each point within the triangle, a set of three characteristic coordinates

can be calculated. For example:

X”: H X0: 0 XC= C

(H+C) (0+H) (C+0)

 
 

 

Where H, O, and C are the total number of H, O, or C atoms in the

molecules of the used gas mixture. It has been observed that diamond only

grows when the gas composition is in the thin region close to and just above the

CO tie-line regardless of the deposition system method employed. Below the CO

line tie-line, no film growth will be achieved. Above the CO tie-line, non diamond

carbon will be deposited, with the exception of a very narrow window close to the

tie-line which produces diamond films.
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Figure 2.3 — Magnification of the hydrogen rich comer of the Bachmann diagram

for higher pressure operation [44].

2.4.2 Physical growth process

The CVD diamond growth process is quite complex. A general simplified

growth diamond CVD process is shown in Figure 2.4 and can be summarized as

follows: Initially the process gases first mix in the discharge chamber before

diffusing through the plasma and onto the substrate surface. As the species pass

through the plasma discharge activation region they can be ionized and

dissociated. In particular the hydrogen and hydrocarbon precursor molecules

dissociate in the discharge and create an equilibrium concentration of gas-phase

hydrogen atoms. More specifically, this activation results in breaking down of the

molecules into reactive radicals and atoms, creates ions and electrons, and
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heats the gas to a high temperature of the order of a couple thousands Kelvin.

As these reactive radicals hit the substrate surface, they continue to mix and

undergo very complex sets of chemical reactions. At this stage, the species

adsorb and react with the surface, desorb back into the gas phase, or diffuse

around Close to the surface until an appropriate reaction site is found. When the

appropriate surface reaction and all gas phase chemistry conditions are met, this

leads to the formation of diamond.

 

Reactive input gases

H2 ‘1' CH4

   

Electric discharge Electric discharge

\ / 
    

 

    

 

Activation

H, CH3, CH2, C, etc

I I Dgfutsiorimrinveictizn I I
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Figure 2.4 - General diamond CVD growth process
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2.4.3 Surface kinetics

The main growth species in diamond depositions usually consist of C, CH,

C2, Csz, CH3, etc. It is believed however, that the atomic hydrogen is one of the

critical components in the gas phase mixture. A high concentration of atomic H

plays a major role for a number of processes. In the normal state, hydrogen is a

molecule which dissociates at a very high temperature above 2000 °C or in high

current density arc to produce atomic hydrogen. The rate of the recombination is

also very rapid since the mean free path dependent half life of atomic hydrogen

is very short [45]. Atomic hydrogen is extremely reactive and it etches graphite

much faster rate than it etches diamond. This is very important characteristic

since when graphite and diamond are deposited together; graphite is

preferentially removed while diamond remains. Another important role of atomic

hydrogen is its contribution to the stabilization of the sp3 dangling bonds found

on the diamond surface plane as it is formed. Without hydrogen, these bonds

may not be maintained and the diamond {111} plane would be collapse to the

graphite structure. Thus, the graphite removal and sp3 bond stabilization are

essential factors in the growth mechanism of diamond.

Several studies have been conducted to understand the growth species

and Surface kinetic chemistry of diamond growth [41, 46]. During diamond

growth typically the diamond surface is saturated with hydrogen atoms. An

atomic H abstracts a surface H to form H2 leaving behind a reactive surface site.

This open surface site can react with another nearby H atom, which resulted in
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stable form as its previous situation. However, there are probabilities that a gas

phase CH3 radical may collide and react with the surface site, adding carbon to

the lattice. This process of H abstraction and methyl addition may then occur on

a site adjacent to the attached methyl. A further H abstraction process on one of

the chemisorbed groups creates a radical, which hit the other nearby carbon

group to complete the ring structure, locking the two carbons into the diamond

lattice. Recent publications by various diamond researchers seemed to indicate

the consensus that diamond growth occurs mainly from primary species such as

methyl radicals (CH3) and acetylene (C2H2). Butler eta]. [46] simulated a

diamond growth model based on hydrocarbon radical such as C2H2 and CH3 on

the {110} and {111} oriented diamond films under typical chemical vapor

depositions. The growth on a fiat {110} surface is initiated by H abstraction from

and CH3 chemisorption onto the diamond surface, H abstraction from and CH3

addition to the chemisorbed CH3 molecule, H abstraction from the second CH3

molecule and from an adjacent site on the diamond surface, and bonding

between the C2H4 radical and the film. Table 2.2 shows the reaction rate

constants that describe each reaction transition for each step.
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Table 2.2 — Reaction rate constants at 1100 K. The notation Cd represents a

surface diamond carbon atom, f and r denotes forward and reverse rate

respectively. The * Indicates a surface biradical [46].

 

 

 

 

 

 

 

Reaction Kf K,

1. CdH+H++Cd+H2 1.83x1012 3.63 x109

3. 041+ CH3<~+CdCH3 2.06 x1012 1.13 x105

5. CdCxHyHCdCxHy-1 + H2 1.83 x1012 4.76 x109

7. CdCHy+CH3<—>CdCZHy+3 2.06 x1012 1.13 x105

9. Cd+*+CdCxHy+—)Cd+CdCx-1Hy+Cd 3.57 x1011 N/A   
 

Goodwin eta]. [41] proposed a diamond growth model based on surface

reactions where atomic hydrogen is bonded to almost the entire surface. It was

postulated that the primary mechanism that opens sites on the surface is by

abstraction of surface-tenninating hydrogen by atomic hydrogen. The reaction

and associated rate, Rabs.H, is given by [41, 47]:

CdH+H-—>Cd* +H2

Rabs—H = kIIHI

where k1 is the reaction rate constant and [H] is the atomic hydrogen

concentration (flux) at the surface. The abstraction results in an open site on the
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diamond surface, which can be filled by either a carbon radical species such as

CH3 or the adsorption of atomic hydrogen. The reaction and associated rate,

RadH, of hydrogen adsorption onto an open site, Cd*, is

C; + H —> CdH

RadH = kZIHI

A growth species can also be adsorbed on to the surface with the reaction and

associated rate for an open surface site given by:

C; + CH3 —) CdCH3

Radc = k3lCHx]

Once the growth species is on the surface it can then continue along one of two

primary paths. The first path is thermal desorption from the surface leading to an

open site on the surface again. The reaction and associated rate for a given

adsorbed site is

CdCH3 —> C; + CH3

Rdes = k4

The other pathway is the incorporation of the adsorbed carbon species into the

diamond structure. The general event that begins this mechanism in growth

models is an abstraction of hydrogen from the adsorbed carbon species.
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CdCH3 + H —> CdCH2 +H2

Rabs—CHx = kSIHI

In steady state conditions this set of reactions can be combined to give a growth

rate G given by [41]:

"5 k1 [CH3IIH]
3

"d k1+k2 fl+[H]

k5

G=k   

where ns is the surface site density (2.61x10'9 mole/cmzon (100) surfaces), nd is

the molar density of diamond (0.2939 mole/cm3), k1, k2, k3, k4, and k5 is the

reaction rate constant respectively. It was noted that in order to obtain a good

quality diamonds with low defects, the carbon species concentration in the input

gas flow (CH4/H2) should be low.

Mankelevich eta]. [48] described a more detail numerical model of the

plasma and the plasma surface chemistry and the growth mechanism of single

crystal diamond in microwave plasma CVD at operating pressure ranges from

100-180 Torr. The 2D model assumed that the CVD reactor has cylindrical

symmetry with coordinate system r in the radial distance from the center line of

the chamber, and z, the axial (vertical) height above the substrate surface. Also

with the assumption that the plasma electron temperature, Te ~ 1.5 eV, plasma

volume, Vp ~ 5 cm3, and microwave absorbed power density ~ 120 W/cm3.
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Shown in Figure 2.5(a) is the temperature distribution across the center of

the plasma with average value of ~3300 K across the plasma discharge. The gas

temperature drops significantly in the gap of a few mm between the plasma ball

and the substrate surface. Based on their calculation the substrate temperature

is at around 1600 K. Figure 2.5(b) shows the H atom mole fraction expressed as

a percentage and H atom is a maximum in the hottest region at the center of the

plasma ball but decays at the substrate surface. They concluded that there are a

significant number of H atoms striking the surface that can initiate abstraction

reactions and create the radical sites necessary for diamond growth.

Figure 2.6 shows the mole fraction profiles for (a) Cz(a) and (b) CH3. The

C2(a) concentration was much localized in the hot center of the plasma ball

where it was created, but outside of this region including near the substrate

surface, the concentration rapidly falls to negligible levels. It was postulated that

for CH4/H2 plasmas, emission from the Swan band of excited 02 occurs over

most of the visible region that produces most of the light which gives the plasma

its apparent visual size as shown in Figure 2.6(a). Since the CH3 maximizes

around the periphery of the hot gas region, and thus it was these regions that will

be important for diamond growth.
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(b) H atom

 
Figure 2.5 - 2D plots of the calculated (a) gas temperature, T, in Kelvin and (b) H

atom mole fraction for substrate holder diameter Dsh= 9 mm and power density

~120wrcm3 [48].

 
Figure 2.6 - 2D plots of the calculated (a) C2(a) and (b) CH3 mole fraction for

substrate holder diameter Dsh= 9 mm and power density ~120 W/cm3 [48].
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2.5 Microwave plasma CVD diamond synthesis literature review

The microwave plasma CVD diamond synthesis at high pressure literature

review in this section is divided into two parts: (1) polycrystalline and (2) single

crystal diamond. Reactor configurations, operating conditions, and deposition

results are summarized below. Lower pressure MPACVD for polycrystalline

diamond synthesis has been summarized in previous research thesis at Michigan

State University [7, 8, and 49].

2.5.1 Polycrystalline diamond

Lately, polycrystalline diamond via microwave plasma assisted chemical

vapor deposition is synthesized at an increasing pressure i.e., 100 Torr and

above. Presented below is literature review of polycrystalline diamond synthesis

via microwave plasma assisted CVD operated above 120 Torr using 2.45 GHz

excitation.

Chein eta]. [44] in 1999 investigated the effect of using high power density

microwave plasma with elevated substrate temperature and oxygen addition into

their methane/hydrogen gas mixture. Diamond growth rate of 30 umlhr was

achieved with operating pressure of 150 Torr, substrate temperature up to 1620

°C, methane concentration of 1-50%, and input microwave power between 1400-

1750 kW. The reactor used was microwave plasma CVD with magnetron output

power up to 6 kW as shown in Figure 2.7. A quartz window of 0.25 inch thick was
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used to separate the discharge chamber and the rectangular waveguide. The

diamond growth rate increases as the substrate temperature and methane

concentrations increases. It was found that the higher substrate temperature

resulted in a higher growth rate. However, graphite was usually deposited at

substrate temperature above 1200 °C when using lower pressure low power

density microwave plasma. By using high power density microwave plasma,

diamond can grow at substrate temperature of 1500 °C with 1% methane mixed

into the hydrogen.

Microwave

generator

 

'- I
 

 

Plasma

ball

    

 

--r- Mechanical

pump

Mixed gases -.~ —-—-

I. Molybdenum

Water in «— substrate

Water out ...3.

Figure 2.7 - Microwave plasma assisted CVD reactor used at Auburn University

[44]-
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Mortet eta]. [4] in 2004 investigated polycrystalline diamond growth rate at

high pressure up to 250 mbar (~ 187 Torr) using high power microwave plasma

CVD rotational ellipsoidal reactor. The substrate was 5 mm thick (100) silicon

with diameter of 2 inches and mechanically seeded with diamond powder.

Growth rates up to 4.5 urn/hr were obtained using hydrogen methane gas

mixture in the range of 0.5-3% of CH4 in hydrogen. Shown in Figure 2.8 is the

microwave ellipsoidal reactor which consists of waveguide system with an axial

antenna, ellipsoid cavity, and quartz bell jar that contains the deposition

chamber. It is a 2.45 GHz operating frequency with 6 kW of magnetron power. It

was found that the growth rate increases linearly with methane concentration up

to 1% followed by saturation, nearly linear increase in growth rate with total

pressure at methane concentration of 0.5%. Also, the growth rate increases with

higher substrate temperature.
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Figure 2.8 — Ellipsoidal high pressure microwave plasma assisted CVD reactor

[50].
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Kuo eta]. [6] and Kahler [7] in 1997 and investigated polycrystalline

diamond uniformity and quality of freestanding film using 2.45 GHz microwave

cavity applicator as shown in Figure 2.9. They initially explored the synthesis of

diamond film at high pressure using this microwave plasma cavity reactor and

studied the growth rate versus methane concentration and substrate

temperature. Zuo eta]. [49] then optimized the reactor to enable larger substrate

deposition, better cooling, and better uniformity of the grown polycrystalline

diamond. The substrate diameter deposited was up to 75 mm on silicon wafers.

The growth rate achieved was in the range of 0.5 to 6 um/hr. The operating

conditions were 80 to 160 Torr deposition pressure, 3.0 to 4.5 kW of microwave

input power, and up to 8% of methane concentration.

The maximum growth rate achieved was 8 um/hr while the minimum

growth rate was 0.1 pm/hr with methane concentration varied between 1-8% and

substrate temperature varied between 700-1100 °C [7].

The variation of grown freestanding diamond uniformity on 50 mm

diameter substrate with 75 pm thick was i 4.7% and i 4.0% in the radial and

circumferential directions. This indicates an excellent uniformity of the grown

freestanding diamond. An additional of argon gas into the gas deposition

chemistry was found to be useful in maintaining the plasma discharge coverage

of larger diameter substrate and hence produced a good uniformity [49].
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Bachmann eta]. [43] in 1991 investigated diamond deposition at high

pressure by improving the earlier generation of ASTeX bell jar design reactor.

The high pressure microwave source (HPMS) operated up to 140 Torr is shown

in Figure 2.10. The magnetron and power supply was increased up to 8 kW, the

bell jar was replaced with a silica microwave window, and the substrate position

could be adjusted to optimize substrate-discharge interaction and grown diamond

film uniformity. The growh rates achieved using this reactor is reported between

4-14 um/hr. The main drawback of this reactor has been reported that when the

input power is too low or pressure is too high, the plasma can not be sustained.

Also when the power level is too high for a given pressure, the plasma discharge

becomes unstable. The discharge tends to jump into the reactor silica vacuum

window instead of hovering above the substrate.

Mollart eta]. [51] and Ralchenko eta]. [52] in 1999 utilized the 5 kW

ASTeX HPMS reactor to grow free standing diamond wafer on 50 mm polished

tungsten at operating pressure up 140 Torr. The uniformity of the grown diamond

was found to be increasingly non-linear above 80 Torr and 3 kW. The limit of the

uniform deposition for 25 mm diameter wafer was at 140 Torr with 4.5 kW

microwave power.

Ando eta]. [53] in 2001 also utilized the 5 kW ASTeX reactor to grow

polycrystalline diamond at high pressure of 100-120 Torr. The substrate was a

one inch silicon wafer with gas chemistry of CH4-H2-Oz mixture. The maximum

growth rate achieved was 9.3 pm/hr when the CH4 concentration was 2 to 4%, a

microwave power of 4.5 kW and gas pressure of 120 Torr.
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2.5.2 Brief history of single crystal diamond synthesis

Kamo eta]. [1] in 1988 was the first to report homoepitaxial chemical

vapor assisted diamond film synthesis. Since then, especially during the 1990’s,

homoepitaxial diamond synthesis by microwave plasma assisted chemical vapor

deposition (MPACVD) has been extensively investigated in Japan, Europe and

the US. A 2006 review article by T. Teraji [2] summarizes these early

investigations. In particular, these early investigations employed low power

density microwave discharges/reactors (< 5 W/cm3) operating within the 20-100

Torr pressure regime with input CH4/H2 gas mixtures varying between 5% to

much less than 1%. MPACVD was chosen as the method of synthesis because

of the deficiencies with the other competing methods. For example the hot

filament reactor suffers from filament contamination issues and the combustion

flame suffers from film nonunifomnity and ambient gas contamination problems.

Good high-quality single crystal diamond (SCD) films were synthesized using

MPACVD. However high-quality SCD films were only produced under low

methane input conditions (< 1%) and as a result diamond growth rates were very

low; i.e < ~1 micron/h. Attempts to increase the growth rate by increasing the

input methane concentration led to formation of defects such as secondary

nucleation and unepitaxial crystallites. While these results [2] were of scientific

interest the very low growth rates limited the commercial potential/interest in the

plasma assisted CVD synthesis of SCD. The challenge that remained was to find
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synthesis methods that dramatically increase the deposition rate while

maintaining crystalline quality.

However, recently the interest in MPACVD SCD synthesis has

dramatically increased due to the results from a number of very promising

experiments that employ high microwave power density and high pressure (100-

200 Torr) microwave plasma reactor technology. SCD synthesis rates Of50-100

micron/h have been demonstrated. The initial communications [3, 5] that

suggested the potential feasibility of high growth rate homoepitaxial synthesis of

SCD by high power density and high pressure, MPACVD were reported in the

late 90s and early 2000’s. Since then these results have been confirmed and

extended by others [6, 54-56] around the world and now most research activities

concerned with the synthesis of SCD are focused on the development of high

power density, high pressure MPACVD reactors and the associated processes

methods that take place within this new process/pressure (100 -200 Torr) regime.

It is now commonly understood that we are in the beginning of a major

revolution in the science and technology of diamond. High quality SCD blocks

and plates have already been produced by employing high power density, high

pressure MPACVD and significant process improvements, i.e. interns of

increased synthesis rates, improved diamond quality, and large synthesized

diamond crystal size, appear possible with the design of optimized high-power

MPACVD reactors and the associated development and refinement of high

pressure high power CVD processes.
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2.5.3 Single crystal diamond

Described below is the summary of single crystal diamond deposition

reported by various research groups. This includes reactor type, substrate

holder, substrate seed type and size, gas chemistry, substrate temperature and

the evaluation or characterization measurement method. Also, pre-treatment and

post-treatment procedures and grown diamond material quality are presented.

Hemley eta]. [5, 37, 57-62, 52C] success in growing synthetic high quality

single crystal diamond with extremely high growth rates has renewed the interest

of single crystal diamond synthesis research. High quality single crystal diamond

was synthesized. The SCD has smooth, transparent surfaces and other

characteristics identical to those of high-pressure high temperature synthetic

diamond. It was suggested that the production of high quality single crystal

diamond greatly depends on the substrate holder design, methane concentration

and the ability to control the substrate temperature. Furthermore, when the

reactor pressure is increased from 60 to 200 Torr, the diamond growth rate

increases (approximately five-fold) while penetration twins decreases. The

experimental operating parameters and growth conditions are described below.

Reacton

The reactor was a 6 kW, 2.45 GHz microwave plasma consisting of a

cylindrical stainless steel vacuum chamber with volume of 5000 cm3. The original

microwave applicator was made by Wavemat Inc. which is a variation of reactor
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shown in Figure 2.9. The amount of microwave power applied during deposition

was between 1 to 2 kW. The MPACVD system contained a quartz bell jar that

acts as a chamber seal. The plasma discharge is generated within the chamber

above the holder assembly inside the vacuum chamber. Other reactor utilized for

SCD growth was ASTeX/Seki 5400 2.45 GHz 5kW reactor which is a variation of

reactor shown in Figure 2.10.

Substrate holder and stage:

The holder assembly consists of a stage, set rings, collets and sheath or

substrate holder [61-62]. The diameter of the stage and the sheath was 10.1 cm

and 2.5 cm respectively. The stage was enclosed by a quartz bell jar dome and

connected to the base plate. This holder assembly and the bell jar were located

inside the cavity reactor system. During the diamond deposition process, the

stage was water-cooled and it is attached to the base plate by bolts. The

substrate holder holds the diamond in a stationary position and acts as a heat

sink, which prevents the formation of twins or polycrystalline diamond along the

edges of the growth surface of the diamond. The diamond was mounted on a

diamond actuator within the sheath of the specimen holder assembly. The stage,

set rings, and sheath were made of molybdenum since these materials have a

high thermal conductivity and high melting point, which is 2617 °C. During the

diamond deposition, the growth process was periodically halted so that the

position of the diamond can be adjusted downward with respect to the substrate

holder to reduce the distance D, and height H, adjustments. This repositioning

39



allows the diamond growth on the surface of the holder to occur within the

desired region of resonant microwave plasma discharge.

Substrate type and size:

The substrates were 3.5 x 3.5 x 1.6 mm3 HPHT synthetic type lb or type

Ila diamonds with deposition surface within 2° of the {100} top surface.

Pre-treatmentsgrocedure:

The substrates were cleaned ultrasonically with acetone

Gas pressure and chemistgy:

The gas pressure during the diamond growth ranges from 120 to 220 Torr.

The gas concentration is N2/CH4 = 0.2—5.0%, CH4/H2 = 12-20%. For example:

500 sccm of H2, 60 sccm of CH4, and 1.8 sccm of N2. A small amount of oxygen

is sometimes added 0.2-2% O2/CH4 to lower growth temperature, which can

remove the nitrogen-related impurities and reduce the silicon and hydrogen

Impurity levels.

Temmrature reading:

The deposition temperature was measured by a two-color infrared

thermometer. The thermal emission was focused through a quartz window at an

incident angle of 65°on the target, with a 2-mm diameter minimum target size.

The substrate temperature reading ranged from 900 to 1500 °C during the

diamond growth process. It was found that there was a strong dependence on
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temperature versus the morphology and quality of the synthesized diamond. For

example, when the temperature range is < 1000 °C, the type of diamond

produced is spherical, black diamond like carbon, 1000-1100 °C produced

smooth dark brown, 1100-1200 °C produced brown diamond, 1200-1220 °C

produced smooth yellow tinted diamond, 1220-1400 °C produced step flow type

pyramid like octahedron tinted yellow, and temperature range > 1300 °C

produced twinned or polycrystalline diamond [61].

Post treatments procedure:

The yellow or brown diamond was annealed under HPHT at pressure of 5-

7 GPa (37.5-52.5 Mega Torr) and temperatures of 1,500-2000 °C for a few

minutes to several hours which then transfonned the CVD diamond into

transparent colorless material, and lightening the tint of the type lb seed crystals.

To enhance the optical properties of the grown SCD diamond, low pressure high

temperature annealing were performed at operating pressure of less than 300

Torr and temperature up to 2200 °C [63].

Grown diamonds gualiy:

Figure 2.11 shows the UV-visible absorption coefficient of the grown

single crystal diamonds [37]. The higher the nitrogen content in the synthesis gas

results in a higher ultra violet-visible absorption. It was observed that the

intensities of nitrogen related bands decrease with lower nitrogen concentration

in the gas chemistry. They suggested that the SCD-3 has higher absorption
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coefficient compared to the natural type Ila natural diamond was probably due to

nitrogen impurities within the methane process gas.

Figure 2.12 shows the infrared-absorption spectra of light brown and

colorless single-crystal CVD diamond [34]. The results show typical absorption

for CVD diamond with strong peaks near the infrared at various wavenumber

which corresponds to hydrogen impurities. The broad band at 2930 cm'1 was

suggested that it was attributed to hydrogenated amorphous carbon. The strong

absorption in the near infra red region at 7358, 7234, 6857, and 6427 for the

brown single crystal CVD was concluded due to hydrogen impurities. When the

spectrum of the two samples was compared, the colorless single-crystal CVD

diamond was smoother and free of spikes within the same region.
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crystal CVD diamond [34].
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Yamada eta]. [54, 64—69] synthesized single crystal diamond growth by a

repetition steps method, which had nitrogen gas added to the gas phase. A

repetition growth method was employed because during the deposition, as the

amount of the polycrystalline diamonds increase on the holder, the films

sometimes peeled off the holder or overheated and then were incorporated into

single crystal material. Sometimes these polycrystalline diamonds also disturbed

the growth temperature measurement. In order to avoid these problems, it was

necessary to interrupt the diamond growth periodically and clean the substrate

holder. The addition of nitrogen enabled long-term growth conditions that are

required to produce large crystals. It was suggested that the holder diameter,

nitrogen methane ratio and the reactor pressure have strong influence on the

growth rate and the diamond quality. The growth ratesachieved ranged from 30 -

120 urn/h, depending on the growth conditions.

Reactor.

The microwave plasma CVD system was a 5-kW, 2.45 GHz Seki

Technotron AX-5250. The applied microwave input power ranged from 1.2 to 3.6

kW. Figure 2.13 shows the cross section of the reactor. A rectangular waveguide

is connected to the cylindrical cavity with antenna probe located at the center and

top sections of the cavity applicator. The inner diameter of the cylinder is 14 cm.

A quartz plate separates the cavity atmospheric region from the vacuum plasma

discharge region. The cooling stage and substrate holder that contains a

diamond seed was placed at the bottom floor of the vacuum chamber.
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Figure 2.13 - Schematic of the reactor based on plasma model analysis [64].

Spbstrgte type and size:

The substrate type was lb HPHT synthetic single crystal diamond seed

from Sumitomo with (100) orientation. The size of the substrates was either 3 x 3

x 0.5 mm3 or 5 x 5 x 0.7 mm3 or 27-37 mm2.

Substrate holder:

Figure 2.14 shows schematic drawings of the two types of substrate

holders; i.e., the open and enclosed type substrate holder. The enclosed type

holder supports a substrate inside a drilled hole in the Molybdenum rod, in which
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the surface of the diamond seed is beneath the top surface of the substrate

holder. In contrast, the open type holder supports a substrate on the

Molybdenum rod where the surface of the substrate is above the top surface of

the substrate holder. For the enclosed type holder, d was defined as final depth

of diamond relative to top surface of the holder after the growth. Both of the

holders have a conical shape with a flat top and the top surfaces have a smaller

diameter than the ASTeX's original holders. Figure 2.15 displays the placement

of the substrate holder and the diamond seed inside the reactor. This schematic

drawing was used for the simulation of temperature, plasma density and gas flow

distributions analysis.

Plasma

Substrate

 

Mo rod

  
Enclosed type Open type

Figure 2.14 - Schematic illustration of enclosed type and open type holders [54].
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Figure 2.15 - Substrate holder and diamond seed placement in the reactor [69].

Pre-treatments procedure:

The substrate was cleaned with isopropanol in an ultrasonic bath before

placed on substrate holder and put into the reactor. Igniting the discharge at low

pressure, the H2 gas was brought up to the operating pressure. When the growth

pressure (128-218 Torr) and substrate temperature (1100—1200 °C) were

reached, a 1.8 sccm amount of nitrogen was then added to the H2 flow (3%
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N2ICH4 and 12% CH4/H2). The typical etching depth is estimated to be 1.4 pm.

After the 30 minutes etching, methane gas is introduced to the chamber to start

the diamond growth deposition.

Gasjl'eSSlLe and chemistry:

The pressure of the reactor during the etching and the growth was 17-29

kPa (128 -218 Torr) and the gas flow rate was 60 sccm for CH4, 500 sccm for H2,

and 0.6-1.8 sccm for N2 (3% N2ICH4 and 12% CH4/H2). The process gas used

has a high purity grade (6 N) hydrogen, (6 N) methane, and (4 N) nitrogen.

Temperature reading:

The growth temperature was measured by an optical pyrometer and

monitored by a 2-color infrared radiation thermometer observed through a quartz

viewing port. The substrate temperature reading for the open type holder range

was 1130 - 1220 °C and 1155 - 1180 °C for the enclosed type holder. The color

of diamond films grown at substrate temperature higher than 1100 °C was similar

to the color of lb seed crystal. The color becomes dark for the film grown at 1060

°C.

Grown glamonds Quality:

The films grown by the open type holder indicated the promotion of edge

growth. On the contrary, the films grown by the enclosed type holder produce flat

surface morphology without growth at the rim. Figure 2.16 shows the optical

microscope images of grown diamond after first growth (left) and repetition of
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growth (right) for the open and enclosed type holder. In the case of the open type

holder, a crack appeared in the center part after the second growth and

additional growth steps. In contrast, by using the enclosed type holder, the

surface morphology is much smoother and flatter without growth hillocks or non-

epitaxial crystallites even after the 5th growth. The average time for each growth

step is 7 to 8 hours.

1st growth 2nd growth

Open type

Enclosed type

 
t=02mm T=L3mm

1st growth 5th growth 5 mm

Figure 2.16 - Optical microscope images of grown diamond after 1st growth (left)

and repetition of growth (right) for the open and enclosed type holder [64].
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Yamada eta]. [70] further modified the reactor in order to produce high

power density plasma to obtain higher diamond growth rates. Figure 2.17(a)

shows the schematic cross-sectional view of the conventional reactor, which is

the AX6500 produced by SEKI Technotron Corp. The microwave energy enters

from the bottom of the discharge chamber and focused above the substrate

holder on the stage. The distance from the top wall to the substrate holder is

around one wavelength ~ 12 cm. The top wall has ports which are used to

measure the substrate temperature during diamond deposition.

A modified variation of the microwave plasma CVD reactor was proposed

in order to enhance the power-efficiency of the growth. This was done by altering

the conventional structure, where the top-wall of the chamber was replaced by

cylindrical conductor made by Cu. This acts as an antenna, and expected that

the plasma could be generated only in the narrow gap between the bottom

surface of the antenna and the substrate. In the new configuration plasma is

generated in a ~10 mm narrow gap between the bottom surface of the Cu

cylinder and the top surface of the substrate holder as shown in Figure 2.17(b).

The radial profile of the power density for the conventional configuration

homogeneity was maintained up to 110 Torr. However, for 180 Torr, the power

density decreases 25% of its maximum at 1]2 inches in radius. The profile has its

maximum value at the central position and monotonically decreases as a function

of radius in this case. On the other hand, for the case of the new configuration,

the power-density is relatively high at the edge-region. Even for such high

pressure, variation in radial direction is almost 10%.
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In terms of growth rates, for the conventional configuration, growth rate

was smaller in the edge region than that Of central region and gradient of the

power density was more intense for higher pressure. The growth rate reaches

40—50 urn/hr for 110 Torr, and 15—30 um/hr for 80 Torr.

2 Cu cylinder 2

 
u.........................

  
Quartz

Microwave Substrate Microwave

(8) (b)

Figure 2.17 - Cross sectional view of the reactor configurations for high power

density plasma a) conventional configuration, b) new configuration [70].
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Gicquel eta]. [55, 71-74] at the University of Paris with the collaboration of

King’s College London and the University Wan/trick, United Kingdom synthesized

single crystal diamond deposition using MPACVD. High absorbed microwave

plasma power densities of about 95 W/cm3 were measured during the deposition.

A 520 pm thick single-crystal was synthesized with growth rate at 6 pm/h.

Reactor:

The reactor used 2.45 GHz excitation and the applied input microwave

power was 1.2 — 3.1 kW. The schematic drawing of the reactor is shown in

Figure 2.18. The reactor consists of a quartz bell jar 10 cm in diameter that was

surrounded by a 25 cm diameter Faraday cage that acts as a resonant cavity.

The microwave energy was coupled via a waveguide and antenna Into the cavity.

The substrate holder can be adjusted axially to obtain a maximum plasma

discharge interaction with the diamond substrate, which leads to deposition

uniformity.
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Figure 2.18 - LIMHP France MPCVD reactor [71].

Substrate type and size:

The diamond substrate was type lb commercial HPHT (100) with

dimensions of 3 x 3 x 1.5 mm3 and natural type lla diamond single crystal seed

with 2 x 2 x 0.25 mm3.

Pre-treatment procegtres:

The diamond seeds were first cleaned in boiling sulfochromic acid

followed by cleansing with HCI/HNO3 mixture in order to remove any metallic,

graphite or organic contamination. The samples were then brazed under high

vacuum on a molybdenum plate using gold as a brazing metal in order to

improve the thermal contact between the sample and the cooled substrate
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holder. Plasma etching of the samples was performed for different etching times

ranging from 1 hour to 4 hours using gas mixture of 2% O2, 10% Argon and 88%

H2, or gas mixture of 2% O2 and 98% H2.

Gas pressure and chemistgy:

During the actual diamond growth, the total pressure inside the chamber

was maintained at 220 mbar (~ 165 Torr). The methane concentration was varied

from 2% to 7% in a total flow of 500 sccm. For some samples, 6 to 20 parts per

million (ppm) of pure nitrogen was also introduced in the total gas flow

corresponding to N2/CH4 ratio in the range 150 to 280 ppm.

Temgrature reading:

The substrate temperature was varied in the range 750 - 1000 °C and

maintained close to 800-850 °C.

Grown diamonds Quality:

Figure 2.19 shows the differential interference contrast microscopy (DICM)

images of the CVD diamond films grown at 850 °C with 2%, 4%, 6% and 7% of

methane concentration. With 2% of CH4, the growth rate was 2 um/h, and the

film surface was very rough, exhibiting a large number of pits. They suggested

that this could be a consequence of a high etch rate by atomic hydrogen during

growth enhanced at such high microwave power. When the concentration of CH4

was increased, the growth rate was considerably increased, and the surface
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morphology was improved. With 4% of methane, the growth rate was 6 um/h and

the crystal surface was very smooth. For the films grown with 6% and 7% of

methane, the growth rates were 11 and 15 um/h, respectively. The films were

also of good quality with no un-epitaxial crystallites, but step bunching occurred

in some parts of the samples as can be observed in Figure 2.19(c) and 2.19(d).

 (b)

 
Figure 2.19 - DICM images of the diamond films grown at 850 °C with (a) 2%

CH4, (b) 4% CH4, (c) 6% CH4 and (d) 8% CH4 [55].
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Achard eta]. [42, 75] investigated the effect of using higher microwave

power density discharge during the diamond growth. They performed a modeling

of the plasma power density with respect to the distance of the substrate. The

maximum CH3 methyl radicals were closer to the surface when microwave power

density increases. They suggested that when the gas temperature increases the

CH3 production zone will be closer to the surface and resulted in higher growth

kinetics and a more efficient dissociation of the gas species. The appearances of

large round hillocks on the diamond surface were greatly diminished or the

surface becomes much smoother when higher microwave power density was

employed during the deposition. By adding nitrogen from several parts per million

(ppm) to 200 ppm, it was observed that the diamond growth increases as shown

in Figure 2.20. Other researchers observed similar findings that by adding a few

concentration of nitrogen into the gas chemistry, the diamond growth rate will

increase.
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Asmussen eta]. [76-82] grown single crystal diamond by employing two

different types of diamond machines namely the 2.4 GHz and 915 MHz reactors.

The gas chemistry consists of hydrogen-methane with and without addition of

nitrogen and diborane. The SCD deposition was synthesized at operating

pressure of 110-135 Torr on the 915 MHz and 160-260 Torr on the 2.45 GHz

reactor. The 915 MHz reactor is a scale up of the 2.45 GHz and this reactor can

accommodate multiple substrates deposition.

Shown in Figure 2.21 is the cross sectional view of the microwave reactor

used for the multiple substrate SCD deposition i.e., up to eighty eight 3.5 x 3.5

mm2 HPHT single crystal diamond seeds. The cylindrical cavity utilizes internal

tuning that selects the electromagnetic excitation similar to the 2.45 GHz. This

reactor can provide plasma-assisted deposition over 6-8 inch surface areas.

Figure 2.22 shows an optical micrograph top surface View of 70 grown

single crystal diamonds. The growth conditions reported were as follows:

pressure of 125 Torr, input microwave power of 11.5 kW, 7% CH4/H2 gas

chemistry with addition of nitrogen of 150 ppm, and deposition time of 38 hours.

The achieved average growth rate per seed was approximately 18 [rm/hr. No

major surface defects were reported on the grown diamonds.
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Figure 2.22 — Optical micrograph of the grown multiple substrates single crystal

diamond using MSU microwave plasma cavity reactor [76].
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2.6 Summary

Diamond CVD properties, general growth mechanisms, and synthesis via

microwave plasma assisted chemical vapor deposition (MPACVD) for both

polycrystalline and single crystal diamond has been reviewed. High pressure

operation was mostly employed for single crystal diamond synthesis compared to

polycrystalline diamond deposition. Since the size of the plasma discharge

becomes smaller during high pressure operation, synthesizing large area

polycrystalline diamond is still rather difficult. At this high pressure regime, there

is still a limitation in the substrate coverage considering that polycrystalline

substrate has been grown up several inches in diameter. The smaller size of the

plasma discharge at higher pressure allows for single crystal diamond to be

synthesized without wonying too much about maximum substrate coverage and

uniformity. The single crystal diamond substrate seed at present is still fairly

small surface area compared to polycrystalline substrate. Although single crystal

diamond deposition currently requires less plasma discharge size, microwave

absorbed power density and substrate holder configuration must be carefully

considered in order to achieveOptimum growth rate and quality.
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CHAPTER 3

MICROWAVE PLASMA ASSISTED CVD DIAMOND

REACTOR DESIGN

3.1 Introduction

This chapter describes the microwave plasma assisted chemical vapor

deposition (MPACVD) diamond reactor design that enable the operation of

higher pressure from 180-260 Torr.

It is now widely recognized [54-56, 65, 70] that growth rates can be

increased by carrying out the deposition process above 100 Torr and by using

high power density microwave discharges. It is now further speculated that by

increasing the deposition pressure beyond 180 Torr and by increasing the

discharge power density that the diamond growth rates can be increased

considerably further while yielding good quality diamond. Thus, research groups

around the world [65, 67, 69-70, 76, 83] are exploring new designs for higher

pressure (> 180 Torr) and higher power density (> 150 W/cm3) MPACVD

machines. In addition in this high pressure regime, new process methods are

being developed with the goal to develop high deposition rate CVD diamond

deposition processes that enable'high quality diamond synthesis.

At high pressures and high power densities, microwave discharges in

hydrogen gas have neutral gas temperatures in excess of 2500 K, contract and

separate from the surrounding discharge Chamber walls and they become a very

non-uniform, intense and “arc like” discharge. As pressure is increased, the gas
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temperature and discharge power density increase resulting in a floating

discharge with increased active radical plasma species that have the potential for

increased growth rates. The formation of contracted and floating microwave

discharges “microwave arcs” at high pressures has been observed and studied in

many experiments [7-8, 49, 84-87]. The microwave arc, like lower frequency

arcs, is a thermally inhomogeneous discharge. It has a hot central core and

sharp thermal gradients exist between the discharge center and the surrounding

walls. Microwave energy is readily coupled into the electron gas in the hot

discharge center because of its reduced gas density, and neutral gas species are

also readily ionized, dissociated and excited in the hot central discharge core.

These High pressure microwave discharges have been applied as discharges in

electro-themal thruster space engines [88-91] and ashigh pressure high power

microwave discharge light sources [92].

Thus, high pressure microwave discharges behave very differently from

the typical low pressure discharges and require new methods of discharge

control and microwave applicator and plasma reactor design that take into

account the distinctly unique nature of the high pressure microwave plasma. The

goal in a CVD application is to control the size, the spatial location and the shape

of this very hot, non-uniform and potentially explosive discharge in such a

manner to enable optimal CVD diamond synthesis. This is a formidable

engineering challenge. The high pressure plasma reactors and experimental

methods described here allow the spatial positioning and shaping of this
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thermally inhomogeneous, hot microwave discharge and there by enable the

optimization of the diamond CVD process at high pressure.

The experiments reported in this thesis employ specific generic reactor

geometry [7-8, 84] discussed in section 3.2. As was reported earlier [49, 85],

when operated in the 100-160 Torr pressure regime this reactor which is referred

to as the “reference reactor” throughout this dissertation has synthesized high

quality and high growth rate CVD polycrystalline diamond material. In this

investigation, the reference reactor is first redesigned to operate with high power

densities and high pressures, and then the performance of this modified reactor

is experimentally explored over the 180-260 Torr pressure regime by

synthesizing polycrystalline diamond (PCD) and single crystal diamond (SCD).

The chapter begins with general over view of the generic reactor followed

by description of the reference reactor and then the discussion of hybrid reactor.

The hybrid reactor design modification was done by reducing the substrate

holder radius from 5.08 cm to 3.24 cm and the coaxial cavity inner conductor

radius from 4.13 cm to 1.91 cm. Furthermore, the hybrid reactor is a combination

of both a cylindrical and coaxial cavities that support a hybrid mode excitation

namely TM013 and TEMom mode. The coaxial section of this reactor is tunable

allowing the variation of discharge size and position. This improves discharge

stability and enables process optimizatiOn during high pressure operation.

Detailed design of hybrid reactor such as water cooling stage inner conductor,

substrate holder for both polycrystalline and single crystal diamond, and shims

configurations are described. Brief review of circular and coaxial cavity
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waveguide theory, mode charts and electromagnetic field patterns inside cavity

applicator are also presented in the hybrid reactor section.

3.2 Generic Reactor

A cross sectional View of a generic version of the MPCR is displayed in

Figure 3.1. It has a cylindrical structure that is axially aligned along the z-axis and

the applicator geometry is phi symmetric about the z axis. Microwave energy is

introduced into the applicator via the length variable coaxial coupling probe that

is located in the center of the length variable, “sliding short” top plate of the

applicator. The applicator consists of two coupled cavities, Le. a cylindrical cavity

section (2 > 0) and a coaxial cavity section (2 < 0). The two cavities are coupled

at the z = 0 plane which is also the cylindrical cavity bottom plane. The important

dimensions and coordinates of the applicator are shown in Figure 3.1. They are

the cylindrical cavity length, Ls, the cylindrical cavity radius, R1, the coupling

probe depth, Lp, and the coaxial cavity radii R2 and R3, the molybdenum

substrate holder radius R4, and the coaxial cavity lengths L1, and L2. The

substrate itself is located approximately at the z = 0 plane on top of the open end

of the coaxial cavity on the molybdenum holder. Thus, the end of the center

conductor of the coaxial cavity also serves as the substrate holder. The center

conductor is either water cooled or heated to control the substrate temperature. A

silicon substrate is placed upon the molybdenum holder that is located on the top

of the coaxial center conductor. The difference between L1 and L2 i.e., (L1-L2),
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is identified as AZ and is the distance that the substrate surface is above or

below the cavity bottom plane 2 = 0.

A specific design of reactor shown in Figure 3.1 is a function of the following

geometric variables Ls, Lp, L1, L2, R1, R2, R3, and R4. In general, when these

geometric length variables are changed the electromagnetic fields and the

electromagnetic focus in the local region above and around the z = 0 plane are

controlled and altered. Similarly, when a microwave discharge or plasma is

present, the discharge power density, the plasma shape and position can be

altered by varying one or more of the geometric variables. Thus, the diamond

synthesis process can also be changed, controlled and optimized by changes in

the reactor geometry.

If the size and shape of the MPCR is varied, for example by changing the

various reactor radii or lengths, the reactor can be optimized for a deposition

process. In practice R1 is determined primarily by the choice of the excitation

frequency, and R1 and R2 are then determined by the specific process

application, i.e., desired substrate size and operating pressure regime. For

example, for low pressure, large area operation and low discharge power density

R2 and R3 take on lengths that are slightly smaller than R1. Typical reactor

designs fix the applicator radii, and then during process optimization the

electromagnetic field patterns and associated microwave discharge are modified

by varying L1, L2, Ls and LD as well as pressure and input microwave power.

This is a multivariable optimization procedure that is initially performed by the

operator during process development and after some experience it can also be
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performed automatically via preprogrammed recipe. Since there are many

variables, there are many possible shapes, positions, and intensities that the

discharge can assume in the vicinity of the z = 0 plane. All of these are available

for process optimization.
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3.3 Reference reactor

Historically, the first experimental investigations that used a microwave

plasma cavity reactor employed a specific 2.45 GHz design identified here as the

reference reactor and explored CVD diamond synthesis over the low to moderate

60-160 Torr synthesis pressure regime. These results have been reported in

several publications [7-8, 49, 84—85]. The cross section of the reference

microwave plasma applicator and the associated tuning adjustments variables

are shown in Figure 3.2. The diameter of the microwave cavity is 17.8 cm. The

important dimensions and coordinates of the applicator are the coupling probe

depth, Lp, the cylindrical cavity length, Ls, the cylindrical cavity radius, R1, the

coaxial cavity radii R2 and R3, the molybdenum substrate holder radius R4, and

the coaxial cavity lengths L1, and L2. The specific dimensions of this reactor are

R1 = 8.89 cm, R2 = 7.04 cm, R3 = 4.13 cm and R4 = 5.08 cm. These dimensions

were chosen to enable diamond synthesis over 2 to 4 inch substrate areas while

operating in the low to moderate pressure regime, i.e. this design was especially

designed for operation in low to moderate pressures (20-160 Torr) and to deposit

diamond over modest to large area substrates.

The cavity walls have observation windows (not shown in Figure 3.2) that

allow for temperature and photographic measurements. The discharge chamber

is located at the base of the cavity applicator and is enclosed by stainless steel

base plates and a quartz bell jar dome. The quartz dome bell jar that contains the

plasma discharge sits on top of the circular base plate. The base plate is
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internally water cooled to prevent over heating during the diamond deposition.

The deposition substrate is placed on the molybdenum substrate holder. The

molybdenum substrate holder is supported by a quartz tube and water-cooling

stage. The cooling stage is used to cool and control the substrate temperature at

a desired temperature range. The premixed input gases are fed into the gas inlet

of the base plate assembly. The bell jar has the dimension of 12.98 cm inside

diameter and height of 8.66 cm. The bell jar has an extended flange length of

3.14 cm around the base with thickness of 0.895 cm. The size and shape of the

quartz bell jar, stainless steel base plate, substrate holder, and placement of the

substrate holder greatly influence the plasma discharge location, size and shape.

71



sliding short

quartz bell jar __\

substrate ——~\ b

substrate holder—~\\\jfi:‘ \

 

 

z axis

   

 

“
§
‘
§
§
§
\
V
‘
§
t
\
‘
§
§
\
§
§
§
\
\
\
\
\
‘
s
‘
5

\

 

 
z=o_/" / 4 i“

I

cooling stage _/

 

l

I

 

///;//

V/oi/
//

Ra-i

 

coaxial

variable

probe

 

' plasma

discharge

 

 

 
\_ conducting

short

plate

Figure 3.2 - Reference microwave plasma applicator cross section.

72



3.4 Hybrid reactor

This section describes the modifications made to the reference reactor

that enabled optimized operation of the reactor at 180-260 Torr. Shown in Figure

3.3 is the comparison between the existing/reference and modified hybrid

reactor. As can be seen from the cross section drawings, main modifications are

the redesign of the substrate holder and inner conductor stage water cooling

stage. In particular the R1 and R2 were held constants and R3 and R4 were

reduced in size. Additionally, the L1 and L2 were variable enabling the

adjustments of AZ. Specific details of the redesign are discussed in section 3.43

- 3.44.
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3.4.1 General cylindrical waveguide/cavity background

The general electromagnetic propagating waves along a straight, uniform

cross section, guiding tubes can be divided into three types of waves: (1)

transverse electromagnetic (TEM), (2) transverse magnetic (TM), and (3)

transverse electric (TE) waves. However, for the circular cavity applicator, only

the TM and TE waves can propagate because it is a single conductor waveguide.

Both the TM and TE modes have characteristic cutoff frequencies, i.e. frequency

below which mode propagation cannot take place. If the mode frequencies are

below the cutoff frequency then the mode waves will decay and cannot

propagate along the cavity axis. Conversely, if the wave frequencies are above

the cut off frequencies then the electromagnetic mode will propagate and the

power will be transmitted along the waveguide axis.

The guided wavelength, A9 is defined as the wave-propagating wavelength

inside the cylindrical waveguide which is governed by the following equations

[93-94]:

II.

21g:

\ll-(fc /f)2

 

 (3.1)

Where f..- is the cut off frequency of the cylindrical resonator for TM and TE

modes with radius of b and given by:

Tan mode an (3.2)

f6:DZflJ;
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TEnp mOde X'np (3.3)

 

b27: ,w:

A is the free space wavelength, u is the permeability, c is the permittivity, and an

and an' correspond to the pm zeros of the Bessel functions Jn and J},

respectively.

If one end of the waveguide is enclosed with a conducting end plate and

there was incoming microwave energy travels towards this end plate, then, the

incident wave will be reflected and travels in the opposite direction. A standing

wave will be produced in front of the end plate by the interference of incident and

reflected wave. If both ends of the waveguide are enclosed by conducting end

plates and the length of the waveguide is some integer multiple of Ag/2, where A9

is the guide wavelength, then a standing wave cavity can be formed.

A microwave cavity applicator is essentially an enclosed conducting

segment of a waveguide with closed end faces. The termination at each end of

the waveguide causes the incident waves to bounce back and forth along its

length repeatedly. This type of waveguide structure is commonly known as a

cavity resonator as shown in Figure 3.4.
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Figure 3.4 - Circular cylindrical cavity resonator and its variables b, cavity radius

and Ls, cavity length.

Each of these modes has a set of infinite natural eigenfrequencies that

can exist in the cavity. These natural eigenfrequencies are sinusoidal steady-

state solutions of Maxwell's equations that exist at a certain frequency, which is

also commonly known as the resonant frequency. For empty, perfectly

conducting, cylindrical cavity applicators, the natural eigenfrequencies are

governed by the following equations [95-96]:
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c 72b 2

fc(Tanq)=% ((4324))2 492—]

(3.4)

 

c 72b 2

fc(TEnpq)=g ((an'»2+[qL—S]

where b and Ls are the radius and height/length of the cylindrical cavity, an and

an' correspond to the p", zeros of the Bessel functions JIn and In respectively.

For TM modes, the indices n, p and q may be any integer value and only n and q

are allowed to be zero. The indices n, p, and q for TE modes may be any integer

value but only n is allowed to be zero.

Table 3.1 - Selected roots of the Bessel function

  

Roots of Roots of

Jn (X) J." (X)

X01 = 2.405 x'm = 3.832

X02 = 5.520 x’o2 = 7.016

X11 = 3.832 x'11 = 1.814

X12 = 7.016 x'12 = 5.331
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Equations 3.4 show that the resonance frequency for an electromagnetic

mode depends on the cavity radius, b, and cavity height/length, Ls. Given a

specific excitation frequency and if the cavity height is adjustable then the cavity

height can be physically varied so that the eigenfrequency is equal to excitation

frequency.

Shown in Figure 3.5 is the mode chart for a seven inch cavity i.e., 2b =

17.78 cm. This chart was created by plotting the TE and TM mode resonant

frequencies given by equations 3.4 for a fixed cylindrical cavity of radius (b),

versus cavity height (Ls). Mode chart such as shown in Figure 3.5 is used to

understand the behavior of specific reactor designs. In particular, the mode chart

is useful in determining the frequency range the reactor can be tuned without

interference from other modes. The resonant frequencies in this chart were

calculated for the cavity height within the range of 10 cm to 26 cm. The resonant

frequency range was swept from 1.8 to 3.2 GHz to Observe possible eigenmodes

that exist in the empty cavity. The horizontal line shown in Figure 3.5 represents

the excitation frequency at 2.45 GHz while the vertical line denotes a specific

TM013 mode theoretical cavity height at 21.6 cm. As can be seen from the mode

diagram, TE211, TM111 and TE011 (degenerate mode), T5112, TM012, T5311,

TE212, TE113, TM012 and TMo13 modes can be excited for the 17.78 cm cavity

resonator when operating at 2.45 GHz. Hence, the cavity resonator can be

tuned to one of these resonant modes by adjusting the cavity height/length, L5.
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The electromagnetic field distributions for each mode within a cylindrical

Circular perfectly conducting cavity applicator are governed by equations 3.5 and

3.6 listed below [94-97]. The tangential component of the electric field is equal to

zero at the conducting wall boundaries. For the TM modes, the transverse

magnetic waves do not have a component of the magnetic field in the direction of

propagation, i.e. HZ = 0, but have axial electric fields, i.e. EZ ¢ 0. Likewise for TE

mode, the transverse electric waves do not have a component of the electric field

in the direction of propagation, Ez = 0, but have axial magnetic fields, Hz at 0.

 

TM mode, E2 = Eonn( Xgp r) cos(n¢) cost??- 2) (3.5)

s

Where EZ = amplitude of the electric field
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Jn = Bessel function of the first kind

an = pth x value at which Jn(x) = 0

n = number of periodicity in 1]) direction (n=0,1,2,...)

p = number of zero fields in radial direction (p=1,2,3...)

q = number of half waves in axial direction (q = 0,1 ,2,...)

TE mode, Hz = Honn(anp r]cos(n¢) sin£gifizj (3.6)

S

 

Where H: = amplitude of the magnetic field

JIn = Bessel function of the first kind

X'np = pth x value at which Jn’(x) = 0

n = number of periodicity in (I) direction (n=0,1,2,...)

p = number of zero fields in radial direction (p=1,2,...)

q = number of half waves in axial direction (q = 0,1,2,...)
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Figure 3.6 displays the field distribution patterns for various TM and TE

modes in an empty 17.78 cm diameter cavity. These field patterns were

obtained from Ansoft HFSS simulation results. The electric field patterns shown

in Figure 3.6 reveal the spatial electric field distributions within the cavity

applicator. The electric field patterns are plotted in two different planes (XY and

Y2 planes) cross sections to allow a better identification of the eigenmodes since

for each mode the distribution of the electromagnetic fields are a function of

angular, radial, and axial positions. For the empty cavity simulation, a perfect

conductor is chosen for the boundary condition in order to simplify the numerical

solution. Furthermore, for time-varying electromagnetic waves the tangential

component of an electric field should be zero at the surface of the cavity walls.

The red, orange, green, and blue colors indicate the intensities of the electric

field in V/m with the red being the strongest and the blue is the weakest.
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Figure 3.6 - Electric field distributions of TE211 and TM110 modes. The color

indicates electric field strength in V/m with blue and red correspond to 1.2E-03

and 9.9E-O1 respectively.
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3.4.2 Coaxial waveguide background

In terms of electromagnetic wave propagation mode inside a coaxial

waveguide, the dominant mode is transverse electromagnetic (TEM) where both

the E and H are transverse to the direction of propagation. This mode propagates

along air filled coaxial waveguide with the same wavelength and velocity as free

space TEM plane waves. From the simple relation of A = clf where c is the speed

of light in air, the wavelength is 12.24 cm for 2.45 GHz excitation frequency.

Figure 3.7 shows the TEM mode field pattern inside the coaxial cavity

looking at side (axial) View, and cross sectional views. The electric and magnetic

field are denoted by solid and dashed line respectively. The electric field lines

begin and end from the conducting boundary, normal to the conducting surface,

and are in the radial direction. The magnetic field lines are concentric closed

circles linking or surrounding the conduction current or displacement current

produced by a time varying electric field in the center conductor. The magnetic

field has no normal component to the conductor surface. In a coaxial cavity the

phase varies continuously along the z-axis in the direction of the wave

propagation. When the point charge is separated by a distance A, the field is in

phase. Likewise, when the point charge is separated by A/2, it will be 180° out of

phase. The sinusoidal varying radial electric field produces radial electric

displacement currents between the inner and outer conductors. Both the electric

and magnetic field lines are confined to a plane 2 = constant that resulted in Ez =
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0 and HI = 0 which means that the tangential electric field and the normal

magnetic field components must be zero on the conductor surfaces.
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Figure 3.7 - Transverse electromagnetic (TEM) mode field patterns of coaxial

cavity (a) axial view (b) circular view [98].

Additional higher modes such as TE and TM modes may exist in the

coaxial waveguide provided that the distance between the center and outer

conductor is greater than the order of one half wavelengths. Othenrvise, these

higher order modes will be cut off/evanescence or non-propagating.

Consider the open coaxial cavity shown in Figure 3.8. Assume that a, b,

and t are much smaller than a wavelength and Lc is a quarter wavelength. For a

lossless coaxial line terminated in a short Circuit at z = 0, where the z axis is

directed downward, the phasor voltage for the TEM mode at any point along the

line is the sum of the incident and reflected waves [97]:
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Vs =V0 e—j'Bz — Voejflz (3.7)

01'

VS = —j2V0 sin flz (3.8)

and the current is given by

20 lo

01'

(3.10)

15:flcosflz

20

Where the phase constant ,6 and characteristic impedance Z0 is defined by

fl=mfiE (3H)
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zo=-l— fllnP— (3.12)
27: a a

The magnetic field intensity is related to the current,

 

H = —- 3.13,2 Mp ( )

V0
or H = 3.14¢ ”20 cosflz . ( )

Thus, the electric field intensity is related to the voltage between conductors of a

coaxial line,

 Em; VSb sinflz (3.15)

rln(—]

0

Equation (3.14) and (3.15) give the interior fields for the lossless coaxial cavity.

Figure 3.9(a)-(b) shows examples of the electromagnetic field distributions

for a few of the lowest order TM and TE modes respectively. They are TMo1,

TM11. and TM21. TE11. TE21, and TE31 modes. The number on the right hand

side of the drawings corresponds to: (1) cross sectional end view, (2) longitudinal

side view through plane I? — K.
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Figure 3.9 - Examples of coaxial cavity field patterns: (a) TM“, TM11. and TM21

mode (b) TE11, TE21, and TE31 mode with a=3b ratio [98].
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3.4.3 Hybrid applicator design

In this investigation, the modified microwave plasma cavity reactor was

redesigned to allow operation at higher discharge power densities and higher

pressures. This was done as illustrated in Figure 3.3 by reducing the substrate

holder radius R4 from 5.08 cm to 3.24 cm and the coaxial cavity inner conductor

radius R3 from 4.13 cm to 1.91 cm. The coaxial cavity center conductor area had

been reduced by about 4.5.

Figure 3.10 shows the combination of the two cavities which intersect on

each end at z = 0 plane. The microwave cavity applicator is a hybrid mode

applicator i.e., it is a combination of both a cylindrical and coaxial cavities. The

excitation modes are TM013 and TEM001 for the cylindrical and coaxial cavity

respectively plus any evanescent mode field that exist t around the z = 0 plane.

The cavity height for the cylindrical section is 3/2 Ag and the cavity height coaxial

section Lc = Ao/2.

A cross sectional view of the modified microwave plasma cavity reactor is

displayed in Figure 3.11. It has a cylindrical structure that is axially aligned along

the z-axis and the applicator geometry is (D symmetric about the z-axis.

Microwave energy is introduced into the applicator via the length variable coaxial

coupling probe that is located in the center of the length variable, “sliding short”

top plate of the applicator. The applicator consists of two coupled cavities, i.e. a

cylindrical cavity section (2 > 0) and a coaxial cavity section (2 < 0). The two
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cavities are coupled at the z = 0 plane which is also the cylindrical cavity bottom

plane. The geometry of reactor shown in Figure 3.11 is a function of the

following geometric variables Ls, Lp, L1, L2, R1, R2, R3, and R4.

In general, when these geometric length variables are changed the

electromagnetic fields and the electromagnetic focus in the local region above

and around the z = 0 plane are controlled and altered. Similarly, when a

microwave discharge or plasma is present, the discharge power density, the

plasma shape and position can be altered by varying one or more of the

geometric variables. Thus, the diamond synthesis process can also be changed,

controlled and optimized by changes in the reactor geometry.

In practice, the plasma loaded applicator is excited with the hybrid TMo13 +

TEMom electromagnetic mode. In order to achieve TM013 excitation in the open

cylindrical section Ls must be adjusted to be very close to 3Ag/2, where A9 is the

guided wavelength of the TM01 cylinder waveguide mode. In order to achieve

TEMom excitation in the coaxial section, L2 must be adjusted to approximately

Aol2 where A0 is the free space wavelength. Typical discharge ignition starting

lengths for process development are when L1 and L2 are equal to each other

and are equal to M2. Then, AL is zero and the top of the substrate is even with

the z = 0 plane. Typical starting lengths for the cylindrical section are Ls ~ 3A9/2

and the coupling probe depth Lp ~ Ag/4.
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Displayed in Figure 3.12 is the simulation model of the hybrid cavity

applicator. The plot was obtained numerically using “RF electromagnetic solver"

module of COMSOL MULTYPHYSICS. The electromagnetic waves solver allows

one to visually predict the electric field distribution within the cavity applicator.

Color intensities indicate the relative electric field strength in V/m. The important

input parameters are: excited frequency = 2.45 GHz, cylindrical cavity radius, R1

= 8.89 cm, coaxial cavity radius, R2 = 7.04 cm, cooling stage radius, R3 = 1.91

cm, substrate holder radius, R4 = 3.24 cm, substrate holder thickness = 0.58 cm,

bell jar height = 8 cm, cylindrical cavity height, Ls = 21.6 cm, coaxial cavity

height, L1 = 5.65 cm, substrate holder height, L2 = 5.08 cm. The boundary

condition was set to perfect electric conducting on the cavity walls. As can be

seen from the simulation results, the electric field distribution for the cylindrical

cavity and coaxial cavity section is showing TM013 and TEM»: mode

respectively.

Figure 3.13 displays the simplified prediction of the displacement and

surface current inside the coaxial section around the z = 0 plane. In order to

achieve TM013 excitation in the cylindrical section, Ls must be adjusted to be very

close to 3A9/2, where A9 is the guided wavelength of the TM01 cylinder waveguide

mode. In order to achieve TEMom excitation in the coaxial section, Lc must be

adjusted to approximately Aol2 where A0 is the free space wavelength. As can be

seen, the highest concentration of the fields is located in the vicinity of the z = 0

plane at the transition region between the cylindrical and coaxial section. The

electric field is normal to the center conductor electrode. As the electrode
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diameter is reduced, the normal electric field on the electrode increases. This

result in high absorbed power plasma density which will be discuss in the

experimental results section in Chapter 5.

Max: 15.0

14

12

10 

  

 
0

Min: 0 
Figure 3.12 - Electric field distribution pattern inside a modified cavity applicator

using COMSOL 2D axial symmetry model. The modeled cavity is assumed to be

an empty cavity and without a plasma load. Color intensities indicate the relative

electric field strength in Wm.
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3.4.4 Detailed design of reactor configuration components

The design variables such as R1, R2, R3, R4, L1, and L2 dimensions and

the shims variations underneath the coaxial cavity section are shown in Figure

3.14. The circular stainless shims were used to control the height of the cooling

stage and the substrate holder position inside the quartz dome bell jar. Also the

shims serve as an Optimization tool for electromagnetic coupling and plasma

discharge inside the discharge chamber. L2 can be varied from L20 = 2.03 inch

~ 5.156 cm to L21 = 2.41 inch ~ 6.12 cm. R2 has radius of 2.77” (7.04 cm). The

shim has various thicknesses ranges from 1 to 10 mm thick. The substrate itself

is located approximately at the z = 0 plane on top of the open end of the coaxial

cavity placed on the molybdenum holder piece. Thus, the end of the center

conductor of the coaxial cavity also serves as the substrate holder and is water-

cooled to control the substrate temperature. A silicon substrate (shown in red) is

placed upon the molybdenum holder that is located on the top of the coaxial

center conductor. This center conductor substrate holder configuration is

identified as the powered electrode. The difference between L1 and L2 i.e., (L1-

L2), identified as A2, is the distance that the top surface of the powered electrode

or the substrate surface is above or below the cavity bottom plane 2 = 0.

In the experiments presented in this thesis L9, and LI) were adjusted to

excite and match the TM013 mode in the cylindrical section of the applicator; i.e.

LS = ~ 20.3 cm and LD = ~ 3.6 cm. During process optimization, L1 is held

constant at 5.65 cm while L2 is varied between 5.16 cm and 6.13 cm by inserting
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different shims. As the substrate axial position was varied, the electromagnetic

field intensity and spatial distribution also were altered in the local region of the

discharge (i.e., around the z = 0 plane).
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Figure 3.14 - Details cross sectional View of the inner conductor water cooling

stage, substrate holder, and shims configurations. Units are in inches.
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The cross section of the cooling stage that was used during the high-

pressure diamond experiments is shown in Figure 3.15. Further detail on the

schematic drawing can be found in Appendix A.1-A.2 This cooling stage is

designed to accommodate the smaller sample substrate size and smaller plasma

discharge size at high pressure. The cooling stage is made out of stainless steel.

The cylinder body outer diameter is 1.5 inches (3.81 cm) and the inner diameter

is 1.375 inches (3.49 cm). The height of the stainless tube is 2 inches (5.08 cm).

At the bottom center of the cooling stage there are water outlet openings with

0.375 inch (0.95 cm) diameter for the water to flow in and out. The diameter of

the bottom plate is 6 inches (15.24 cm). It has 0.25 inch (0.635 cm) circular holes

arrays that are connected to the base plate in the vacuum chamber. The cylinder

body and the bottom plate are joined by a vacuum weld.

  

   
Figure 3.15 - Cooling stage inner conductor cross sections. Units are in inches.
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The substrate holder drawing schematic for polycrystalline diamond is

shown in Figure 3.16. Further detail on the schematic drawing can be found in

Appendix A3 The inside diameters is 1.525 inch (3.874 cm) with a thickness of

0.225 inch (0.572 cm). Since the silicon wafer sizes carried out in this research

are one inch or smaller, the extra spacing on the substrate holder in this 1.5 inch

holder is filled with small pieces of silicon wafers to ensure that the sample is

centrally positioned on the substrate holder. The substrate holder is made of

molybdenum. It has an array of 16 holes at the edge of the molybdenum piece.

Each hole is equally spaced around the circumference and has an opening

diameter of 0.25 inch (0.635 cm). These holes allow the gases from the quartz

dome chamber to exhaust through the vacuum Chamber and roughing exhaust

pump.

The substrate holder for single crystal diamond cross sectional views is

shown in Figure 3.17. Further detail on the schematic drawing can be found in

Appendix A4. The diamond seed is high pressure high temperature (HPHT) 3.5

x 3.5 x 3.5 x 1.5 mm3 obtained from Sumitomo electric. This single crystal design

holder is based on the experimental design of Yaran eta]. [99] and a US. Patent

has been applied for by Asmussen eta]. [100]. A single piece of diamond seed

placed at the center surface with a recess depth of 0.1 cm to ensure that the

diamond substrate sits in a pocket within the diamond seed housing. The

molybdenum substrate has a thickness of 0.0125 inch (0.0318 cm). The

thickness is less than the polycrystalline diamond substrate holder which is 0.225

inch (0.572 cm). The thinner substrate holder was designed to provide enough
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cooling and controllability of the substrate temperature during diamond

deposition.

The substrate holder placed on top of the cooling stage and also

supported by a quartz tube holder as shown previously in Figure 3.14. The quartz

tube has an outside diameter (OD) of 6 cm and a thickness of 0.1 cm. This

quartz tube is placed between the substrate holder and the cooling stage bottom

plate. It provides confinement of the excess gases that descend from the

substrate holder opening holes to the vacuum chamber. The height of this quartz

tube is 5 cm.

~— 1.525 ——~

2 H IR 0.125

EW 8

0.225I L1.3754

Figure 3.16 - Polycrystalline diamond (PCD) substrate holder schematic

drawings. Units are in inches.
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Figure 3.17 - Single crystal diamond (SCD) substrate holder schematic drawings.

Units are in inches.

100



CHAPTER 4

MICROWAVE PLASMA ASSISTED CVD DIAMOND

EXPERIMENTAL SYSTEMS AND PROCEDURES

4.1 Introduction

This chapter describes the experimental system, experimental

procedures, and measurements methodologies. The overall experimental system

set up consists of microwave power supply with Its associated microwave

transmission network, flow control and pumping systems, and additional

components such as computer, water cooling chiller, air cooling fans, pyrometer,

and digital cameras. The input and output experimental operating parameter

space such as diamond nucleation and pretreatments procedure, start-up and

shut down procedures, and diamond characterization methods are presented.

Since the MPACVD experiments were performed in a new high pressure

(180-250 Torr) regime, a new safety consideration was recognized. In particular,

the experiments were being performed within mostly hydrogen gas environment

that if subjected to air leaks or air input, it could result in a reactor explosion.

Thus, it was important that the reactor system was far from air leaks and during

experimental operation, the system was continuously monitored to ensure that

there were no indication of reactor failure that may lead to air leaking into the

reactor during operations.
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4.2 Experimental systems

The overall experimental setup is shown in Figure 4.1. The experimental

microwave plasma assisted CVD system consists of five major components or

subsystems. They are: (1) microwave power supply and circuit transmission

network subsystem, (2) microwave plasma applicator, process chamber, and

substrate holder subsystem, (3) gas flow control subsystem, (4) vacuum pumping

and pressure control subsystem, and (5) computer control, camera monitor, and

cooling subsystem.
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Figure 4.1 - Overall microwave plasma assisted CVD experimental system setup.
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Shown in Figure 4.2 is the microwave power supply and circuit

transmission network subsystem. The 2.45 GHz microwave energy is supplied by

a 6 kW Cober (model S6Fl4503). The magnetron tube and the circulator are

water cooled inside the power box. Operating knob and controls are mounted on

the panel door of the power supply box. The power supply also has a waveguide

arc detector which can sense any arc or short circuit and will immediately shut

down the power supply then the amber light tums on indicating standby mode.

The incident power is transmitted through multiple sets of S band

waveguides in the following order: power supply to a straight copper waveguide

(WR340) to a 90° E bend waveguide to a flexible non-twistable straight

waveguide and then to a transition unit to a coaxial adapter (Therrnex

Thennatron model 4028, WR284 waveguide to 1-5/8” EIA flange type) and finally

to the coupling probe of the microwave plasma cavity applicator. Incident,

reflected power meters, and directional couplers (60 dB) are installed along the

straight waveguide to measure the power absorbed into the plasma source. The

power absorbed is defined as the input power minus the reflected power. A

dummy matched load is located inside the power supply box to absorb any

transmission mismatch during operation or dissipate the reflected power.
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Figure 4.2 - Microwave power supply and waveguide network subsystem.
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Shown in Figure 4.3 is the gas flow control subsystem. The input gas

sources consist of methane (CH4), Argon (Ar), Hydrogen (H2). and Carbon

dioxide (CO2). The H2 and CH4 input gases had purity levels of 99.9995% (5.5 N)

and 99.999% (5 N) respectively. The high gas purity levels minimize any

impurities during diamond growth. The MKS mass flow controller (model 2470)

has a four channel controls read out that measures the input gas flow. The flow

rate can be set or adjusted either through the front panel controls or rear panel

analog interface for remote setting. The input gases are mixed before they enter

the discharge chamber and the gas flows out of an annular input gas feed plate

as part of the base plate assembly. The CO2 gas is only used during quartz bell

jar cleaning procedure and is not used for diamond deposition.
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Shown in Figure 4.4 is the vacuum pumping and pressure control

subsystem. A mechanical roughing pump (Alcatel 2063 CP) is used to pump

down the chamber pressure to approximately 3 mTorr and the vacuum

deposition pressure is measured by a pressure gauge (MKS model 6278). These

pressure gauges are connected to Baratron capacitance manometers to monitor

the pressure inside the vacuum chamber. The operating pressure is controlled by

a pressure controller (MKS model 651) that is connected to control the automatic

throttle valve and transducer.

A system vent valve is used to inject nitrogen to raise the vacuum

chamber pressure to atmospheric pressure when the experiments are finished.

Another exhaust valve is connected to the exhaust line for nitrogen purging

purposes during the experiment to ensure that the gaseous mixture streaming

from output of the roughing pump is below the flammable state.

The computer control and camera monitor subsystem consists of

computer operating system, web camera, and digital camera. The gas line,

operating pressure, microwave input power are all synchronized with a Lab-View

computer module which is used to automatically monitor and regulate the system

during the diamond deposition experiments from start up to shut down. During

the experiments, the operating pressure, gas flows, and running deposition time

are controlled based on the preset values. lf for some reason, the reflected

power is more than 25% or the operating pressure exceeds the preset value, or

water-cooling is not flowing into the system, the computer will automatically shut

down the microwave power supply. Under normal operating conditions, the
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computer program controls and directs the system from the initial start up time

until the running time expires.
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Figure 4.4 - Vacuum pumping and pressure control network subsystem.
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Another monitoring device as part of the experimental system setup is the

IP camera (D-Link model DCS-GQOO). The webcam is assigned to a static IP

address that is connected to the MSU Division of Engineering computing service

(DECS) domain network that allows remote monitoring of the experiments during

diamond deposition. The photographic imaging during the experiments was

taken using a Canon digital rebel XLR manual focus.

Additional components to the overall experimental set up are the cooling

system, and temperature-reading instrument. For the air cooling, three different

air fans were placed around the cavity applicator to cool the cavity walls during

long hours of diamond deposition. At the back of the cavity wall there is an air

blower inlet for air-cooling for the quartz bell jar dome. A water pipeline from the

building is always turned on during the experiment to cool the microwave power

supply. Water chiller Neslab OFT-300 cooled the substrate holder, cavity base

plates, and cavity top plates. For temperature measurements, portable hand held

pyrometer (lrcon UX CL1 model) with a one color with wavelength of 0.96

micrometers and temperature range reading of 600 °C to 3000 °C was used. The

value of the emissivity of the pyrometer during temperature measurement is set

to 0.6 and 0.1 for polycrystalline and single crystal diamond respectively.
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4.3 Multi variables experimental space

The experimental multivariable experimental operating parameters can be

categorized into controllable input variables, reactor design variables, internal

variables, deposition process variables, and output variables. The input

variables consist of microwave power, gas chemistry, gas flow rate, operating

pressure, and substrate temperature. The reactor design variables include

microwave cavity reactor configuration, substrate holder, and substrate cooling.

The internal variables include discharge volume and absorbed power density.

The deposition process variables include deposition time, substrate seeding, and

substrate material type and size. The output variables consist of growth rate,

diamond film uniformity, surface morphology, Raman analysis and optical

transmission measurements. Listed in Table 4.1 below is an example of typical

parameters value for input and output variables.
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Table 4.1 — Multivariable for the diamond film high-pressure deposition

 

Input variables

 

Input microwave power
2.1 - 3.2 kW

 

Gas chemistry
2-5% CH4/H2

 

Operating pressure

180 - 260 Torr

 

H2 ~ 400 sccm and CH4 ~ 6-24 sccm

 

 

 

Gas flow rate

Substrate temperature 950 " 1232 °C

Deposition time 2 ' 10 hrs

Scratching (PCD)

Substrate treatment prior deposition Plasma etching (SCD)

 

Substrate material

2.54 cm silicon wafer (PCD)

3.5x3.5x1.5 mm HPHT diamond (SCD) 
 

Output variables

 

Weight gain over deposition time

 

 

Growth rates

Uniformity
Linear encoder

Morphology
Optical micrograph

  Quality
Raman, FTIR and UV-VlS/NIR
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4.4 Reactor start-up and shut down procedure

The general start up and shut down procedures are described as follows:

After manually loading the prepared sample onto the substrate holder then

placing it into the discharge chamber and setting the cavity height at the correct

position at approximately 20.3 to 21.5 cm, the system was then pumped down to

about 3 mTorr. Then the start up procedure was as follows:

. Turn on and warm up the power supply.

. Turn on all of the cooling fans and the cavity air-cooling motor.

0 Turn on the water-cooling for the power supply, chiller and set water

temperature to 18 °C.

0 Turn on power meters, gas tank valves, gas regulators, and gas inlet valve

0 Set the MKS pressure controller and gas flow channel to remote position

. Open the stage file (after setting the desired operating pressure, gas flow,

deposition running time) from the computer Lab View module

0 Enable the microwave power supply and set to 1 kW after system

pressure reaches 5 Torr to ignite the plasma discharge.

0 Slowly increase the input microwave power supply as the system pressure

increases so that the plasma discharge covers the entire substrate and

stable.

o If necessary, tune the cavity height or coupling probe to maintain zero or

minimum reflected power.
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o The experiment starts automatically when the desired operating pressure

is reached at the preset value.

. Turn on the IP web camera to monitor the experiments remotely.

During the deposition experiments, a computer records all of the experimental

input variables. When the experiment is completed, the system will undergo shut

down procedure is as follows:

0 For PCD, automatically turn off CH4 gas flow.

. The operating pressure stays at deposition pressure and going

through a hydrogenation process (H2 plasma only) for 15 minutes,

then the pressure slowly drop down to a 20 Torr interval every 5

minutes.

. Automatically turn off H2 gas flow when the pressure reaches 20

Torr.

o The operating pressure continue to drop to about 3 mTorr.

0 Automatically turn off the microwave power. However, the control

knob must be manually set to zero position.

0 Automatically turn off the gas channels.

0 For SCD, automatically turn off microwave power, CH4 and H2 gas flow

0 The operating pressure slowly drops down to a 20 Torr interval

every 5 minutes until it reaches 3 mTorr.
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At this step, the procedure is both the same for both PCD and SCD which

involves cooling down of the system and manually shut off the system.

20 minutes after the vacuum chamber has reached its base pressure at

around 3 mTorr, turn off the chiller, turn off the air-cooling fan, gas

regulator valves and gas inlet valves, turn off the microwave power supply

master switch, turn off the power supply water cooling knob, turn off the

nitrogen purge and air blow motor for the cavity applicator air cooling.

Set the pressure contnoller back to manual mode and set to open position.

After at least one hour or when the system has completely cooled down,

open the nitrogen vent to raise the vacuum chamber pressure to an

atmospheric pressure.

Open the chamber window and unload the grown diamond sample.
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4.5 Polycrystalline diamond nucleation procedures

Before the diamond substrate is placed in the process chamber, the

silicon wafer must be mechanically polished and scratched using diamond

powder to accelerate the nucleation growth of diamond [101-102].

A one inch diameter silicon wafer is used as the substrate. The silicon

wafer has the following specifications: 2.54 cm diameter, N-type, <100> surface

orientation, one side polished, 1500 micron thick. The seeding is done by

mechanically scratching the silicon wafer using 0.25 micron size natural diamond

powders. The scratching is done manually moving hands in a circular motion

both clock wise and counter clockwise directions for about 10 to 15 minutes.

Once the substrate surface is scratched and polished, a fine napkin paper cloth

was applied gently to remove any diamond powder clusters or excess on the

substrate surface. The substrate is then rinsed using acetone solution and blow

dried using a nitrogen gun. The final step is to observe visually using an optical

microscope the nucleation density on the seeded substrate to ensure that

enough density and uniformity are achieved on the substrate surface. This

nucleation procedure is adapted from previous thesis work at MSU [85, 103-104].

Figure 4.5 shows an example of a substrate surface after being scratched

and polished. Before the sample is placed in the process chamber, the sample

initial weight and thickness was measured using an electronic scale (Denver

Instrument M-220D) before deposition.
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natural diamond powder before deposition.

Figure 4.5 - Seeded substrate after mechanical scratching and polishing with

 

 
 

 



4.6 Single crystal diamond pre deposition procedures

The single crystal diamond high pressure high temperature seed obtained

from Sumitomo Electric with size of 3.5 x 3.5 x 1.5 mm3 was first cleaned in

boiling nitric acid and sutfuric acid solutions followed by cleansing with

hydrochloric acid and ammonium hydroxide mixture and then rinsed using

ethanol and acetone in an ultrasonic bath. This cleaning procedure is intended to

remove any metallic, graphite or organic contamination. Once the cleaning

procedure was completed, the substrate was then placed on the substrate holder

and put in the reactor discharge chamber ready for deposition.

The following is a step by step diamond seed chemical cleaning

procedure:

1. Acidic cleaning

a. Nitric acid (40 mL) + Sulfuric acid (40 mL) mixed in pyrex beaker, placed

on the heater (setting the knob to 10) for 30 minutes. Then, rinse sample

in DI water.

b. Hydrocloric acid (40 mL) in pyrex beaker, placed on the heater (set to 10)

for 15 minutes. Then, rinse sample in DI water.

c. Ammonium hydroxide (40 mL) in pyrex beaker, placed on the heater (set

to 10) for 15 minutes. Then, rinse sample in DI water.

2. Ultrasonic cleaning

a. Ultrasonic bath with acetone (30 mL) in pyrex beaker for 15 minutes.
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b. Ultrasonic bath with ethanol (30 mL) in pyrex beaker for 15 minutes.

3. Final rinsing and drying

a. Rinse sample with DI water

b. Blow nitrogen on the sample to remove any water

Figure 4.6 shows HPHT diamond seed 3.5 x 3.5 mm2 prior to deposition. The

diamond exhibits yellowish color due to substitutionally nitrogen incorporated

during the making of the diamond seed via high-pressure high temperature

method.

 500um m

(a) (b)

Figure 4.6 - HPHT diamond seed optical micrograph 2.5x magnification view

before deposition showing: (a) reflection light (b) transmission light.
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The substrate holder cleaning preparation consists of the following steps:

1. Sand blasting. The molybdenum (Mo) pieces that are going to be placed

inside the vacuum chamber were sand blasted first. This ensures the

cleanliness of the substrate holder in order to avoid any formation of

polycrystalline diamond or any impurities into the grown single crystal

diamond.

2. Ultrasonic cleaning of all Mo pieces with acetone and DI water.

3. Rinsing and nitrogen blowing

4. Drying the Mo pieces in an oven dryer at about 80 °C for 20 minutes.

The next step before the actual diamond deposition was the plasma etching

procedure. After igniting the discharge at low pressure, the H2 gas is brought up

to the desired deposition operating pressure. When the growth pressure and

substrate temperature in the range of 1100—1150 °C are reached, a plasma

etching ranging from 30 minutes to 1.5 hour, typical etch time is 1 hour. After one

hour of hydrogen etching, methane gas is introduced into the chamber to start

the diamond growth deposition.
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4.7 Evaluation procedures of the synthesized diamond

4.7.1 Diamond growth rate

The diamond film growth rate was determined by measuring the average

growth rate. This was calculated by measuring the total weight gain (mg) after

deposition and dividing it by the deposited substrate area i.e., 2.54 cm diameter

for a one inch wafer or and mass density of diamond (3.515 g/cm3) then divided

by deposition time (hr). This method gives the growth rate of the diamond film

(pm/hr).

Growth rate = Weight gain/(deposition area x Diamond mass density)

For example, the total weight gain of a grown polycrystalline diamond measured

was 21.92 mg/hr over 1 inch diameter silicon substrate. Then the growth rate is:

4

21.92EXM

 

 

Average growth rate(umlhr) = hr 0'"

5.07cm2x3.51 g 3

cm3x——10mg

g

= 12.32 pm/hr
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4.7.2 Diamond uniformity

In order to be able to measure the polycrystalline diamond uniformity

profile, the thickness of the grown diamond must be determined. This was done

by measuring each specific point film thickness on the diamond substrate surface

before and after deposition. The instrument used was a 50 nm precision Solarton

linear scanning tip encoder. This technique was originally devised by Zuo et.al.

[49] for two to three inch substrates. The point stage and number of point

arrangements were modified to enable the measurement of one-inch silicon

substrate. The device encoder essentially measures the linear depth of the

vertical directions of the substrate as shown in Figure 4.7. The point stages are

made of a spherical tip metal rod with the same dimension and shape as the

vertical probe of the linear encoder. The metal rod is attached to a rectangular

heavy metal base to provide strong support and to minimize any accidental

movements or disturbances during point to point measurements. The substrate

was placed and positioned as flat as possible between the vertical probe and

point stage metal rod tip for accurate measurements. Shown in Figure 4.8 is the

uniformity point arrangement both in radial and circumferential directions. Two

perpendicular lines intersecting at the center of the substrate were used to guide

the location of the points to be measured in the radial direction. Circumferentially,

each point location to be measured is separated by 45 degrees angle along the

entire circumference of the substrate. The thickness profile measurements for

each sample were repeated three times and then averaged. The thirteen

measured points per wafer gave good accuracy for measuring uniformity profile

over an inch substrate.
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Figure 4.7 - Grown diamond thickness measurement setup using the Solarton

linear encoder scanning tip and point stages.
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025.4 mm

   
Figure 4.8 - Grown diamond thickness measurement points distribution denoted

by small circles on a one inch silicon wafer substrate.
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4.7.3 Diamond surface morphology

The most common shapes or facets of diamond crystal structures are

octahedral {111} plane, cubic {100}, and {110} planes. These shapes vary

depending on the ratio of growth velocities in the <100> and <111> directions.

The shapes can be used to determine the ratio of growth rates. This growth

parameter is commonly known as the “a parameter” as shown in Figure 4.9. This

can be expressed by a = J3 V<100>N<111>. The distance from the center of

the crystal to the center of each of the faces is proportional to the growth velocity

in the direction perpendicular to that face. This direction always points to a corner

as indicated by the arrows which shows the fastest growing direction. In terms of

a relation to crystal shapes, for cr = 1, crystals grow in the form of a cube, for 1< o

< 3, crystals grow in the form of a cubo-octahedron, and for a = 3 is in the form of

an octahedron. Other crystal shapes may develop since twinning and stacking

faults influence of the growth especially occurs on {111} planes.

The surface morphology of the grown diamond was evaluated using an

optical microscope (Nikon Eclipse ME600) as shown in Figure 4.10. The

microscope is integrated with 2-D and 3-D image processing computer program

(Image Pro plus 5.1) to allow optical observation and analysis of the samples. By

using this instrument, polycrystalline diamond grain size and growth surface

shape can be identified. For example, common diamond surfaces such as

triangular {111}, roof shape like structure {110}, and square or rectangular {100}
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plane morphology. Likewise, single crystal surface smoothness or transparency

can be seen through the crystal.

 

   

a-parameter 3

1 1 .5 2 2.5 (100)
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Cube Cubo-Octahedron Octahedron

Figure 4.9 - The morphology of the diamond crystals grown at various values of a

parameter. The arrows indicate the direction of fastest growth [105].

 
Figure 4.10 - Optical microscope photograph used to analyze diamond

morphology.
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Grown diamond quality was determined using various ways such as visual

observation of the color and transparency of the freestanding diamond, optical

microscope, Raman spectroscopy, ultra violet/visible/near infra red (UVNlS/NlR),

and Fourier transform infrared spectroscopy (FTIR). Described below are the

procedures for each experimental measurements method for the experimental

output.

4.7.4 Raman spectroscopy analysis

Raman spectroscopy is one of the common methods used to characterize

the structural quality of grown diamond. This method provides well known

spectra for graphite, amorphous diamond like carbon and other carbonaceous

compounds. Also it can be used to determine diamond purity and crystalline

lattice matching perfection by analyzing the peak positions and peak width.

Raman spectroscopy is used to investigate quantized molecular resonances by

observing transitions between vibrational energy levels caused by inelastic

scattering of high energy visible photons. ln Raman scattering the light photons

lose or gain energy during the scattering process, and therefore increase or

decrease in wavelength respectively. If the molecule is promoted from a ground

to a virtual state and then drops back down to a higher energy vibrational state

then the scattered photon has less energy than the incident photon, and

therefore below original frequency. This is called Stokes scattering. If the

molecule is in a vibrational state to begin with and after scattering is in its ground
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state then the scattered photon has more energy, and therefore above original

frequency. This is called anti-Stokes scattering [106-107].

Figure 4.11 displays the Raman spectra of different forms of sp2- and sp3-

bonded carbon. The spectra exhibit a sharp peak or single phonon line at 1332

cm'1 indicating sp3 diamond bonding. Assuming room temperature, the sharp

peak of the diamond spectra could shift from 1331 to 1335 cm'1 with a bandwidth

at half intensity usually less than 2 cm'1. The full width half maximum (FWHM) of

the line in natural perfect diamond reported is 1.5-1.8 cm'1 while typical FWHM in

CVD diamond films is between 2 to 14 cm'1 [105]. The spectra above the

diamond one phonon band is related to sp2 carbon such as graphite with a peak

at 1580 cm'1, microcrystalline graphite with two broad band at 1580 and 1350

cm'1 which also commonly known as the band D (disorder) and band G

(graphite) respectively, amorphous carbon with asymmetric band peaking at

1500 :l: 40 cmi'1. The peak frequency could downshift with temperature and

upshift when internal stresses are present. The broadening of the band may be

due to several factors such as therrnoelastic stresses, thermal effects, internal

stresses (intrinsic tensile and thermal compressive), crystallite grain size, and the

density of defects in the crystal.
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Figure 4.11 - Raman spectra of different forms of sp2- and spa-bonded carbon

[107].
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Figure 4.12 shows the instrument set up layout schematic. The general

operation of the Raman components can be summarized as follows: initially, the

light source from the laser is focused on the sample, then the sample scatters the

light which is mostly Rayleigh scattering i.e., same wavelength. However a small

amount is Raman scattered which produces different wavelength. The gratings

inside the monochromator diffract the incident light on selected wavelength then

the charge-coupled device (CCD) produces an electrical signal according the

intensity of the light and finally passes on to the computer for analysis. The

instrument specification used during the Raman measurement was a SPEX

1250M spectrometer connected to a HORlBA Jobyn Yvon symphony charged-

coupled device (CCD) detector and an Olympus BH-2 optical microscope. The

laser source was an argon ion green laser with 514.532 nm with spot size at

about 25 micron and power density of 0.28 W/cm3. The penetration depth of the

laser beam into the sample surface is approximately a few micrometers. The

spectrometer slit width of 50 micron with high resolution grating of 1800

grooves/mm provides data resolution of 0.3 cm'1 with spectral width of 2.92 cm“.

Integration time of less than 60 seconds and CCD image binning of 1 was utilized

in order to increase signal/noise ratio and produce high intensity counts. A

Gaussian/Lorentzian curve fit baseline correction is used to position the spectra

peak and evaluate the full width half maximum. The frequency was scan from

1150 to 1800 cm'1 to sweep both the diamond and graphite bands. The computer

program used to collect the Raman spectra was Lab Spec 4.01.
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Figure 4.12 - Raman spectroscopy instruments general layout set up schematic.

4.7.5 Optical transmission measurements

Both polycrystalline and single crystal diamonds have a great potential for

optical applications as mentioned in chapter two; however, the grown diamond

must have a very smooth surface and an excellent optical transparency. The

optical transparency of the grown diamond in the infra red can be affected by a

number of reasons such as absorption by chemical impurities and defects due to

incorporation of nitrogen into the diamond. This nitrogen incorporation into sp3

and sp2 bonded carbon could result in loss of lattice symmetry hence the loss of

transmission. Another possible cause of optical transparency degradation is the

scattering loss due to surface roughness of the grown diamond and reflectance

loss due to high refractive index of diamond at about 2.41.
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Figure 4.13 shows the calculated optical transmission results for an ideal 1

pm thick diamond film on a 1 mm thick glass substrate reported by Ulczynski

eta]. [108]. Ideal in this case refers to lossless and optically smooth diamond on

glass hence zero scattering and zero absorption. The refractive index of

diamond calculation for this plot is described in. As can be seen from the figure,

near ultraviolet to near infrared spectrum is plotted versus transmission. The

transmission average varies from 67% to approximately 89% depending on the

refractive index. The interference effects are due to multiple reflections at the

diamond-air and diamond-glass interfaces.
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Figure 4.13 - Calculated optical transmission results for 1 pm thick diamond film

on 1 mm thick glass with zero scattering and zero absorption [108].
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Prior to UVNlS/NIR and FrIR measurements, the deposited

polycrystalline diamond film must be back etched to obtain freestanding

diamond". This can be achieved by silicon substrate removal via wet etching

with the following recipe [109]:

1. Initially the silicon side is abraded using an Emory cloth (600 grit size).

2. Then the abraded sample is placed on a Teflon holder pedestal with

the silicon side facing up.

3. Then the Teflon holder which contained the sample is immersed in the

Teflon beaker on mixed solution (50 ml of HNO3, 40 ml of H20, and 30

ml of HF) for a few hours. Typically this solution mixture can remove 1

mm of silicon in approximately 2 hours at 50 °C.

Then, the freestanding polycrystalline diamond must be polished and

lapped in order to remove the rough surface and produce a smooth surface. This

rough surface could cause scattering during the transmission measurements.

Generally, the surface roughness of the grown polycrystalline diamond increases

as the thickness increases. This could result in an average surface roughness

(Ra) value in the order of micrometers [110]. Hence, the optical transmission

losses due to scattering are fairly high (except in far infrared) and thus it is

important to polish and lap the diamond surface in order to obtain excellent

transmission in the visible and UV.

**Dr. Reinhard is thanked for the help in post processing step for the optical

transmission measurements used for general guideline in this thesis.
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The lapping and polishing of the sample was done using a Logitech LP 50

system and surface roughness was measured using surface profilometer Dektak

D6M. Prior to lapping and polishing, plasma etching of the nucleation side

sometimes is needed in order to remove any silicon carbide layer that might be

formed during the deposition. Plasma etching is typically done using 02, Ar, and

SF6 gas chemistries as reported by Chakraborty et.al. [111] and Tran et.aI. [112].

Perkin Elmer Lambda 900 UVNis/NIR spectrophotometer was used for

the optical transmission measurements of the grown polycrystalline diamond in

the ultra violet and visible spectrum. The instrument can measure reflection,

absorption or transmission in the range of 180 nm < k < 3300 nm (0.4 eV < E <

6.9 eV), equipped with monochromator holographic grating 1440 lines/mm

(UVNIS) and 360 lines/mm (NlR), with photo multiplier detector.

Perkin Elmer Spectrum one Fourier Transform Infra Red spectroscopy

(FTlR) spectrometer was used to measure the optical transmission in the infra

red spectrum. The computer program used to analyze the spectra was Spectrum

5.01 with the following typical input parameters: scan range from 4000 cm'1 to

450 cm”, resolution 4 cm'1, and transmittance as the output axis. The diamond

was inserted into a metal housing where only the diamond can absorb the laser

beam and the metal housing was then mounted on a multipurpose metal holder

compartment.

The procedure to do the transmission measurements using UVNIS/NIR is

as follows [1 13]:
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1. Turn on back right top corner green switch to forward down

2. Open center front panel

3. Insert the sample and the metal holder into the magnetic holder housing

4. Shut the top lid

5. Open Lambda 900 program

6. Double click on the spectra rainbow icon in the tool bar and enter the input

parameters with abscissa: nm, start: 3,000, end: 210

7. Select the “inst” tab from the tab window and enter the following input

parameters: ordinate mode: °/oT, data interval: 1 nm (very fine) and 10 nm

(more coarse), integration time: NIR = 0.04, UVNIS = 0.2, slit: NIR = fixed,

UVNIS = servo.

8. Click auto zero with BL for 100% and BO for 0%.

9. When background scan is done. Select “sample” tab and enter file name

and click “start” to initiate the transmission measurements. Hope for

100%.

10.Take sample out, save file name with ASCII file format.

135



CHAPTER 5

MICROWAVE PLASMA ASSISTED CVD DIAMOND

EXPERIMENTAL RESULTS

5.1 Introduction

This chapter presents the experimental results of the newly modified

reactor. The chapter begins with the description of the overall experimental

multivariable operating parameter space, followed by experimentally measured

absorbed plasma discharge power density, and then presents the experimental

results of polycrystalline and single crystal diamond synthesis. Discussion of

experimental results of the synthesized materials is also presented. In particular,

the growth rate, uniformity, surface morphology, and optical quality of the

synthesized diamond are discussed. During the testing of the modified reactor’s

performance, the total experimental runs i.e., growth time for both PCD and SCD

synthesis was approximately 500 hours total runs. Most of the diamond

synthesis experiments were conducted at duration of 8 hours.

These experimental results show that the redesign of the existing reactor

works. For example, it is able to synthesize PCD and SCD at high pressure, it

can produce high absorbed power density plasma, and it operates robustly within

the define parameters. The general evaluation of the synthesized PCD and SCD

such as growth rates, uniformity, morphology, and optical quality describes in this

thesis could provide guidance for further optimization of the MSU microwave

plasma cavity reactor for diamond deposition.
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5.2 High pressure CVD plasma behavior and reactor performance

5. 2. 1 Plasma discharge characteristics

During ignition at about 5 Torr, the plasma discharge initially filled the

whole discharge chamber, which was observed similarly on the reference

reactor. However as the pressure was gradually increased the plasma size

began to shrink and pull away from the quartz walls at about 60 Torr to 120 Torr

and gradually became smaller as the pressure reached 240 Torr.

An important difference between high pressure and low pressure

microwave discharges is that at low pressures the microwave discharge fills the

discharge chamber and produces a diffusion loss dominated, cold (gas

temperatures are less than 1000 K), non-equilibrium plasma, while in the high

pressure regime the microwave discharge is hot (gas temperatures are greater

than 2000 K), is volume recombination dominated and becomes a more thermal-

like discharge. Plasma densities for 2.45 GHz hydrogen discharges operating at

100-200 Torr are estimated to be 1011 cm'3 to 1013 cm'3 [114-115]. At these

high pressures the discharge separates from the walls and can become freely

floating taking on shapes that are related to the shape of the impressed

electromagnetic fields. The discharge can even move about the discharge

chamber as it reacts to the buoyant forces on the discharge and to the

convective forces caused by the gas flows in the discharge chamber.
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Shown in Figure 5.1 are the visual images of the plasma discharge at

different operating pressures varying from 20, 60, 100, 140, 180, and 220 Torr.

Microwave absorbed power was 2.5 kW, 3% CH4/H2. As can be seen, the

plasma discharge color turned from purple to violet and then to greenish around

the plasma ball as pressure increases.

At high pressures (~100 Torr and above) the microwave discharge tends

to separate from the walls and becomes “constricted” and thermally

inhomogeneous. Thus the discharge becomes a recombination dominated

discharge. Discharges constrict and become arc like when (1) a large

temperature gradient exists between the center of the discharge and the

discharge boundary, (2) a significant degree of gas heating is present (gas phase

recombination heats the neutral gas), and (3) a large recombination rate is

present in the discharge because of three body collisions. Thus, when the gas

temperature gradients are sufficiently high, the recombination rate, which is

greater than the diffusion rate, increases rapidly away from the discharge center.

The rapid increase in recombination rate versus distance from the center restricts

the discharge to the central region of the discharge enclosure.

Figure 5.2 displays the photographs of the discharge hovering over the

silicon substrate as the operating pressure is increased from 180 to 240 Torr. At

high pressure the discharge has a green color and has an intense almost white

center core. As shown in Figure 5.2 the discharge becomes more visually

intense, and shrinks in Size as the pressure increases and the absorbed power

density increases. As a result, this leads to an increase in the density of
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hydrocarbon growth species (CH3, C2H2) and atomic hydrogen. Hence, higher

atomic hydrogen concentration means higher diamond growth rate.
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Figure 5.1 - The plasma discharge shape and intensity as the operating pressure

increased from 20 Torr to 220 Torr. The discharge color turned from purple to

violet and then to greenish around the plasma ball. Microwave absorbed power

was 2.5 kW, 3% CH4/H2.

OD-
180 Torr 200 Torr 220 Torr 240 Torr 260 Torr

    
Figure 5.2 - Photographs of the discharge over the silicon substrate as the

operating pressure is increased from 180 to 260 Torr. The microwave absorbed

power ranged from 2.0 to 2.5 kW as pressure increases.
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An example of the experimentally measured discharge power density

versus pressure for the modified high pressure reactor is displayed in Figure 5.3.

The experimental data were taken with fixed reactor geometry where L2 was

held constant at 6.13 cm as the pressure was increased from 60 Torr to 240 Torr.

The input microwave power was varied from 1.4 kW to 2.8 kW. The discharge

power density is defined as the input absorbed microwave power divided by the

plasma volume. The input absorbed microwave power is determined from the

difference between the incident and the reflected power meters. The plasma

volume is approximated by taking length calibrated photographs of the discharge,

defining the discharge volume as the volume of the brightest luminescence of the

discharge, and then determining the discharge volume from the visual

photographs.

As shown in Figure 5.3, the discharge power density increases from about

80 W/cm3 to about 500 W/cm3 as the pressure increases from 60 Torr to 240

Torr. In Figure 5.3 the high pressure reactor is also compared with the power

densities of the reference reactor. As expected the power densities of the

redesigned reactor are much larger than similar power densities from the

reference reactor. Specifically, the corresponding absorbed power densities for

the reference reactor shown in Figure 5.3 vary from 20 to 45 W/cm3 as the

pressure increases from 80-140 Torr [84] while the corresponding discharge

power densities of the redesigned reactor vary from 80 to 225 W/cma. The

reduction of the center conductor area by about 4.5 increases the power density

by a factor 45. Thus, for a constant pressure the reduction of the powered
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electrode diameter significantly increases the power density of the discharge.

The increase in power density is inversely proportional to the substrate area.
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Figure 5.3 - The absorbed plasma power density for both the reference and

modified reactor with increasing operating pressure. Modified case 1 denotes AZ

position of -4.8 mm.

5.3.2 Reactor operation and optimization

When the reactor geometry, substrate size and total gas flow rate are held

fixed, the deposition process is a function of input power, pressure, substrate

temperature, and methane concentration. The major variables are the input

power, pressure and substrate temperature. The relationship between these

variables is nonlinear and the relationship between them can best be understood
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by experimentally measuring and plotting a reactor roadmap curve [47, 85].

Figure 5.4 displays such a set of curves for the modified reactor where the

reactor geometry is held fixed at Ls = 20.5 cm, Lp = 3.5 cm, and L2 = 6.13 cm

and the total gas flow rate is 412 sccm, and methane percentage is 3%.

Each of the experimental curves in Figure 5.4 is plotted for a constant

pressure and the set of curves displays the variation of the substrate temperature

versus input microwave power over the entire 60-240 Torr pressure regime. The

safe and process useful operating region is enclosed by the dashed line

parallelogram; i.e., the enclosed region displays the acceptable experimental

operating region for process operation and optimization. The left hand side of the

parallelogram is determined by the minimum power required to generate a

discharge of sufficient size to cover the substrate while the right side of the

parallelogram is determined by the power required to completely cover the

substrate withoUt touching the discharge chamber walls. Thus, at each operating

pressure the right hand side of the data points represents the approximate limit of

the maximum input power at that pressure before reactor wall heating becomes a

problem.

Figure 5.5 shows a closer view of the reactor roadmap for operating

pressure of 180 to 240 Torr. As can be seen, the substrate temperature

increases as the microwave power increases. For microwave absorbed power of

2.0 to 2.5 kW, the substrate temperature ranges from 1020 °C to 1175 °C. Also,

higher operating pressures result in higher substrate temperature. For example,

for 180 Torr operating pressure, the substrate temperate varies from 1025 °C to
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1080 °C while at 240 Torr operating pressure, the substrate temperature ranges

from 1055 °C to 1175 °C for the same range of selected microwave power.

Several observations can be made from the curves of Figure 5.4 and 5.5.

First, as the pressure and input power increase the substrate temperature

increases. At low pressures, the change in substrate temperature is less

sensitive to input power changes than at high pressure. That is when compared

to the reference reactor roadmap [49], the slope of the temperature at high

pressure in the modified reactor is steeper i.e., the increase in the substrate

temperature is much faster versus increase in input power. The substrate

temperature is also more sensitive to pressure changes at low pressures than at

high pressures. Thus, for fixed reactor geometry the experimental performance is

more sensitive to input power changes at high pressures than at lower pressures.
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Figure 5.4 - The operating roadmap of the improved plasma reactor showing the

substrate temperature versus absorbed microwave power at various operating

pressures. The dashed-line region defines the allowable reactor operating region.
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When operating at a constant pressure within the allowable deposition

region shown in Figure 5.4, the. reactor performance can be further optimized by

length tuning the coaxial cavity. Thus, within the allowable deposition region

shown in Figure 5.4, each curve can be modified by adjusting the coaxial cavity

section of the applicator. When this is done, the electromagnetic focus is altered

around the z = 0 region and the substrate also is moved changing its axial

position from above to the below the z = 0 plane. As the substrate position

changes the position, size, shape and power density of the microwave discharge

is also varied in a complex nonlinear fashion.

Figures 5.6 and Figure 5.7 display the variations of substrate temperature

and discharge power density versus pressure as the substrate position is varied

from above to below the z = 0 plane, i.e. AZ varies from +4.9 mm to -4.9 mm.

These curves demonstrate that at a constant pressure, the substrate temperature

can vary more than 300 °C and the associated plasma power density also

changes dramatically. For example, as shown in Figure 5.6, at 240 Torr as the

substrate position is varied from +4.9 mm to -4.9 mm, the substrate temperature

changes from 875 °C to 1175 °C. The substrate temperature increases as the

substrate is lowered below the z = 0 plane. As the substrate is lowered, the

discharge shape and size are changed, its volume is reduced and the discharge

becomes more intense. The associated discharge power densities are displayed

in Figure 5.7 vary from about 225 W/cm3 at z = +4.9 mm to 475 W/cm3 at z = -

4.8 mm with variable absorbed microwave power from 1.8-2.1 kW over the

pressure 140-240 Torr. These experiments clearly demonstrate the ability to alter
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the substrate temperature and the discharge position and power density as the

coaxial cavity size is changed.
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Figure 5.7 - The absorbed plasma power density with increasing pressure of the

modified reactor at various AZ positions. Operating conditions: Ls = 20.5 cm, Lp

= 3.5 cm, L2 = 6.13 cm, H2 = 400 sccm,'CH4 = 12 sccm.
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A set of separate eight hour deposition experiments were performed that

investigated the deposition rate variation versus substrate position, i.e. versus

L2. They were performed at a constant pressure of 220 Torr and a constant 3%

methane concentration. L1 was held constant while L2 was varied in five steps

and the substrate position varied from +4.9 mm to -4.9 mm. Input microwave

power varied slightly from 2.6-2.8 kW. The experimental results are displayed in

Figure 5.8 (a-b). For each of the experimental data points presented in the

figure, the discharge size was slightly adjusted by varying the input power to

achieve uniform deposition. Generally, it is desired to have the size of the plasma

discharge cover the entire substrate in order to achieve deposition uniformity.

However, at higher-pressure operation, the plasma discharge size can be slightly

smaller than the substrate surface area and still achieve uniform deposition. As

long as the plasma hovers around and remains in good contact with the

substrate it will produce a uniform temperature distribution on the substrate.

As can be observed from the measurements presented in Figure 5.8, very

small adjustments of L2 have a big influence on the deposition rates. As L2 is

varied, the electromagnetic fields in the region around the z = 0 plane are greatly

changed resulting in a variation in the shape and the position of the discharge.

By varying the substrate position a few millimeters the deposition rates vary from

5.4 to 9.5 pm/h. At A2 = -4.9 mm the deposition rate decreases. In this case, the

substrate temperature has begun to decrease since the discharge is starting to

separate from the substrate. Thus, these experimental measurements indicate
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that reactor tuning adjustments are very useful and necessary in order to control

and optimize the deposition process.
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Figure 5.8 - Substrate temperature (a) and diamond growth rate (b) versus

substrate position, AZ. Operating pressure = 220 Torr, CH4/H2 = 3%, microwave

input power = 2.6-2.8 kW.
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This new reactor design which decreases the substrate holder R4 from

5.08 cm to 3.24 cm, the inner conductor R3 from 4.13 cm to 1.91 cm, and allows

the coaxial cavity section to be adjusted; it then focuses the electromagnetic

energy on the reduced diameter substrate holder and increases the axial electric

field intensity and the associated displacement current density at the location of

the substrate surface. This redesign not only increases the plasma absorbed

power density above the substrate but also facilitates operation at higher

pressure. The electromagnetic field focus at and above the substrate is

additionally controlled and varied during process development by length tuning

L1, L2, L8 and Lp. When a discharge is present, this length tuning changes the

electromagnetic field focus and in turn, changes the location and the shape of the

plasma.
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5.3 Polycrystalline diamond synthesis

5.3. 1 Diamond growth rate

Diamond film synthesis was investigated over a range of process

conditions and the experimental results are displayed in Figure 5.9. The

polycrystalline films were deposited on 2.54 cm silicon wafers as pressure was

varied from 180-240 Torr and methane concentrations were varied from 2-5%.

Input microwave power levels were varied from 2.1-2.8 kW. For each of these

measurements the reactor lengths were adjusted to yield good deposition rates.

For all the data points in Figure 5.9 the cavity lengths, Ls, Lp, were kept fixed

while AZ were varied. In all experiments above 200 Torr, AZ = -0.48 cm and at

200 Torr and below, A2 = -0.31 cm. In both cases the substrate was located

below the z = 0 plane in order to produce good deposition rates. As is shown in

Figure 5.9, the linear deposition rates increase as pressure and methane

concentration increased. The substrate temperature during the deposition varied

from 1030 °C to 1150 °C as the pressures were increased from 180 to 240 Torr.

A comparison of these deposition rates with the lower pressure and lower

power density performance of the reference reactor indicated a significant

improvement in linear deposition rates. When operating the reference at 130-140

Torr the maximum deposition rates were about 6 um/h using 3% methane

concentrations [8, 84-85]. In this improved reactor, maximum deposition rates

exceed 10 urn/h and at the higher pressures and methane concentrations are
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above 20 um/h. These deposition rates also compare favorably with the rates

reported at 200 Torr with a millimeter wave plasma assisted CVD reactor [115].
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Figure 5.9 - Diamond growth rate with increasing operating pressure with CH4

gas chemistries ranging from 2-5% with no addition of nitrogen gas into the

system.
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Shown in Figure 5.10 is diamond growth rate versus substrate

temperature under various operating pressures range from 180-240 Torr at a

fixed 3% methane concentration. The growth rates range from 5 to 9.7

micron/hour and substrate temperature varies from 1019 °C to 1173 °C for

pressure of 180 to 240 Torr. As can be seen from the figure, the highest growth

rates approximately at 10 pm/hr occurred at substrate temperature range

between 1050 °C to 1090 °C.
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g 10 ‘ I A O180Torr3%
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Figure 5.10 - Polycrystalline diamond growth rate versus substrate temperature

at a fixed 3% methane concentration under operating pressure between 180 to

240 Torr. AZ varies between -1.4 mm to 4.95 mm.
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5.3.2 Diamond uniformity

Six different samples were evaluated to investigate the uniformity of the

grown polycrystalline diamond using the modified reactor. Described here is

three of the best grown diamond uniformity achieved during the testing of the

modified reactor. The uniformity may still be able optimized further when

operating at pressure regime of 180-240 Torr. Since the plasma discharge will

becomes smaller and the substrate temperature will increase, a new substrate

holder insert design, shims adjustments, and retuning the cavity height and probe

depth may be necessary.

Figure 5.11, Figure 5.12, and Figure 5.13 show typical results of the

achievable uniformity of the synthesized polycrystalline diamond over one inch

substrate. A good uniformity of grown diamond can be achieved at this operating

high pressure similar to the deposition at lower pressures.

In order to achieve this uniformity, a series of experimental runs and

adjustment were performed. The variable parameters such as L1 = 5.65 cm, L2 =

6.05 cm, Ls = 20.3 cm, Lp = 3.6 cm were kept fixed while microwave absorbed

power, pressure and methane concentration varied from 2.3-2.5 kW, 200-220

Torr, and 3-4% respectively.

The uniformity of the grown polycrystalline diamond film thickness was

evaluated by its thickness percent deviation. Lower percentage of deviation

indicates higher film uniformity. The thickness percent deviation is given by the

following equation:
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Where tr is the thickness of the films at a point i and N is the total number

of points measured along one of the two perpendicular lines shown in Figure 4.8.

For radial percentage deviation, the points were obtained from the two

perpendicular lines along the substrate while for the radial percentage deviation;

additional points along the circumference of the substrates were used for the

uniformity evaluation. The films thickness measured by linear encoder and film

non-uniformity percentage deviation calculated from equation 5.1 is displayed in

Table 5.1, Table 5.2, and Table 5.3 for each sample. Also, the radial and

circumferential diamond film uniformity is shown in Figure 5.11, Figure 5.12, and

Figure 5.13 with its corresponding operating conditions. The nominal average

thickness of the film measured using the linear encoder shown in Figure 5.11 is

77.3 pm with variation in the thickness non-uniformity is 12-15.8% radially and

14.6% circumferentially. The nominal average thickness of the film shown in

Figure 5.12 is 71.7 pm with variation thickness non-uniformity of 10.2-12.2%

radially and 13.3% circumferentially. Likewise, the nominal average thickness of

the film shown in Figure 5.13 is 167.8 pm with variation thickness non-uniformity

of 121-12.2% radially and 14.8% circumferentially. These variations were

determined based on average of maximum and minimum thickness values

across the substrate surface points. This non uniformity is probably due to

variation in temperature and species across the substrate during deposition.
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Table 5.1 — Diamond film KWH34 thickness measured by linear encoder and the

film non-uniformity calculated using the percentage deviation formula Eq. 5-1.

 

 

 

 
 

   
 

     
 

 
 

  

Point 1 2 3 4 5 6

Thickness (pm) 83.4 94.3 92.0 82.8 73.9 65.4

Point 7 8 9 10 11 12 13

Thickness (pm) 87.2 87.6 87.9 79.8 76.5 70.1 78.4

Deviation of Ave.

circumferential points 14.6 thickness 77.3
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Figure 5.11 - Diamond film uniformity for KWH34 showing film thickness: (a)

radial distribution and (b) circumferential distribution at a radial distance of 10

mm from the center. Operating conditions: pressure = 220 Torr, CH4/H2 = 3%,

microwave absorbed power = 2.3 kW, substrate temperature = 1120 °C, Ls -

20.3 cm, Lp = 3.6 cm, L1 = 5.65 cm, L2 = 6.05 cm.
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Table 5.2 - Diamond film KWH32 thickness measured by linear encoder and the

film non-uniformity calculated using the percentage deviation formula Eq. 5-1.

 

 

 

 

    
 

 
 

     
 

 
 

Point 1 2 3 4 5 6

Thickness (pm) 61.8 64.3 73.5 74.2 76.0 59.6

Point 7 8 9 10 11 12 13

Thickness (pm) 77.1 76.5 72.7 61.2 77.7 70.5 64.4
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Figure 5.12 - Diamond film uniformity for KWH32 showing film thickness: (a)

radial distribution and (b) circumferential distribution at a radial distance of 10

mm from the center. Operating conditions: pressure = 200 Torr, CH4/H2. = 3%,

microwave absorbed power = 2.4 kW, and substrate temperature = 1048 °C, Ls =

20.3 cm, Lp = 3.6 cm, L1 = 5.65 cm, L2 = 6.05 cm.
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Table 5.3 - Diamond film KWH36 thickness measured by linear encoder and the

film non-uniformity calculated using the percentage deviation formula Eq. 5-1.

 

 

 

 

   

Point 1 2 3 4 5 6

Thickness (pm) 156.7 182.2 194.8 175.8 152.9 173.6

Point 7 8 9 10 11 12 13

Thickness (um) 168.8 191.4 169.6 139.1 187.5 169.5 156.5  
 

Deviation of point

 
 

     
 

 
 

Deviation of point 1-5 (%) :I: 12.1 6-9 (%) i 12.2

. . . . Ave.
Devraticin of Circumferential 14.8 thickness 167.8

pornts (A) :1: (pm)

200 +

E A ‘ 3

i 9 150 -

In

8
g 100 01—2-3445

'- A6-7-3-8-9
55 a 50 -

-12.5 -7.5 -2.5 2.5 7.5 12.5

Distance from the center (mm)

250 -

A 200 9 . .

O O

In

E 100 ~

:5 50 4 b 01-5-6-9-10-11-12-13

.:
P 0 I r r I I I I  

0 50 100 150 200 250 300 350

Degrees circumferential angle

Figure 5.13 - Diamond film uniformity for KWH36 showing film thickness: (a)

radial distribution and (b) circumferential distribution at a radial distance of 10

mm from the center. Operating conditions: pressure = 220 Torr, CH4/H2 = 4%,

microwave absorbed power = 2.44 kW, and substrate temperature = 1093 °C, L3

= 20.3 cm, Lp = 3.6 cm, L1 = 5.65 cm, L2 = 6.05 cm.
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5.3.3 Diamond surface morphology

Figures 5.14 to 5.17 display typical diamond surface morphologies grown

at various methane concentrations and operating pressures. The methane

concentration was varied from 2 to 5% and operating pressure varied from 180 to

240 Torr. The grown polycrystalline diamond exhibits a pyramidal shape, square,

and roof like structure as can be seen from the figures. These shapes are

dependent on the operating pressure, gas chemistry, microwave input power,

substrate temperature, and deposition time. The grain size varies along the

surface of the substrate and it is also dependent upon the operating pressure,

gas chemistry and deposition time. As the deposition time increases, the grain

size tends to increase up to several tenths of micrometers. Typical grain sizes

observed using the micrograph range from 10-40 pm for 180 to 240 Torr and 2-

5% CH4 gas chemistry.

These morphology results demonstrate that the newly modified reactor is

capable of producing polycrystalline diamond over a range of conditions and

comparable to the reference reactor.
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(a) CH4/H2 = 2% (b) CH4/H2 = 3%

(C) CH4/H2 = 4°/o (d) CH4/H2 = 5%

Figure 5.14(a)-(d) - Surface morphology of polycrystalline diamond at operating

pressure of 180 Torr versus methane concentration from 2-5%. Growth

conditions: (a) KWH7, absorbed power = 2.62 kW, substrate temperature = 1054

°C, growth time = 8 hours, growth rate = 3.14 pm thickness = 25 pm (b) KWH2,

absorbed power = 2.73 kW, substrate temperature = 1031 °C, growth time = 8

hours, growth rate = 5 pm, thickness = 40 pm (0) KWH14, absorbed power =

2.70 kW, substrate temperature = 938 °C, growth time = 3 hours, growth rate =

10 pm, thickness = 30 pm and (d) KWH17, absorbed power = 2.39 kW, substrate

temperature = 1058 °C, growth time = 4 hours, growth rate = 14.72 pm, thickness

=59pm.
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(a) CH4/H2 = 2% (b) CH4/H2 = 3%

38.48pm

 
(c) CH4/H2 = 4% (d) CH4/H2 = 5%

Figure 5.15(a)—(d) - Surface morphology of polycrystalline diamond at operating

pressure of 200 Torr versus methane concentration from 2-5%. Growth

conditions: (a) KWH28A, absorbed power = 2.15 kW, substrate temperature =

1037 °C, growth time = 10 hours, growth rate = 3.1 pm, thickness = 31 pm (b)

KWH12, absorbed power = 2.48 kW, substrate temperature = 1019 °C, growth

time = 8 hours, growth rate = 8.24 pm, thickness = 66 pm (c) KWH10, absorbed

power = 2.69 kW, substrate temperature = 1158 °C, growth time = 8 hours,

growth rate = 12.3 um, thickness = 98 um and (d) KWH11, absorbed power =

2.55 kW, substrate temperature = 1223 °C, growth time = 3.5 hours, growth rate

= 14.83 pm, thickness = 52 pm.
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(a) CH4/H2 = 2% (b) CH4/H2 = 3%

 
(c) CH4/H2 = 4% (d) CH4/H2 = 5%

 

Figure 5.16(a)—(d) - Surface morphology of polycrystalline diamond at operating

pressure of 220 Torr versus methane concentration from 2-5%. Growth

conditions: (a) KWH13, absorbed power = 2.76 kW, substrate temperature =

1140 °C, growth time = 5 hours, growth rate = 3.39 pm, thickness = 17 pm (b)

KWH4, absorbed power = 2.64 kW, substrate temperature = 1080 °C, growth

time = 8 hours, growth rate = 7.6 pm, thickness = 61 pm (0) KWH15, absorbed

power = 2.44 kW, substrate temperature = 1102 °C, growth time = 3 hours,

growth rate = 13.2 pm, thickness = 39.6 pm and (d) KWH9, absorbed power =

2.57 kW, substrate temperature = 1066 °C, growth time = 3 hours, growth rate =

15.88 pm, thickness = 47.6 pm.
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(a) CH4/H2 = 2% (b) CH4/H2 = 3%

 
(c) CH4/H2 = 4% (d) CH4/H2 = 5%

Figure 5.17(a)-(d) - Surface morphology of polycrystalline diamond at operating

pressure of 240 Torr versus methane concentration from 2-5%. Growth

conditions: (a) KWH8, absorbed power = 2.54 kW, substrate temperature = 1166

°C, grdwth time = 8 hours, growth rate = 4.10 pm, thickness = 33 pm (b) KWH6,

absorbed power = 2.51 kW, substrate temperature = 1173 °C, growth time = 8

hours, growth rate = 8.34 pm, thickness = 67 pm (c) KWH16, absorbed power =

2.61 kW, substrate temperature = 1180 °C, growth time = 2 hours, growth rate =

13.9 pm, thickness = 28 pm and (d) KWH19, absorbed power = 2.58 kW,

substrate temperature = 1146 °C, growth time = 2 hours, growth rate = 21.26 pm,

thickness = 42 pm.
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Figure 5.18(a)-(b) displays the surface morphology at the center and edge

of the grown substrate. The temperature measured during deposition at the edge

and center was 974 °C and 1059 °C respectively. As can be seen, substrate

temperature variation could result in different diamond shape such as square or

roof like. When the diamond was grown at three different durations, the surface

morphology shows some changes as shown in Figure 5.19(a)—(c). For example,

after two hours of growth, the size of the crystal is very small with square shapes.

After four hours, the diamond crystal size starts to increase to several microns

and with pyramidal shapes. Finally after eight hours, the diamond crystal size

reaches over 10 microns and the crystal mostly showing pyramidal or (111)

triangular facets. These micrograph images were taken at the center of the

substrate.
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(a) T5 = 974 0c (b) T8 = 1059 0c

Figure 5.18(a)—(b) - Surface morphology of polycrystalline diamond (KWH12) at

the edge and center of the substrate versus substrate temperature.

         
(a) Dep. time = 2 hrs (b) Dep. time = 4 hrs (0) Dep. time = 8 hrs

Figure 5.19(a)—(c) - Surface morphology of polycrystalline diamond versus

deposition time varied between 2, 4, and 8 hours.
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5.3.4 Diamond quality

Shown in Figure 5.20 is a typical Raman spectrum from a CVD diamond

film containing multiple carbon bonding components such as sp2 and sp3 carbon

bond. The appearance of sp2 peaks indicates the presence of silicon carbon (520

cm'1) and graphite carbon (1597 cm'1) in the diamond film while sp3 peak at

around 1333 cm'1 indicates a diamond carbon material in the film.

Figure 5.21 shows wide Raman spectra from 1200 to 1800 cm"1 of the

grown diamond at various operating conditions. The spectra scan is plotted

separately shifted vertically for clarity purposes. As can be seen, the Raman

spectra exhibited a strong sp3 bonding diamond peak at 1332.5 cm'1 without any

sp2 peaks between 1500 to 1600 cm'1. This indicates that the grown diamond

contains little graphitic content in the film and it is a good polycrystalline diamond

quality.
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Figure 5.20 — Raman spectrum for a CVD diamond film containing multiple

carbon bonding sp2 peaks silicon carbon at 520 cm'1 and graphite carbon at

1597 cm'1 and sp3 peak diamond at 1333 cm'1 [105].

  

 

 

 

 

  

1332.53

18000 2 —KWH7-180I‘-2,6

3 16000 2 ' " ‘ -—i<wH2—1aor-3%

E 12000 I —KWH3 20039;

g 1 fl I -—-KWH28—200T—2%

g l -—-I(WH4-220I-3%

C_U m T —...._..I

Q) . .-.—
o: 4000 _ I musezzonx

2000 - | ..... KWH16-240T-496

0 1m - _- __.r __.__T_____,___,.__ mmczarmsx

1150 1300 1450 1600 1750

number (cm'1)

Figure 5.21 - Wide scan of Raman spectra for grown diamond at various growth

conditions. The spectra show strong sp peak at 1332.5 cm'1 without any sp

graphite peaks at around 1560 cm'1. Each Raman plot is shifted vertically for

clarity purposes.
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5.3.4.1 Visual transparency

Visual observations of the color and transparency of the freestanding

films were performed. Additionally, diamond quality was determined from Raman

scattering, UV-Vis and infra red transmission measurements of freestanding

films. In order to obtain the freestanding diamond, the deposited diamond film

was back etched. The silicon substrate removal was performed via wet etching

as described in chapter 4.

In terms of diamond transparency quality, when the gas chemistry is

varied from 2% to 4% at an operating pressure of 180 to 240 Torr, several

freestanding polycrystalline diamond films are shown in Figure 5.22. These

grown films are smooth on the nucleation side and rough on the growth side

since they are unpolished. As can be visually seen, the transparency of the

grown diamond decreases as the gas chemistry is increased from 2% to 4%.

The quality of the 2% and 3% films appears to be good since one can see

through them and they are also white suggesting the synthesis of good quality

polycrystalline diamond films. The visual clarity variation from the center outward

to the edge i.e., radial direction shows that along the edges of the substrate

shows darker transparency. This can be seen in Figure 5.22(c). Note that the film

in Figure 5.22(c) is thicker and was grown with a higher methane concentration,

so it is not surprising that it is more difficult to see through the logo underneath.

Shown in Figure 5.23 is a polished and lapped freestanding diamond film

grown at 200 Torr, with 2% methane concentration, 30 hours deposition time,
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and growth rate of 3.5 pm/h. As can be seen, the grown diamond exhibits a good

visual transparency showing Michigan State University Sparty logo underneath

the sample.

 

(a) (b) (C)

Figure 5.22 - Freestanding unpolished polycrystalline diamond grown at different

methane concentrations. The thickness of the grown diamond is: (a) KWH8, 2%,

32pm thick, (b) KWH25, 3%, 68 pm, and (c) KWH23, 4%, 133 pm.

  
(a) (b)

Figure 5.23 - Freestanding diamond grown after being polished, lapped and

silicon substrate removal via wet etching. (a) Diamond film placed above a ruler,

(b) diamond film placed on top of Michigan State University logo for clarity

reference. KWH28 growth conditions: pressure = 200 Torr, methane

concentration = 2%, substrate temperature = 1077 °C, growth rate = 3.5 pm/hr,

film thickness = 105 pm.
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5.4.4.2 Raman FWHM Measurements

Figure 5.24 shows the Raman full width half maximum (FWHM)

measurements of the diamond films grown at various pressures and methane

concentrations. The samples were measured at around the center area of the

substrate. As can be observed from the figure, in general higher methane

concentrations resulted in higher full width half maximum. The full width half

maximum of the grown diamond varies from 2.56 to 9 cm'1. These values

depend on growth conditions such as operating pressure, methane

concentration, deposition time, grain size, microwave input power, substrate

temperature, and shims adjustments, AZ. In general, the grown films exhibited

Raman spectra similar to those reported for thick films grown elsewhere [115-

116], and in the reference reactor [96-97] while operating at lower pressure.
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Figure 5.24 — Full width half maximum (FWHM) values of grown polycrystalline

diamond under various operating pressure 180-240 Torr and methane

concentrations 2-3%.
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Several grown diamond samples were analyzed at various locations or

points along the one inch substrate. One of major purpose of Raman

measurements was to determine the variation of the full width half maximum

value within a sample. Shown in Figure 5.25 is the selected point configuration

where the laser was pointed onto the substrate. Each point is located

approximately one cm away from the center in radial direction namely left, right,

top, and bottom edge. Figure 5.26 displays examples of the Raman full width

half maximum obtained from grown diamond films under various operating

pressures and methane concentrations. As can be seen from the figure, higher

methane concentration resulted in higher FWHM. For example, the FWHM for

220 Torr 2% CH4/H2 ranges from 2.56 to 3.89 cm"1 while 200 Torr 5% CH4/H2

ranges from 6.79 to 8.86 cm-1. There are some variations in the range of

measured FWHM values along different points within the same substrate but

they are not significantly large. These variations are probably due to the grain

size, thickness and substrate temperature during deposition.

Table 5.4 summarizes the Raman measurements of the diamond films

grown at various pressures and methane concentrations with its corresponding

full width half maximum value and sp3 diamond peak position. The diamond sp3

peak for the reference HPHT diamond seed is 1332.53 cm'1 while the grown

polycrystalline diamond sp3 peak ranges from 1332.15 to 1333.47 cm'1.
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Shown in Figure 5.27(a)-(b), 5.28(a)-(b), and 5.29(a)—(b) are the Raman

plot of the polycrystalline diamond at various pressure and methane

concentration taken from some samples listed on Table 5.4. Figure 5.27(a)-

5.29(a) shows the overall view or wide scan from 1150 to 1500 cm-1 and Figure

5.27(b)—5.29(b) zoom in view or narrower scan at around 1332 cm'1 of the

diamond peak position versus the wavenumber for clarity. The single crystal

diamond HPHT seed Raman spectra is included in the plot for comparison

purposes. The surface morphology of the grown diamond is shown for each

location where the FWHM was measured on the substrate. These points are

denoted as P1, P2, P3, P4 and P5 which corresponds to the left, center, right,

bottom and top edge point respectively.
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Figure 5.26 — Full width half maximum (FWHM) along radial direction of several

diamond films grown under various operating pressures and methane

concentrations.
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diamond seed (a) overall view (b) zoom-in view.
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5.4.4.3 Optical transmission quality

The optical transmission measurements were helped by Dr. Donnie K.

Reinhard and it is described in this section. The films were back etched, polished

and lapped prior to the transmission measurements.

Figure 5.30 shows the transmission measurements for freestanding

diamond films KWH28 and KWH36 grown respectively at operating pressures of

(1) 200 Torr with 2% and (2) 220 Torr with 4% methane concentrations. FTIR

transmission measurements from 2.5-22 micrometer wavelengths are combined

with additional transmission measurements from 3.0-0.2 micrometer wavelength

to generate the transmission curve in Figure 5.30. The highly monochromatic

FTIR region of the data shows interference maxima and minima about an

average of approximately 71% in the mid-IR, as expected for a diamond

refractive index of 2.38. The UV transmission drops to zero upon the onset of

band-gap absorption at 222 nm. The absorption observable between

approximately 3 and 5 micrometers is principally due to two-phonon absorption

that occurs in intrinsic diamond. For the 2% methane window, surface-roughness

limited transmission continues throughout the visible and ultraviolet portion of the

spectrum until dropping to zero upon the onset of band-gap absorption at 5.5 eV.

However the 4% methane window shows optical absorption beginning in the

near-infrared and becoming substantial in the visible. The higher methane

percentage, higher growth-rate, window may be appropriate for long wavelength

applications but the lower methane percentage is required for good performance

in the visible and ultraviolet.
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Results are also plotted as transmission versus photon energy in order to

observe the difference between the two plots behavior especially at the shorter

wavelength. Shown in Figure 5.31 are the measured transmissions for the 2%

methane window and also for a 170 pm thick window deposited at 220 Torr and

4% methane for 15 hours. At the low energy (long wavelength) portion of Figure

5.31, both windows shows transmission of approximately 71% as expected for a

diamond infrared refractive index of 2.38. The absorption observable for both

windows between approximately 25 and 40 meV (3 to 5 pm wavelength) is

principally due to two-phonon absorption that occurs in intrinsic diamond.

Another set of freestanding diamond films (KWH14 = 180 Torr, 4% CH4

and KWH15 = 220 Torr, 4% CH4) were analyzed using the FTIR and UV-Vis

transmission. By further increasing deposition pressure, improved quality is

achieved with higher methane concentrations. Figure 5.32 and Figure 5.33 show

optical transmission of a polycrystalline diamond layer grown at 180 Torr and 220

Torr at 4% methane concentration with thickness of 23 pm and 26 pm

respectively after being polished and lapped. Figure 5.32 shows infrared (IR)

transmission through the sample. At longer lR wavelengths, the transmission

approaches the ideal value of approximately 71% for lossless diamond with

refractive index equal to 2.38. In the visible portion, as shown in Figure 5.33,

transmission drops to approximately 35% in the violet portion of the spectmm.

Analysis indicates that the drop—off may be largely explained by surface

roughness considerations. The effect of surface roughness on transmission is

calculated using a model reported previously [49]. Surface profile meter
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measurements with a 4.8 mm scan length and a high-pass filter of 20 pm yielded

polished surface roughness results of approximately 30 nm for this sample.

Surface roughness values of the unpolished nucleation of the sample are

approximately 12 nm. This was also the case for the earlier work reported

diamond layers grown at 120 Torr with 1.0-1.5 % methane by Zuo eta]. [49].

Thus the optical transmission of the diamond films grown with 4% methane at

220 Torr is comparable to transmission grown of diamond film grown with

significantly lower methane concentration at lower pressure.

Comparing the two samples (KWH14 and KWH15), to the human eye,

both appear comparably transparent. As measured in the visible, KWH15 shows

slightly higher transmission (50% versus 48% at 550 nm wavelength) than

KWH14 in spite of being slightly thicker (26 pm verSus 23 pm). KWH15 also

shows slightly higher transmission in the infrared. Hence, for the same methane

concentration at 4%, KWH15 grown at 220 Torr has better transmission than

KWH14 grown at 180 Torr. These imply that at fixed methane concentration (4%)

a 220 Torr film is of higher optical quality than a 180 Torr film. However, the

differences are not large and could also be explainable by other means, such as

a difference in surface smoothness or other growth conditions during diamond

deposition.
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5.4 Single crystal diamond synthesis

The multi variable experimental parameter space for the single crystal

diamond synthesis can be categorized in the following: controllable input

variables, reactor design variables, internal variables, deposition process

variables, and output variables. The input variables consist of microwave input

power, operating pressure, gas chemistry, and flow rate. The microwave input

power varies from 1.8 to 2.5 kW, deposition pressure varies from 180-250 Torr,

and gas chemistry employs hydrogen and methane mixture with flow rate fixed at

400 sccm for H2 and 8-20 sccm of CH4. The reactor geometry design variables

consist of shims heights adjustment, AZ and substrate holder designs. The AZ

varies from -3.1 mm to +2.5 mm and substrate holder designs consist of an open

and pocket holder type as shown in Figure 5.34-35. The internal variables consist

of substrate temperature and discharge volume. The deposition process

variables consist of deposition time and hydrogen plasma etching time. The

deposition time ranges from 4 to 23 hours and plasma etching prior to deposition

varies from 30 to 60 minutes. The output variables consist of diamond growth

rate, surface appearance and quality.

Initially, the single crystal diamond seed were deposited using the open

type holder. It was observed that by employing the open type holder, it resulted in

higher growth rates and higher substrate temperatures. However, when using the

open type holder, the grown single crystal diamond was accompanied by the

formation of a polycrystalline border or frame on the sides of the seed substrates.
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i.e., a polycrystalline rim around the substrate was produced. In order to avoid

this polycrystalline formation and to achieve a better control of the plasma

substrate environment, most single crystal diamond depositions were performed

using the pocket type holder which produced a lower growth rate.

The substrate position, AZ was initially varied at -3.1 mm, 0 mm, and 2.5

mm for the 3% methane concentration but later on was mostly kept fixed at -3.1

mm especially for the 5% methane concentration. This substrate position at -3.1

mm was the optimum position obtained from the reactor roadmap experiments

and polycrystalline diamond deposition.
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5.4.1 Diamond growth rate

Shown in Figure 5.36 is the single crystal diamond growth rate for open

holder and pocket holder types. The operating pressure was kept fixed at 240

Torr, methane concentration was kept fixed at 5% CH4/H2 (flow rate of 20 sccm),

and substrate position AZ was kept fixed at -3.1 mm. As can be seen, the open

holder design resulted in higher growth rates up to 36 um/hr compared to the

pocket holder type at 21.4 pm/hr. The lowest growth rate at 16.8 um/hr using the

open holder is possibly due to the very high substrate temperature at 1361 °C.

Figure 5.37 displays the growth rate of the single crystal diamond using

the pocket holder. The methane concentrations were varied from 3% to 5% and

operating pressure varied from 180 Torr to 250 Torr. As the pressure and

methane concentration increase, the diamond growth rates tend to increase. The

single crystal diamond growth rate ranges from 8 (MIN to 21.4 pm/hr. No

nitrogen was added into the system gas chemistry. Some variations in the growth

rate are probably due to the substrate holder type, AZ position, and substrate

temperature. For example, the two data points at operating pressure of 240 Torr

with 5% CH4/H2 are significantly higher to one another. This could be due to the

difference in substrate temperature during deposition. The 16.87 pmlhr and 21.4

pmlhr correspond to 1076 °C and 1149 °C respectively. The data point at 180

Torr with 3% CH4/H2 shows higher growth rate compared to other 3% CH4/H2 is

probably due to the shims height. The sample with growth rate of 6 pm/hr was
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grown using -3.1 mm shims compared to +2.5 mm shims for the sample with

growth rate of 8 um/hr.
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Figure 5.36 - Single crystal diamond growth rate for the open versus pocket

holders. Deposition pressure fixed at 240 Torr, methane concentration fixed at

5% CH4/H2, and substrate position AZ fixed at -3.1 mm.
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Figure 5.38 and Figure 5.39 shows the growth rates as a function of

substrate temperature under various operating pressures, holder types, and

methane concentrations at 3% and 5% CH4/H2. The temperature of the substrate

during deposition ranges from 867 °C to 1361 °C. The diamond growth rate

increases as substrate temperature increases. This trend was observed for the

5% CH4/H2 using the pocket type holder. Moreover, higher methane

concentration results in higher substrate temperature deposition window. For the

open type holder with 5% methane concentration and 3% pocket type holder, the

growth rate initially increases and later decreases when a certain deposition

substrate temperature limit has been reached. For example, Figure 5.39 displays

such behavior. The growth rates drops from 36 pm/hr to 17.5 pm/hr when the

diamond was grown at substrate temperature of 1282 °C and 1361 °C

respectively .
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5.4.2 Diamond surface appearance

The grown single crystal diamond surface appearance is shown in Figure

5.40 through Figure 5.45. The reflection and transmission light were used to

capture the images on the microscope with magnification of 2.5X, 10X, and 50X

for closer view i.e., zoom in on the grown diamond surface.

Figure 5.40(a)—(d) to 5.41(a)—(d) display some examples of surface defects

observed on some of the grown single crystal diamond surface depending on the

growth conditions. These defects include non epitaxial crystallites or dark

particles, pyramidal hillocks, round conical hillocks, and step bunching. Etch pits

or shallow craters also observed on the surface of the films with various shapes

such as circular, square/rectangular, or pyramidal shapes. These hillocks may

be due to diffusion and temperature gradient during the growth. Another possible

reason of these defects could be due to the fact that the high pressure high

temperature (HPHT) diamond seed itself may contain some imperfections or

defects prior to deposition. The seed imperfection such as inclusions, growth

sectors related to the crystai planes directions, and surface damage could

influence the outcome of the grown diamond.

Bauer eta]. [117] suggested that the growth of non-epitaxial particles and

continuous increased in lateral size during the deposition process does not

necessarily start directly at the lb substrate surface. Instead, the nucleation

occurs at local instabilities or impurities on the grown film rather than from

structural defects in the substrate.
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-

(a) Conical round hillocks (b) Conical round hillocks

(c) Pyramidal square hillocks (d) Pyramidal square hillocks

 

Figure 5.40(a)-(d) - Examples of surface defect on the grown single crystal

diamond. The micrograph images are top view of the grown surface using

transmission and reflection light. (3)-(b) conical round hillocks, 10X (c)-(d)

pyramidal square hillocks, 10X and 50X.
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(a) non-epitaxial crystallites (b) non-epitaxial crystallites

.

(c) non-epitaxial crystallite (d) non-epitaxial crystallite

 

Figure 5.41(a)—(d) - Examples of surface defect on the grown single crystal

diamond. The micrograph images are side view of the grown surface using

transmission and reflection light. (a)-(b) non-epitaxial crystallites or dark particles,

10X (c)-(d) dark particles or non-epitaxial crystallites, 50X.
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In terms of hydrogen etching time prior to deposition, the film grown with

etch time of 30 minutes shows a large number of square and pyramidal etch-pits

structure on the surface exhibits dark pyramidal pit like feature along the edges

as can be seen in Figure 5.42(a)-(b). The side faces of the pyramids show a

sequence of macro steps. With longer etch time, the grown diamond shows less

defects or pyramidal hillocks on the surface. Also, the grown diamond starts to

show along the edges “frame like” appearance as shown in Figure 5.42(c)-(d).

Some pyramidal hillocks are still observed with increasing etch time but less

dense compared to 30 minutes etching time. The increasing time of etching

before deposition on the substrate from 30 minutes to 60 minutes seemed to help

in preventing the formation of square or pyramidal shaped hillocks as can be

seen in Figure 5.42(c)-(d). With over an hour of hydrogen etching, the surface is

free of pyramidal hillocks but some “crater” or “orange peel” like feature can be

observed on the grown diamond film.
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(a) 30 minutes H2 plasma etch (b) 30 minutes H2 plasma etch

 

 1000um

(c) 60 minutes H2 plasma etch (d) 60 minutes H2 plasma etch

10000m

Figure 5.42(a)—(d) — Surface appearance of grown single crystal diamond versus

etching time. Growth conditions: (a) pressure = 220 Torr, CH4/H2 = 3%,

microwave absorbed power = 2.04 kW, substrate temperature = 1224 °C (b)

pressure = 240 Torr, CH4/H2 = 3%, microwave absorbed power = 1.73 kW,

substrate temperature = 1110 °C (c) pressure = 200 Torr, CH4/H2 = 5%,

microwave absorbed power = 2.009 kW, substrate temperature = 1050 °C (d)

pressure = 220 Torr, CH4/H2 = 5%, microwave absorbed power = 2.05 kW,

substrate temperature = 979 °C. All samples deposition time = 8 hours.
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When the grown diamond is compared versus the methane concentration,

the grown film at 3% CH4/H2 exhibits some etch pits, round and pyramidal

hillocks on the substrate surface as shown in Figure 5.43. Towards the substrate

edges of the sample as shown Figure 5.43(a)-(b), the film shows a terraced like

structure with steps or ridges. The rims formation on the samples might be the

source of the steps and the thickness at the rims of the samples were greater

compared with the centers of the substrate. At around the center of the sample

as shown in Figure 5.43(c)-(d), some square hillocks growth formation is also

observed. The square hillocks formed a multilayer or stacked on top of one

another and more likely at some point after longer period of growth, it will formed

a single layer crystal. The square hillocks do not show any non epitaxial

crystallites on the top surface of the grown films which indicate a good quality

film.
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 1000pm SOOum

(a) 3% CH4/H2, 180 Torr, refl. 2.5x (b) 3% CH4/H2, 180 Torr, trans. 10X

10000m SOOum

(b) 3% CH4/H2, 200 Torr, refl. 2.5X (d) 3% CH4/H2, 200 Torr, trans. 10X

Figure 5.43 - Surface appearance of single crystal diamond grown at 3%

methane concentrations. Growth conditions: (a)-(b) pressure = 180 Torr, CH4/H2

= 3%, microwave absorbed power = 2.25 kW, substrate temperature = 965 °C,

deposition time = 8 hours, growth rate = 10.3 urn/hr (c)-(d) pressure = 200 Torr,

CH4/H2 = 3%, microwave absorbed power = 2.30 kW, substrate temperature =

991 °C, deposition time = 8 hours, growth rate = 17.1 pm/hr.
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When the methane concentration was increased to 5%, the surface

appearance improved compared to 3% CH4/H2. The films showed no non

epitaxial crystallites and free of dark particles but microscopically rough “frame”

like appearance along the edges was observed as shown in Figure 5.44(a)-(d)

through Figure 5.45(a)-(d). The size of the frame structure increases at 180 Torr

compared to 220 or 240 Torr. As can be seen, the edge of the area grows faster

than the center part of the diamond surface. At the beginning, the growth process

starts all over the surface and then the growth can proceed by lateral spread of

preexisting lattice planes. Only the upper edge of the sample growth immediately

requires the nucleation of new planes. The lateral spread is then dominated by

frame like feature.

At the center of the substrate, no hillocks were observed on the growth

surface. The surface shows a homogenous distribution of macro steps without

large features or non-epitaxial particles. This area is macroscopically smooth with

“orange peel” appearance. Within this region there are already several round

conical hillocks and one can expect that with increasing growth time their size will

become larger and increase the thickness of the whole surface.
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12000m SOOum

(a) 5% CH4/H2, 180 Torr, refl. 2.5x (b) 5% CH4/H2, 180 Torr, trans. 10X

(0) 5% CH4/H2, 220 Torr, refl. 2.5x (d) 5% CH4/H2, 220 Torr, trans. 10X

 

Figure 5.44 - Surface appearance of single crystal diamond grown at 5%

methane concentrations. Growth conditions: (a)—(b) pressure = 180 Torr, CH4/H2

= 5%, microwave absorbed power = 2.16 kW, substrate temperature = 1018 °C,

deposition time = 8 hours, growth rate = 14.95 um/hr (c)—(d) pressure = 220 Torr,

CH4/H2 = 5%, microwave absorbed power = 2.29 kW, substrate temperature =

974 °C, deposition time = 8 hours, growth rate = 9.75 um/hr
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5000m

(a) 5% CH4/H2, 24o Torr, refl. 2.5x (b) 5% CH4/H2, 24o Torr, refl. 10x

1200pm 500|Jm

(c) 5% CH4/H2, 24o Torr, refl. 2.5x (d) 5% CH4/H2, 24o Torr, refl. 10x

 

Figure 5.45 - Surface appearance of single crystal diamond grown at 5%

methane concentrations. Growth conditions: (a)-(b) pressure = 240 Torr, CH4/H2

= 5%, microwave absorbed power = 2.135 kW, substrate temperature = 1120 °C,

deposition time = 8 hours, growth rate = 30 [MIN (c)-(d) pressure = 240 Torr,

CH4/H2 = 5%, microwave absorbed power = 2.01 kW, substrate temperature =

1282 °C, deposition time = 10 hours, growth rate = 35.8 pm/hr.
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Viewing the grown diamond substrate from the side as displayed on

Figure 5.46(a)-(b), one can see the films showed pyramidal shapes and macro

steps running along the (110) directions, confirming the single-crystal nature of

the film. Some pyramidal hillocks free of non epitaxial diamond particle could be

observed on the films. Figure 5.46(c)-(f) shows other examples of grown

diamond viewed from the side using reflection and transmission mode on the

micrograph.
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(d) Side view, reflection, 2.5x

   
10000m 

(e) Side view, refl. 2.5x (f) Side view, reflection 2.5x

Figure 5.46(a)—(f) - Side view of overall growth of single crystal diamond. Growth

conditions: (a)-(b) pressure = 240 Torr, CH4/H2 = 5%, microwave absorbed

power = 2.2 kW, substrate temperature = 1149 °C, growth rate = 21 um/hr (c)

pressure = 240 Torr, CH4/H2 = 3%, microwave absorbed power = 1.836 kW,

substrate temperature = 1110 C, growth rate = 10.1 pm/hr (d) pressure = 200

Torr, CH4/H2 = 3%, microwave absorbed power = 1.854 kW, substrate

temperature = 1013 °C, growth rate = 9.73 pm/hr (e) pressure = 220 Torr,

CH4/H2 = 5%, microwave absorbed power = 2.096 kW, substrate temperature =

1076 °C, growth rate = 14 um/hr (f) Pressure = 240 Torr, CH4/H2 = 5%,

microwave absorbed power = 2.135 kW, substrate temperature = 1120 °C,

growth rate = 30 pm/hr.
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5.4.3 Raman measurements

The single crystal diamond grown at 3% and 5% of methane concentration

at operating pressures 180-250 Torr were characterized using the Raman

analysis. As shown in Figure 5.47, the wide scan of the Raman spectra from

1175 cm'1 to 1800 cm'1 shows no sp2 or graphitic peak which indicates high

purity grown single crystal diamond. The CVD single crystal diamond was still

attached to the substrate allowing for measurements of the thin film in the as-

grown state. As expected, the grown single crystal diamond full width half

maximum is very close to the reference HPHT diamond at 1.78. Figure 5.48 and

Figure 5.49 display the Raman peaks and FWHM of the grown single crystal

diamond at 3% and 5% CH4/H2. As expected, strong sp3 peaks at 1332.53 cm-1

could be seen on the plot and the FWHM values is very close to the reference

HPHT diamond seed at around 1.78 cm'1.
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Figure 5.47 - Wide scan of Raman spectra for diamond sp3 peak and graphite

sp2 peak wavelengths at operating pressure of 180-240 Torr at 5% methane

concentrations.
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Figure 5.48 - Raman spectra and its FWHM value of the single crystal diamond

grown at 3% methane concentration at operating pressure of 180-240 Torr. (a)

Spectra scan from 1200 to 1500 cm.1 (b) closer view of the sp3 diamond peak at

1332.5 cm”.
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Figure 5.49 - Raman spectra and its FWHM value of the single crystal diamond

grown at 5% methane concentration at operating pressure of 180-250 Torr. (a)

Spectra scan from 1200 to 1500 cm'1 (b) closer view of the sp3 diamond peak at

1
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5.5 Summary

The microwave plasma cavity reference reactor were redesigned and

experimentally evaluated by synthesizing polycrystalline and single crystal

diamond films over the 180-250 Torr pressure regime. This redesign not only

increased the plasma absorbed power density above the deposited substrate but

also enabled operation at higher pressure. The major design changes were the

reduction of the inner conductor cooling stage radius by more than a factor of two

to 1.91 cm and introducing the position/length tuning of the substrate holder. The

reduction of the inner conductor area increased the discharge power density and

produced very intense discharges with adjustable power densities of 150-475

W/cm3 in the 180-240 Torr pressure regime. The length tuning of the substrate

holder allowed the electromagnetic focus to be varied above the substrate and

allowed the control of the discharge shape, size and position.

Without any nitrogen gas addition into the gas chemistry, polycrystalline

diamond film synthesis rates varied from 3-21 um/h as the operating pressure

varied from 180-240 Torr and the methane concentration was varied from 2-5%.

Likewise, the growth rates for the single crystal diamond range from 8-36 um/hr.

The substrate temperature during diamond synthesis ranged from 950-1150 °C

and 951° to 1282 °C for polycrystalline and single crystal diamond respectively.

Good uniformity and excellent optical quality polycrystalline diamond films were

produced using the modified reactor. In addition to the smooth surface

appearance of the grown single crystal diamond, other surface morphology such
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as pyramidal square hillocks, round conical hillocks, orange peel/crater like, and

dark particles/non epitaxial crystallites were also observed. Raman

measurements indicate that the grown single crystal diamond exhibits a good

quality.
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CHAPTER 6

MICROWAVE PLASMA ASSISTED COMBUSTION

BACKGROUND

6.1 Introduction

This chapter gives a brief overview of the plasma assisted combustion and

microwave plasma assisted combustion literature.

In the past, many researchers [13-14, 16, 118-122] have investigated

techniques that combine electrical energy with a flame. They demonstrated the

potential to modify the combustion process with the addition of electric energy. In

particular, it was found that by impressing an electric field or high voltage into the

flame, the flame stability limits were extended, the flame propagation speed was

increased and the flame chemistry was altered. As observed by various research

groups, the creation of reactive radicals or hydrogen generation resulted in

combustion enhancement. Studies of hydrocarbon-air and carbon monoxide-air

premixed flames in RF discharge plasmas demonstrated that large fractions of

the fuels are burned in RF plasma generated flames [120]. A DC plasmatron was

used for the pretreatment of the fuel to improve the combustion process and the

conversion of methane to hydrogen [121]. In the dielectric barrier discharge

(DBD), the plasma power increased the flame propagation rate resulting in a

faster burn rate. The DBD has been usually used to investigate the efficiency of

the combustion process. Leaner burning conditions can result when the flame is

subjected to the non-thermal plasma discharge [122-124]. In ignition, the

209



combustion processes are typically initiated by high temperature air or spark

discharges that cause the thermal decomposition of the fuels into various highly

reactive radical species. The utilization of transient plasma during the formation

phase of pulse-ignited atmospheric discharges in a pulse detonation engine

confirmed that the transient plasma produces shorter ignition delay times and

pressure rise times compared to spark ignition [125]. This leads to cleaner

combustion.

The application of electrical power can promote combustion through the

formation of active species such as free radicals or excited state molecules or the

dissociation of fuel molecules into smaller, more easily combusted fragments.

The electric energy applied to the combustion flame can generate non thermal

plasma i.e., the electrons are in non equilibrium such that the electron

temperature can exceed the temperature of the heavy particles (atoms,

molecules, ions) by orders of magnitude. Usually the main mechanism initiating

chain reactions in non thermal plasma is via electron driven dissociation and

excitation.

Shown In Figure 6.1 is a one-dimensional model of what may occur in a

plasma combustion flame for a premixed flame. The gases flow from the left or

upstream region, pass through the reaction zone and continue to flow

downstream. A flame usually has a thicknessfi, in which all of the chemical

reactions take place and where the temperature rises from essentially ambient to

the final equilibrium adiabatic flame temperature, Taf. Each of the flame layers

has its own distinct role and structure. The first sublayer is the preheat layer, 6),,
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followed by an inner fuel consumption layer, 6”,, followed in turn by a CO and H2

oxidation layer, 6,”. The vertical lines denote the approximate boundaries of

these sub—layers. The preheat layer is a region of active radical formation and

upstream radical diffusion. It is believed that when more radicals or reaction

accelerants such as OH, H, 0, CH3, etc are formed, this layer's enhancement by

adding microwave power can potentially accelerate the exothermic combustion

process in the fuel consumption sublayer. Radicals are formed in 6, where they

oxidize reactants and form intermediates like CO and H2 radicals in the 6,, layer

and final products like 002 and H20 are formed in 6”,. In terms of temperature

profile, as shown in Figure 6.1, the gas temperature increases rapidly at the

reaction zone and saturates downstream.

211



Gas flow
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Gas flow
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Figure 6.1 - Combined flame and plasma in premixed and diffusion flames.

Stmcture of a typical hydrocarbon/oxygen premixed flame 1D model [126].
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When the microwave energy is coupled into the applicator/flame load,

electron gas heating takes place which results in the increase of electron gas

temperature, Te above the gas temperature, T9 (T6 > T9) and non-equilibrium

cold plasma is created. Thus as the microwave electric field and microwave

power are increased the electron temperature will increase to the level where

some electron — neutral collisions are inelastic and thus the microwave excited

electron gas will produce new radical and excited species. If electric field

strengths and power levels are further increased, ionization collisions may also

OCCUI’.

At atmospheric pressure, the flame mean free path for the electron

molecule/radical collisions are of the order of one micron and the collision

frequency for momentum transfer is of the order of 1011/sec. The mean free path

is calculated using the ideal gas law and molecular cross sections constants

[127], and assuming the gas temperature is 3000 K and the pressure is one

atmosphere. Since the mean free paths for collisional processes are very small

the radical and ionized species will also be produced in or directly adjacent

downstream from the electron gas. As the excited neutral gas flows downstream

the radical and excited species will de-excite and recombine through three body

collisions there-by increasing the local gas temperature.

The microwave electron gas heating is expected to occur in or very near

the inner cone region of the flame. In this reaction zone, there is a region where

the gas temperature is very high, low collision frequency, and high electron

density. The microwave electric field will heat the electron gas in this region via
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elastic electron - neutral collisions, i.e. electron gas heating occurs by a

collisional or ohmic heating process that is governed by the following equation

[127]:

.. 1 n0,,(r";)e2 Umz - _.

<Pabs>(r)=— ( 2 U 2)lE(r)|2
 

2 2meUm a) +

where < Pabs > (F) = the absorbed microwave power density,

nae (r) = the electron density versus position 7 in the electron gas,

U m = the electron neutral collision frequency for momentum transfer,

5(7) = the impressed electric field strength.

Therefore, by adding microwave plasma energy into the combustion

process, it can greatly enhance rates in the reaction zone. This takes place

through the combined influence of increased bulk gas temperature and increased

plasma temperature of the free electrons, producing higher concentrations of H

and O atoms through reactions like 02 + e'—>O + O + e', H2 + e->H + H+ e-.

These mechanisms will increase the concentration of OH and other radicals that

potentially can accelerate the chemical reactions.
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6.2 Microwave plasma assisted combustion literature review

Microwave plasma-assisted hydrocarbon treatment was initially

investigated for IC engine improvement [13-17] and for the conversion of

hydrocarbons into methane and acetylene gases [18]. More recently the

conversion of hydrocarbons into hydrogen fuels has been investigated [19]. The

application of microwave energy has been shown to assist ignition and flame

holding, flame speed enhancement, and flame extinction limits [128-130].

Ward [14] investigated the potential uses of microwave energy to increase

internal combustion engine efficiency as well as to reduce the exhaust pollutants.

It was speculated that the electrons give up a large portion of their excess energy

to excitation of internal energy levels of molecules that accelerate chemical

reaction rates. Engine cylinders loaded by the ignited air fuel mixture can absorb

microwave energy through coupling at the flame front that in turn resulted in rapid

burning of lean, cool, and low polluting flame. Another study Ward conducted

was the interaction of propane air laminar flame plasmas with the microwave

TMmo mode excited in a cylindrical combustion bomb cavity [15]. He used a 3-

inch diameter cavity as a combustion chamber, a spark plug for ignition, a 50

MHz sweep oscillator with a sweep time of 20 ms. The Q was measured and it

was found that the loading of the cavity by plasma both reduces the peak

amplitude and broadens the Q curve. It was concluded that the propane air

laminar flame plasma electrically loading the internal combustion (IC) engine

cylinder excited in the TMmo mode lowered the Q. The flame density
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approximated was in the order of 1012 electrons/cm3 and confined to a sheet of

thickness of order 0.03 mm.

Maclatchy etal. [16] also investigated the effect of microwave radiation on

a propane air flame and measured the electron temperature, ionization density,

and flame speed. The experiments were conducted in a conventional microwave

oven. The microwave oven operation frequency was 2.5 GHz, input power was

500 W with 50% duty cycle and the line frequency was 60 Hz. By using a

Langmuir probe, they measured the electron temperature, ionization density and

flame speed. It was observed that electron temperature in the flame front

increased by 55 % (at about 0.34 eV) but no increase in ionization density and

flame speed.

Groff et.al. [131] conducted experiments to study the microwave effects on

fuel lean laminar premixed flames. By using a cavity resonator at excitation

frequency of 2.4 GHz and electric field intensity strength of 105 V/m, the burning

velocity increased with electric field intensity up to 6%. The flame deflection

increased with increase in electric field intensity and equivalent ratio.
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Whitehair eta]. [132] conducted microwave combustion flame experiments

in the mid 803. Using a similar cylindrical cavity describes in this thesis, a candle

was placed in the center of the cavity and once it was lit then applied microwave

input power in the range of 100 Watts into the flame. The experimental set up is

shown in Figure 6.2. As the cavity was adjusted to resonance, the flame

changed its length but only for about 15 seconds and the flame went out. The

combustion products were found to be contaminating the cavity walls possibly

because of the microwave energy coupling to the candle wax and heating it. A

different flame source was tried by using propane on Bunsen burner and placed

it inside the cavity. The electromagnetic mode that he tuned for optimum coupling

was the TM012 mode. In order to increase the electric field strength in the flame,

he placed a piece of screen across the bottom openingof the cavity. In terms of

reflected power versus frequency, it was observed that the frequency shift in the

order of 0.2 MHz and a slight drop in the Q. It was concluded that the presence

of the flame inside the cavity definitely affecting the microwave field patterns.

However, only a small interaction between the flame and the microwave energy

was detected.
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Figure 6.2 — Candle flame in a microwave cavity experiment set up [132].
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Zaidi eta]. [129] measured the hydrocarbon flame speed in high Q

microwave cavity. He demonstrated that by adding a microwave power to the

flame combustion zone, the speed of both laminar and turbulent flames can be

greatly enhanced. However, due to the unsteady nature of the microwave and

flame interaction, the flame speed was difficult to make. The experimental set up

consisted of a flat flame burner with a sonic nozzle and using a WR—430

rectangular waveguide, 2.45 GHz excitation, three stub tuner, input power in the

range of 1300 up to 4500 Watts, and TE10 mode as microwave cavities

components. The schematic cross section is shown in Figure 6.3.
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Figure 6.3 - The high Q microwave flame experimental set up schematic [129].
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Figure 6.4 shows a series of photographs showing the flame (methane-air)

position as a function of input microwave power. As the microwave power level

was increased from 0 to 2600 W, the flame clearly moved down towards the

burner exit and against the flow of the fuel/air jet towards the burner exit. The

flame came back to its original position after the microwave power was turned

off. They also observed that the microwave field strength in the resonator cavity

was below that required to initiate or even sustain plasma without the flame.

Since microwave absorption in the neutral gas molecules was negligible, the

effect of the field on the burning speed indicated that the microwave field was

coupled to the very thin flame front region where the reaction rate peaks,

maintaining that coupling as the flame front moves. Some additional coupling

may occur in the region behind the flame front due to the presence of residual

ions but that appears to be much less than in the flame front. This coupling to the

flame front also means that the total microwave power absorbed is quite low.

 
OW 1013W 1260W 1650W 1980W 2150W 2290W

Figure 6.4 - Images inside the cavity as the microwave is applied, the flame

move downward into the burner exit [129].
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Esakov eta]. [133] investigated microwave discharge in air-propane

mixture at moderate and high pressure. Figure 6.5 shows the experimental

setup. A linear antenna vibrator was placed along the axis of the supersonic

stream. The center cross section of the vibrator was placed at a distance of 6 cm

from the outlet of the nozzle. The vibrator was held by a streamlined pylon at a

certain height over a metallic screen, which was located outside the supersonic

stream. A linearly polarized beam of EM radiation with a wavelength of A = 12.5

cm, input power of 1.5 kW, and a transverse size 9 cm was introduced

perpendicular to the screen surface. A propane—air mixture then injected through

intemal tubes in the pylon and vibrator. Their output operating parameters were

geometric characteristics of the discharge, color distribution of the emission and

combustion flame velocity. Figure 6.6 shows the direction of the flame stream

moving from left to right when microwave energy was applied to the propane fuel

in an open air. The length of the propane combustion region decreases with

increasing velocity. They concluded that the use of under critical microwave

discharge can initiate and sustain the combustion air/propane mixture in a cold

supersonic flow.
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Figure 6.5 - Experimental set up for the propane air mixture combustion [133].

 12 m/s

Figure 6.6 - Microwave discharge in airflow at varying velocity with pure-propane

injection [133].
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CHAPTER 7

MICROWAVE PLASMA ASSISTED COMBUSTION

EXPERIMENTAL SYSTEMS AND PROCEDURES

7.1 Introduction

In this chapter, microwave plasma assisted combustion systems are

presented. Two different microwave cavity applicators were employed in order to

couple the microwave energy into the combustion flame.

The first applicator is a seven inch cylindrical cavity combined with a

miniature plasma torch burner. The premixed combustion flame is ignited inside

a cavity and then microwave energy of up to 100 Watts is introduced and

coupled into the flame and experimental measurements are then performed. The

microwave energy was coupled into a flame that was located inside a high Q,

tunable, 17.8 cm diameter cylindrical microwave cavity applicator. The idea of

employing a tunable cavity applicator to impress, focus and match microwave

energy into a load has been applied earlier to material heating [134] and to a

variety of microwave plasma source [85, 88, 135-139] applications. This method

of microwave coupling and matching has been shown to be an efficient and

controllable method for coupling microwave energy into dynamically varying

loads such as microwave plasmas and microwave heated material loads.

However this microwave applicator system was physically large and therefore

additional improvements were desirable. In particular a reduction in the applicator
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size and a further improvement in the microwave coupling efficiency were

desirable.

The second applicator system is an improved experimental microwave

plasma-assisted combustion apparatus, which employs a more efficient and

more compact microwave applicator that positions the flame in a region of high

microwave electric field strength. The applicator consists of a tunable, re-entrant

coaxial cavity [123] that has been modified to allow the combustion flame to be

excited in a small (5 2 mm) variable gap located in a high electric field region of

the applicator. The inner conductor of the re-entrant cavity has an inner

conductor that has a nozzle orifice similar to that used in the miniature torch

burner and the premixed combustion flame is ignited outside the cavity with low

microwave energy level in the range of 1-25 Watts. The impressed electric field

modifies the combustion process by coupling energy into the electrons gas. Also,

the impressed microwave electric field produced microplasma microwave

discharges in the gap region, which further modified the combustion process.

These microwave microplasmas have the interesting potential of producing non-

local thermal equilibrium plasmas at atmospheric pressure [140-141].
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7.2 Experimental system setup

7.2.1 Microwave circuit network, gas handling, and cavity applicator

Figure 7.1 displays the external microwave circuit. All experiments were

performed in open air at atmospheric pressure. The microwave oscillator is a

2.45 GHz, continuously variable, 0-100 Watt power supply. It is connected to one

port of a three-port circulator via a 50-dB directional coupler, which measures the

incident power, Pine. Another port of the circulator is connected to a 30 dB

directional coupler, which measures the reflected power, Pref. This 30 dB

directional coupler is connected to a matched load, which absorbs any reflected

signal from the transmission mismatch. Thus input power absorbed by the

applicator and the flame is Pabs = Pmc - Pref. All of the microwave circuit

components are connected by 50 (2 low power flexible coaxial cables. The

general cross-sectional view of the microwave applicator and the input gases

handling system is also shown in Figure 7.1. More detail cross sectional view and

description for each cavity applicator i.e., hybrid and re-entrant cavity applicators

is described in chapter 8 and 9 respectively. The gas handling system consists of

flow meters and gas bottles for methane, oxygen, nitrogen, and argon. The

premixed gas, which is regulated by the mass flow controllers, flows through the

inner conductor of the applicator from gas feed tanks. A digital camera and/or

spectrometer capture the flame image and its emission intensity respectively,

outside the cavity applicator end plate.
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Figure 7.1 - Microwave network, microwave cavity applicator, and gas handling

system experimental setup at atmospheric pressure in open air.
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7.2.2 Optical emission spectroscopy measurement

Figure 7.2 shows the optical emission spectroscopy measurement setup

that was used to characterize the plasma flame discharge gas temperature. This

setup was adapted from experiments reported in [142-143]. The spectrometer

model utilized was McPherson model 216.5, 0.5 meter, f]8.7, plane grating

monochromator. The entrance slit was set to 20 micron. The grating has 2400

grooves/mm which operates in the wavelength range of 1050-10000 Angstrom.

The optic signal was collected across a line of sight passing through the reaction

zone meaning near the cone region on the center line of the plasma flame in a

core part of the flame a few millimeters above the nozzle orifice surface. A

biconvex lens with a focal length of 5 cm was used to focus the signal of the

plasma flame into the entrance slit of the monochromator. During data collection,

the scanning motor of the spectrometer is initiated at scanning speed of 5

Angstrom/minute to sweep the desired wavelength spectrum. This scanning

speed produced optimum resolution spectrum without noticeable offset from the

instrument. The spectrometer contained a photo multiplier tube EGI-GENCOM

RPI QL]20 model which convert the light signals into electrical signals. The

ORIEL 70705 supplied a bias voltage of -900 V into the photo multiplier tube. The

Keithley 6485 picoammeter detected the current signal sent by the photo

multiplier tube. A GPIB interface bus connected the picoammeter into the CPU. A

Quick BASIC program on the computer is used for data recording during signal

collection.
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Figure 7.2 - Optical Emission Spectroscopy measurement setup for plasma flame

diagnostics.
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7.3 N2 gas temperature calculation procedure

Rotational temperature is a measure of the energetic level of molecule

where all rotational modes are fully excited. The rotational population distribution

of the gas kinetic temperature follows the Boltzmann distribution [144-146]. The

total energy of a given state of diatomic molecule is the summation of electronic

energy (Te). translational energy (Tr), vibrational energy (G), and rotational

energy (F) with unit in wave number.

T=Te+Tt+G+F (7.1)

In a given vibrational and electronic state, the changes in rotational energy

are small compared to the thermal translational energy hence, the rotational

energy (F) can be assumed to be a small number. On the other hand, the gas

molecule collisions produce changes in the vibrational or electrical quantum

numbers less frequently than in rotational quantum numbers because the

rotational energies are lower and the changes are easier to excite. The rotational

energy (F) can be defined in terms of J, rotational quantum number 1, 2, 3,..., Bv

which is the rotator rotational spacing or rotation radius, and Dv the first

anharrnonic correction to the rotational spacing.

F =BVJ (.r+1)—ov.12(.1+1)2 + (7.2)

where

229



3,, = Be —ae(v+-;—)+... - (7.3)

Dv = De -fle[v+-;-) + (7.4)

where v is the vibrational state, Be and De are constants of equilibrium

separation, 0e and Be are the first anharrnonic corrections. The constant values

for nitrogen are Be = 1.8259, 0e = 0.0197. Each atomic molecule has its own

system designation based on the quantum state and selection rule. For example,

N2 second positive band system (C31TlJI to B3TT9) has upper (u) or lower (9) states

with electronic angular momenta, A. Hence, two or three lines or branches may

appear which are the P, Q, and R branches. If A=0 in both upper and lower

electronic states, the transition with AJ=O is forbidden, thus only AJ= :I:1are

allowed. The AJ=+1 transition gives rise to the R branch and AJ= -1 transition

gives rise to the P branch. An example of vibrational and rotation energy levels

transitions including the P, Q, and R branches are displayed in Figure 7.3.

The relative rotational line intensities l of Boltzmann distribution can be

defined as:

__ vaJ'(J'+l)hc
 I = KéSJ'J"exp( (7.5)

where K is a constant for all lines originating from the same electronic and

vibrational level, 17 is the frequency of the radiation, SJ’J” is the Honl-London
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factor, va is the molecular rotational constant for the upper vibrational level, J is

the rotational quantum number, h is the Planck’s constant, c is the speed of light,

K is the Boltzmann’s constant and Tr is the rotational temperature. The prime and

subprime notations represent the quantum number of the upper and lower

energy level respectively. It can be deduced from equation (7.5) that the intensity

is proportional to the frequency where frequency is inversely proportional to the

wavelength (v = i ).
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Figure 7.3 - The vibrational (J) and rotational (v) energy level transitions including

the relative to wavelength (A), P, Q, and R branches [145].
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The Honl-London factor indicates the line strength of rotational spectra

which is dependent on J. For R branch, the Honl-London factor can be defined

as:

_ (J'+A'+l)(J'—A'+1)

J'+l

S (7.6)

Since AA = O, the equation 7.6 can be simplified to S=J+1.

The experimental data is fitted to the equation 7.5 using several R branch

emission lines to determine the rotational temperature, T,. The plot of natural log

of (IIS) is a linear function of the upper rotational energy for the diatomic

molecules employed in this research. Table 7.1 shows some values of the

rotational lines from spectmm wavelength of 3758-3780 Angstrom with its

corresponding relative upper level energy and Honl-London factor.
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Table 7.1 - Nitrogen rotational lines, wavelength, relative upper energy, and

Honl-London factor for the linear temperature fit calculation of R branch (2, 0)

second positive band.

 

 

 

 

 

 

 

 

 

 

 

  

Rotational line Wavelength Rel. upper level Honl-London

(Angtrom) energy (cm-1) factor

R20 3780.44 837.76 19.80

R21 3778.58 917.42 20.81

R22 3776.66 1000.67 21 .82

R23 3774.68 1087.51 22.83

R24 3772.64 1 177.95 23.83

R25 3770.53 1271.97 24.84

R26 3768.37 1369.57 25.85

R27 3763.14 1470.76 26.85

R28 3763.86 1575.51 27.86

R29 3761.51 - 1683.84 28.86

R30 3759.1 1 1795.74 29.87     
Figure 7.4 shows an example of Boltzmann plot for the nitrogen rotational

temperature calculations. This plot is obtained from experimental set of data

using combustion plasma flame with flow rates of 70/110 CH4/02 with microwave

input power of 50 Watts without injecting nitrogen into the gas mixture. The

nitrogen molecule was excited from the ambient air around the flame. The margin

of error of the rotational temperature using this linear fit is within 100 K based on

the reproducibility of the data collected.
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Figure 7.4 - Boltzmann plot for the lines of R20-R30 for nitrogen spectrum.

The Second Positive System (SPS) nitrogen emission band spectrum was

used to determine the rotational temperature. The nitrogen rotational temperature

reflects the plasma flame gas temperature. The SPS describes the energy level

transition from 0311u to B3119. The strongest signal intensity detected by the

spectrometer was the (2, 0) band-head vibrational transition as shown in Figure

7.5.
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Figure 7.5 - The R-branches of the nitrogen 2nd positive system (2, 0) used for

plasma gas temperature measurement.
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- 7.4 CH gas temperature calculation procedure

Spectroscopic optical diagnostics on spectra intensity and gas

temperature were performed. The CH radical species was used to determine the

temperature of the plasma flame. The spectroscopic measurements were

conducted across a line of sight passing through the reaction zone i.e., near the

cone region on the centerline of the plasma flame in a core part of the flame a

few mm above the nozzle orifice surface. The rotational temperature of CH in

the plasma flame was measured at various microwave power levels and different

equivalence ratios.

Similar to the N2 calculation procedure, using the relative intensity of the

rotational lines assocrated With the system I, A A —> I] (0, 0) pure rotational

electronic transitions, the chemiluminescene, located near 4300 Angstrom, from

the excited CH molecules as a major source of visible light from hydrocarbon

flames. The rotational energy distribution of CH molecules in this electronic state

can be represented by Boltzmann distribution since the rotational temperature is

in equilibrium with the translational temperature [40]. The scan of the three

rotational branches of CH for CH4/Oz combustion flame at atmospheric pressure

is shown in Figure 7.6. The Boltzmann plot for CH line intensity data of In (US)

versus Ej/kT respectively. The gradient of the best fit line yields the rotational

temperature of the plasma flame is displayed in Figure 7.7.
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The intensity (I) of the spectral emission line is given by:

r = 0 3,144 exp (-E,--lkT) (7.8)

where C is a proportionality constant, Sj'j” is the Honl-London factor, 9. is the

transition wavelength, E; is the energy of the upper rotational state of the

transition, k is the Boltzmann’s constant, T is the rotational temperature. The j’

and j” relate to the upper (j’=n’:L- 1/2) and lower state (j”=n” 1: 1/2)’with total angular

momentum quantum number n’, electron spin quantum number :I: 1/2. Applying

Boltzmann plot and natural logarithm of weighted intensities:

In (I 1.4/ Sn») = - (Ej-lkT) + In c versus Ej-lkT (7.9)

give a straight line and the slope of the line is the inverse of the temperature.

Displayed in Table 7.2 is the values of some of the rotational line (n”),

spectrum wavelength (1.), Honl-London factor (Sn-v), and the associated energy

rotational energy (EM).
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Table 7.2 - Wavelength, Honl—London factors, and rotational term energies for

the R branch transitions of AZA —> X2 1'I(0, 0) system I of CH band.

 

Values for R; (N”) Transitions

 

 

 

 

 

 

 

 

 

 

  

Rotational line Wavelength Honl-London factor Upper rotational

n” x (A) SH” energy

6',“ (cm“)

11 4242.46 7.234 1831.00

12 4236.12 7.736 2161.34

13 4229.77 8.238 2517.39

14 4223.49 8.739 2898.75

15 4217.21 9.240 3304.91

16 4210.97 9.741 3735.43

17 4204.75 10.240 4189.66

18 4198.64 10.740 4667.28

19 4192.56 11.240 5167.50

20 4186.62 1 1 .740 5690.00    
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CHAPTER 8

MICROWAVE PLASMA ASSISTED COMBUSTION

APPLICATOR #1: HYBRID CAVITY PLASMA FLAME BURNER

8.1 Introduction

This chapter describes the first applicator i.e., hybrid cavity plasma flame

burner which was utilized for the microwave plasma assisted combustion study. It

is the first attempt to couple microwave energy into a combustion flame at open

air atmospheric pressure. The investigation results have been published in

Applied Physics Letters, 89, 141501 (2006).
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8.2 Description of applicator #1

The microwave plasma flame cavity burner system consists of two

separate applicators i.e., cylindrical cavity applicator and coaxial plasma torch

applicator. It is a hybrid system where the miniature coaxial plasma torch is

inserted into the end of a length tunable, single mode, 17.8 cm diameter

cylindrical microwave cavity applicator [147-154]. The photographs of the two

different applicators are shown in Figure 8.1 (a) and (b). The miniature coaxial

microwave cavity plasma torch has been patented under United States Patent #

7,442,271 [155].

The cross section of the microwave plasma torch is shown in figure 8.2. It

consists of a coaxial structure applicator with center and outer conductor

diameters of 4.75 mm and 11.1 mm, respectively. The overall applicator diameter

is 12.5 mm. Two pieces of center conductor were built with different sizes of

nozzle orifices. The working gas can flow through a nozzle hole of 0.23 mm or

0.40 mm in diameter located at the end of the center conductor. The axial

position of the center conductor is adjustable. The microwave input power enters

the torch from the side via an N-type coaxial connector. The tapered section from

the input connector to the center conductor shown in figure 8.1 (a) is designed to

have an impedance of 50-ohms. Between the inner conductor and the outer

conductor away from the nozzle, a moveable tuning short is placed in order to

provide matched load impedance within the structure. A circular microwave

coupling structure, which consists of finger stock and a brass tube, allows the

inner conductor to slide and provide electromagnetic contact into the system. The
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center conductor is water-cooled in order to prevent over heating of the nozzle tip

during the experiments. The water flows in through a 1.6 mm brass tube inside

the 4.75 mm center conductor and flows out at the right end of the center

conductor.

The cross section of the hybrid system is shown in Figure 8.3. As shown

in the figure, input feed gases flow through a small tube that is located coaxially

inside the center conductor and exit into the cavity applicator by passing through

a 0.4 mm diameter orifice located at the end of the center conductor. The axial

position of the center conductor is adjustable and can be inserted into the

cylindrical microwave cavity applicator. When the center conductor is inserted the

appropriate depth into the cavity applicator, the cylindrical cavity electromagnetic

modes can be efficiently excited. Therefore as the microwave cavity applicator

sliding short is tuned to the appropriate length, i.e. approximately 14.2 cm, the

cavity applicator electric fields assume the TM012 mode field patterns as shown in

Figure 8.3. The electric fields at the output end of the miniature torch applicator

change from a radial coaxial transverse electromagnetic (TEM) waveguide

electric field inside the coaxial section into a high intensity, nearly axial electric

field at the end of the center conductor. Thus with the application of microwave

power and the appropriate tuning the miniature torch applicator electric field

couples directly to the TM012 cavity mode fields and creates an atmospheric

microwave discharge at the end of the center conductor. A window that is

located in the seven inch cylindrical microwave cavity applicator side wall allows
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visual and photographic observation as well as spectrographic diagnostic

measurements.

 

 
Figure 8.1 - photographs of (a) coaxial plasma torch and (b) cylindrical cavity

applicators.
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Figure 8.3 - Cross section of the hybrid microwave cavity plasma flame burner.
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8.3 Experimental results

8.3.1 Influence of microwave coupling on the flame

The miniature plasma torch and microwave cavity applicator system can

operate with a wide variety of input gases at atmospheric pressure: (1) as a

miniature plasma torch, (2) as a combustion flame, and (3) as hybrid microwave

excited combustion flame. The photographs of the applicator excited with

combustion flame, plasma discharge and combination of both combustion flame

and plasma discharge are displayed on Figure 8.4 (a)-(d). The combustion flame

as shown in Figure 8.4 (a) was ignited using a butane lighter on the premixed

gas. When the miniature plasma torch was placed inside the cylindrical cavity as

shown in Figure 8.4 (c), the cavity height was set to 14.2 cm which excite the

TM012 mode, and then microwave power was applied to the combustion flame.

This resulted in a hybrid plasma flame discharge which is displayed in Figure 8.4

(d). While the miniature plasma torch was capable of operating at atmospheric

pressure without being connected to the microwave cavity applicator, the addition

of the microwave cavity applicator to the system efficiently focuses/matches the

microwave energy. Furthermore, by utilizing the microwave cavity applicator with

its length tuning capability, it improved the coupling efficiency of microwave

energy into the flame. When the miniature plasma torch and microwave cavity

applicator was operated in this hybrid mode, a triangular cone-shaped discharge

can be formed with several watts of absorbed power. The discharge size was

less than 1 mm base diameter and typically 2-4 mm in length.
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(a) plasma only mode (b) combustion only mode

 
(c) combustion only mode (d) plasma flame hybrid mode

Figure 8.4 - Photographs of microwave plasma torch at various modes. (a) plasma

only mode outside cylindrical cavity, microwave power: 20 W, argon flow rate: 200

sccm (b) combustion only mode outside cylindrical cavity, flow rate CH4/02: 45]90

sccrn (c) combustion only mode, plasma torch placed inside cylindrical cavity, flow

rate: CH4/02 25l50 sccm (d) plasma flame discharge hybrid mode, microwave power

20 W, flow rate: CH4/02 25/50 sccm.
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Figure 8.5 and Figure 8.6 display the visual images of the flame as the

absorbed microwave power is gradually increased from 1-100 Watts. The

CH4/Oz input gas flow rate was held constant at 24/70 sccm and at 70/153 sccm.

As the absorbed microwave power increases the flame appearance changes. In

the Pp < 10 Watts - 30 Watts ranges the hybrid flame increases slightly but still

resembles a premixed combustion flame. An abrupt change in visual size occurs

as the absorbed power increases from 30 to 40 Watts. As power is further

increased over the Pp > 40 Watts range, the visual image size grows and

brightens. At the very highest absorbed powers the visual Image appears to be

microwave energy dominated.

Shown in Figure 8.7 are the visual images of the plasma flame when the

absorbed microwave power was increased from 30 to 40 Watts and decreased

from 40 to 30 Watts. The jump or transition in intensity of the plasma flame was

observed between 35 to 38 Watts. As the microwave power increases, the

sudden jump in flame volume occurs at 38 Watts, however when the microwave

decreases, the transformation does not occur until 35 Watts. The discharge

exhibits hysteresis in this power range (35-38 Watts). Above this power range,

the microwave power starts to dominate the combustion flame that resulted in the

increase of plasma flame discharge intensity and volume.
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Figure 8.5 - Visual images versus increasing absorbed microwave power with

flow rate of 24 sccm of CH4 and 70 sccm of 02.
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Figure 8.6 - Visual images versus increasing absorbed microwave power with

flow rate of 70 sccm of CH4 and 153 sccm of Oz.
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Figure 8.7 - Visual images with increasing and decreasing absorbed microwave

power with flow rate of 24 sccm of CH4 and 70 sccm of 02.
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Figure 8.8 examines the hybrid flame/discharge power density for two

input gas flow rates and stoichiometries versusT’ where]3 = Pp/(PID + PC), Pc is

the combustion power, and (Pp + PC) is the total input power. The combustion

power is approximated using the higher heating value (HHV) tabulated in text

[156] for gaseous methane based on stoichiometric combustion with air, a value

of 55, 528 kJ/kg, and a CH4 density of .68 kg/m3. Power density is calculated by

dividing the total power by the photographically measured hybrid flame volume.

The hybrid flame photographs were taken using a Nikon XLR digital camera

adjusted to a 4.5 aperture and a 1/30s shutter speed. The white central core

regions shown in Figure 8.5-8.6 are the volumes used for the power density

calculations. The two curves in Figure 8.8-8.9 indicate that in the low power

regime (O - 30 Watts) the power density increases 23 times as the input

microwave power increases. As the input power is increased beyond 40 Watts

(7’ = 0.7 for the 70/24 sccm case, 7’ = 0.42 for the 153/65 sccrn 02/CH4 case) the

power density abruptly decreases and the discharge/flame volume

simultaneously increases. The power density behavior in the high input power

regime is similar and even less than the power density of the flame with zero

input microwave power. The large increase in flame/discharge power density in

the low power regime suggests that the electric field impressed on the flame is

substantial and is increasing as input microwave power increases until the

dramatic jump in flame/discharge size occurs. In the high input power regime a

twofold increase in total power decreases the power density by five. In both

regimes the coupled microwave energy clearly has an impact on the hybrid
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flame/discharge. The flame heights versus total input power for two different fuel

mixture ratio. As expected, the height or length of the flame increases as more

input power was applied into the combustion flame.
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8.3.2 Flammability limits

Preliminary measurements have investigated the extension of the hybrid

flame/discharge to leaner operating conditions. Figure 8.10 shows the extinction

plot. The equivalence ratio (ER) is defined as the ratio of fuel/oxidizer of the

experiment divided by the fuel/oxidizer for stoichiometric buming of CH4/02. The

addition of just 10 W of microwave power to the combustion is seen to extend the

equivalency ratio by 5-12%. The numbers next to the data points in Figure 8.10

for the combustion-only and 10 W curves are the power values from the CH4/02

combustion power (excluding any added microwave power). The addition of 20

W or more of microwave power allows the operation at all lean burning conditions

up to the point of no fuel, i.e. ER=0.
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Figure 8.10 - Flame extinction curves for combustion flames with 0, 3, 5, 6 Watts

additional of microwave power. The corresponding combustion power is

displayed for each data point.
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8.3.3 Radical species and gas temperature

Shown in Figure 8.11 is the optical emission spectroscopy spectra scan of

combustion flame only and hybrid plasma flame at visible wavelength from 2750

to 6250 Angstrom. As can be seen from the figure, the intensity of the hybrid

plasma flame with 40 Watts addition of microwave power increases dramatically

particularly for the CH molecule. Other major species that were produced in the

plasma flame discharge are OH, 02, N2, Cz, and H2. The corresponding

wavelengths are shown in the figure. This observation suggests that the coupling

of microwave energy into the combustion flame greatly enhanced and altered the

combustion process.

Figure 8.12 shows an emission spectroscopy spectra scan for N2 of the

combustion plasma hybrid flame at various microwave power from 10 Watts to

80 Watts. As the microwave input power was increased at 10 Watts interval, the

intensity of nitrogen line increases. Figure 8.13 shows emission spectroscopy

spectra scan for 02 of the combustion plasma hybrid flame at various microwave

power from 0 Watts to 100 Watts. As can be seen, the addition of microwave

power increases the radical species intensity which indicated the increase of

flame gas temperature.
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Figure 8.11 - Optical emission spectroscopy spectra scan of combustion flame

only and hybrid plasma flame with 40 Watts of absorbed microwave power.
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Figure 8.12 - Emission spectroscopy spectra scan for N2 of the combustion

plasma hybrid flame at various microwave power from 10 Watts to 80 Watts.
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Figure 8.13 - Emission spectroscopy spectra scan for 02 of the combustion
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Figure 8.14 shows rotational temperature of the plasma flame discharge

under stoichiometric fuel mixture ratio at various flow rates. The temperature

ranges from 2200 K to 3600 K. The flame rotational temperature using nitrogen

agrees well within the range of the theoretical flame temperature. Typical

oxygen/methane flame adiabatic temperature reported is around 3000 K [157]

while the measured flame temperature using a thermocouple is at around 2253 K

[158]. Figure 8.15 displays rotational temperature under fuel rich, fuel lean and

stoichiometric fuel mixture ratios at a fixed flow rate. The gas temperature

increases as the microwave power is added into the combustion flame. The

rotational temperature ranges from 1950 K to 3700 K depending on the gas flow

rate and input microwave power. Given the same amount of input power applied

into the flame, there is a little variation in temperature range. This range could

probably due to some variation of the experimental set up or tuning position of

the plasma torch within the “sweet spot” inside the cylindrical cavity. Moreover,

as the plasma flame volume increases, more heat loss could result in

temperature drops. However, regardless of the fuel mixture ratio or total flow

rates, the flame gas temperature increases with addition of microwave power.
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8.4 Summary

An experimental test bed which consists of cylindrical microwave cavity

applicator and miniature plasma torch was developed. This system enables the

controllable coupling of microwave energy into a flame and the steady-state low

and high power coupling of microwave energy into a combustion flame. As the

input microwave power was increased from a few watts to approximately 30

Watts the impressed electric field and the flame/discharge power density

increased dramatically. Between impressed powers of 30 to 40 Watts the hybrid

flame/discharge abruptly jumped in size and the power density decreased. At the

highest microwave input power levels of 50-100 Watts the flame/discharge

appeared to be discharge dominated. The generation of a hybrid plasma flame

with 10 to 30 Watts of input microwave power resulted in the increase of plasma

flame discharge stability.
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CHAPTER 9

MICROWAVE PLASMA ASSISTED COMBUSTION

APPLICATOR #2: RE-ENTRANT CAVITY PLASMA FLAME BURNER

9.1 Introduction

This chapter presents the second applicator i.e., re-entrant cavity plasma

flame burner which was utilized for the microwave plasma assisted combustion.

The first applicator described in chapter 8 demonstrated that microwave energy

could be efficiently coupled into a combustion flame that was placed inside a

tunable microwave cavity. However this microwave applicator system was

physically large and therefore additional improvements Were desirable such as a

reduction in the applicator size and a higher microwave coupling efficiency. In

this chapter, an improved experimental microwave plasma-assisted combustion

apparatus, which employs a more efficient and more compact microwave

applicator that positions the flame in a region of high microwave electric field

strength, is presented. The investigation results have been published in the

Review of Scientific Instruments, 80, 053507 (2009).
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9.2 Description of applicator #2

The re-entrant cavity applicator employed in this investigation is a

compact coaxial re-entrant one inch cavity with an inner conductor that has a

nozzle orifice similar used in the miniature torch burner [159-160].

Figure 9.1 (a) displays the microwave re-entrant cavity applicator placed

adjacent to a one-inch diameter silicon wafer and Figure 9.1 (b) shows the

microwave applicator exciting a combustion flame. The cylindrical applicator has

a 3.5 cm diameter and length of 12 cm. As shown in Figure 9.1 (b) the

microwave excited flame extends through a circular hole at the end of the

applicator. Thus, the flame reaction zone can be observed outside of the

applicator. Microwave coupling occurs in a variable gap, Lg, located at the open

end of the applicator.
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(b)

Figure 9.1 - Photographs of the microwave re-entrant cavity applicator. Figure

9.1 (a) displays the overall microwave re-entrant cavity applicator adjacent to a

one-inch silicon wafer. Figure 9.1 (b) shows the microwave applicator exciting a

premixed flame.
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Figure 9.2 displays a cross-sectional view of the cylindrical cavity

applicator. The applicator is a short-gap, re-entrant, brass cavity excited in the

TEM mode [135] with three continuously variable tuning lengths: (1) a variable

short length, Ls; (2) a variable coupling loop position, Lp; and (3) a variable gap,

L9. The electromagnetic excitation region consists of an outer cylinder (4) with

an 3.2 cm inside diameter, a 1.2 cm outside diameter, inner coaxial, cylindrical

center tube (5), a length adjustable sliding short (6), and an endplate (7) that is

soldered to the outer cylinder (4). These cylindrical brass conducting pieces (4-7)

form a continuous, adjustable conducting path within the excitation region. Thus,

the cavity applicator is a variable length coaxial transmission line that is short

circuited at one end. In the absence of a flame it has a capacitive gap at the

other end.

Microwave energy is coupled into the cavity via a micro coaxial cable (8),

which is terminated with a coupling loop (9). The input coupling cable (8) and

loop (9) can be adjusted for optimal coupling by varying the position, LD (2) and

its orientation (phi, ¢). A brass nozzle plug (10) is inserted into the end of the

center conductor (5). The brass nozzle has top circular surface of 4.8 mm in

diameter with a tapered section 0.7 cm in length extending from the top surface

to the opening of the center conductor (5). The brass nozzle is press fitted into

the inner conductor (5). The gap length, L9 (3), can be varied by i 5 mm above

and below the x = 0 reference plane shown in Figure 9.2 by varying the

independently adjustable center conductor (5). Input feed gases flow through a

brass tube (11) located inside the inner conductor (12), which is coaxially placed
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inside the center conductor (5). Combustion gases, oxygen and methane, exit

through a 0.4 mm diameter orifice (13) into the cavity capacitive gap region. A

Teflon spacer (14) is placed between the center conductor (5) and inner brass

tube (12) to provide support for the gas feed and water cooling systems. The

brass tube (12) is water cooled in order to prevent the plug (10) from overheating

during microwave energy interaction with the flame. The premixed flame (15) and

its inner cone (16) are located at the end of the nozzle. A one cm diameter

circular hole (17) at the end plate enables the gases and the flame to exhaust

and extend out of the cavity applicator.
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applicator.
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The tuning adjustments and the microwave matching of this cavity has

already been demonstrated with both low and high power microwave excitation

levels in microwave discharge applications [86, 135]. As the flame loading

changes due to changes in input gas flow rates, gas mixtures and variations in

the input power the applicator must be slightly retuned to achieve an efficient

matched operating condition. The tuning adjustments that are necessary for

matching the microwave energy into the cavity are: (1) gap length, L9; (2) sliding

short length, Ls; and (3) coupling loop length, LD and (4) phi, (l), positions. All

tuning variables, i.e. L9, L3, LD and loop orientation, (1», are continuously variable.

Typical experimental operating positions are L9, = 0.1 cm, L5 = 2.8 cm, Lp = 0.2

cm, and (b = 180°.
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9.3 Re-entrant cavity equivalent circuit

In this investigation, the cavity applicator is excited with 2.45 GHz energy

and the applicator is excited in the transverse electromagnetic (TEM) coaxial

wave mode. The cutoff frequency of the next lowest mode for the coaxial

waveguide, i.e. the TE11 mode, is 5.4 GHz, hence only the TEM mode can be

excited in the coaxial section of the cavity. The wavelength, A, for the TEM mode

is the free space wavelength and is ~12.24 cm at 2.45 GHz. The cavity quality

factor, Q, is a measure of the electromagnetic energy loss per cycle of the

resonant applicator. Lower loss implies a higher Q. The empty non-flame cavity

Q depends on the condition of the cavity walls, sliding short, etc, and varies

between approximately 500-1000. When the applicator is adjusted with a small

gap, the length of Ls for resonance is approximately less than a quarter

wavelength. When the applicator is adjusted for resonance the electric field

intensity is the highest in the gap region. When the cavity is empty, i.e. when the

flame is not ignited, the cavity can be adjusted by tuning the gap length, L9, and

the sliding short position, L5, to a critically coupled resonance. Then the

applicator is matched to the external 2.45 GHz power supply. This impedance

matching increases the microwave electric field intensity in the gap region. When

the applicator is matched the gap electric field can also be varied by changing

the input power. The applicator has a very small excitation volume and given a

specific input power it operates with a large impressed electromagnetic power

density.
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Figure 9.3 displays the equivalent circuit model of the coaxial re-entrant

cavity applicator. For simplicity the microwave losses due to the surface currents

on the coupling loop and the application are neglected. The circuit consists of a

variable length (Ls-Lg), 50 9 transmission line, which extends from the sliding

short to the gap region, the coupling loop circuit, and the gap circuit. The

impedance of the shorted transmission line is given by ZS,c =j 50 tan I30 (Ls-Lg) =j

Xune, where ZSC is the input impedance of the shorted line, 20 = 50 is the

characteristic impedance of the coaxial applicator, (Ls-Lg) is the length of the

transmission line, Bo is the propagation constant of the line and is equal to 21d)»,

where A is the free space wavelength.

‘9

wlc,500 C T G

IYL ‘

Ls-Lg

 

‘A

V V

Figure 9.3 - Equivalent circuit of the microwave re-entrant cavity applicator with a

flame as a load.

270



The coupling loop is modeled as an ideal transformer with an n:1 turns

ratio and the lumped circuit reactance jYL. This reactance represents the stored

energy of evanescent fields associated with the near electric field of the loop.

The coupling loop circuit is connected to the microwave power generator and the

external microwave power measurement system. These external circuits are

shown in Figure 9.3 as an equivalent transmission line with a characteristic

impedance of 20_ This transmission line is connected to the microwave power

supply and is modeled as an internal impedance of Zy (Z0 is approximately equal

to Zy) and an equivalent ideal voltage source Vs. The gap region is modeled as

an equivalent circuit consisting of a lumped capacitor C and resistor G, which are

connected in parallel with each other and with the sliding short transmission line

and the input coupling circuit. The capacitance is the equivalent lumped circuit

capacitance C that is produced by the strong electric fields that exist at the end of

the applicator between the center conductor nozzle plug (10) and the endplate

(7). When there is no flame present, we assume for simplicity that the gap

conductance is infinite, i.e., G = 0°, neglecting the microwave losses due to the

surface currents on (7) and (10). Then, for simplicity the gap is modeled as an

equivalent parallel plate capacitance that is given by

_ EOAefl'

_ Lg (9.1)
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where Aefi' is defined as the equivalent effective parallel plate area of the gap

region and L9 is the gap spacing referred to the x = 0 plane. When the gap

length is varied, Aefi’ also changes.

When the flame is ignited, the gap capacitance is further modified by the

presence of the hot neutral gases and the low—density electron and ion gases

produced by combustion. Microwave energy is introduced into the applicator by

adjusting the applicator to an electromagnetic resonance at the 2.45 GHz

excitation frequency, and then the microwave energy is coupled into the flame

via Ohmic heating of the flame electron gas. The flame loaded gap impedance

then becomes complex and has a real part represented by the conductance G

and an equivalent effective gap capacitance C shown in Figure 9.3. The

conductance G represents the equivalent resistance produced by the Ohmic

heating losses due to the coupling between the microwave energy and the flame

electron gas, and the gap capacitance can be modeled as equivalent plasma

filled capacitor. As the impressed microwave power increases the densities of

the electron and ion gases in the flame increase due to increased inelastic

collision processes. The effective gap impedance is expected to be further

changed by the presence of these higher charge densities and the Ohmic

heating losses and at the higher input microwave power levels also due to the

formation of microdischarges between the edge surfaces.

At resonance, jYL is usually much larger than the admittance of the gap

and usually can be neglected. When the applicator is adjusted for resonance the

272



capacitive reactance of the flame and plasma loaded gap must be canceled by

the inductive reactance of the short-circuited transmission line. This can be

expressed mathematically as

ngap + j/Yline = O , (9.2)

where jxgap is the effective capacitive reactance of the gap and j Xune is the

reactance of the short-circuited transmission line. The capacitive reactance of

the gap region is given by

 

1 - j
‘Xa = = , 9.3

J H jcoC' (0C ( )

Thus Eq. (9.2) becomes

J'Xgap = - J'Xnne = -i 50 tan l30(Ls - Lg). (94)

where I30 = co/c and c is the speed of light. Noting that L8 >> L9 and solving for Ls

yields

_1 1 ,

,BOLsStan (__SOQJC] (9.5)

2.

ifCis small we have flOLs=gand LS=Z, and then for all C, as C

increases, the line resonant length becomes shorter. Thus,

LSSZ—fl./—fl0_4 < (% z 3.16m) (9.6)
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This result indicates that the resonant length Ls is less than a quarter wavelength

and varies with the gap reactance. The experimentally observed lengths Ls vary

from 1.9 to 2.8 cm depending on the gap size and the flame and microplasma

loading. As the loading varies due to the changes in the chemistry, flow rate or

microwave input power, the applicator length Ls and/or the gap length Lg must be

slightly varied to achieve optimal coupling and a microwave matched applicator.
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9.4 Experimental results

9.4.1 Influence of microwave coupling on the flame

Figure 9.4 displays the visual images of the plasma flame as the input

microwave power levels were varied from 0 to 20 Watts. The plasma torch

burner was oriented vertically. The OZICH4 gas flow rate was held constant at

50/25 sccm (a), 98/49 sccm (b) and 150/75 sccm (c) respectively. As can be

seen from the photographs, the flame intensity and luminosity were greatly

enhanced by the addition of microwave power as opposed to combustion only

flame at 0 Watt. As the input power increases the flame length, width, and

intensity also increases. Moreover, the flame color also changed from red to

yellowish suggesting a change in the combustion process due to the presence of

new radicals. When subjected to microwave power up to 20 Watts, the length of

the flame increases gradually from about 2 mm up to 10 mm. Even at low input

power levels of 3 to 8 Watts, the flame size and intensity increases suggesting

that at these low input power levels microwave energy is coupled into the

electron gas which in turn transfers its energy into excited radicals. At the higher

input power levels of 10 to 20 Watts the flame continues to increase in size and

intensity, and the flame appears to have a strong interaction with the microwave

input energy resulting in additional ionization and in an increase in electron and

ion densities, and under certain conditions micro plasma appear in the gap

region between the edge conducting surfaces.
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Figure 9.5 displays the visual images of the flame as the absorbed

microwave power was increased from 1 to 18 Watts with the torch oriented

horizontally. The 02/CH4 gas flow rate was held constant at 50/25 sccm (a),

98/49 sccm (b) and 150/75 sccm (c) respectively. As the absorbed microwave

power increases the flame intensity, length and volume change.

At microwave power levels greater than 15 Watts the power coupled into

the applicator is approaching or is of the same order of magnitude as the

combustion flame power which is 29 Watts. Thus, at the higher power levels

shown in Figure 9.4-9.5 a microwave discharge flame is produced. This behavior

is similar to the seven inch cylindrical cavity applicator except here the changes

in the flame occur with much lower input microwave power levels. Also, the

changes in the appearance of the flame are more gradual and continuous versus

increases in input power. Clearly, the coupling of microwave power into the

premixed flame changes the physical appearance of the flame and the

microwave energy coupling is more efficient, i.e. with only a few Watts to 10

Watts, instead of 30 to 50 Watts as observed with the seven inch cylindrical

cavity which is larger and less efficient applicator system.
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Figure 9.4 - Visual images of the flame at various absorbed microwave power

from 0 to 20 Watts. The plasma torch burner was oriented vertically. The 02/CH4

gas flow rate was held constant at 50/25 sccm (a), 98/49 sccm (b) and 150/75

sccm (c) respectively.



OW 5W 8W 10W 15W 18W

 
b) OZICH4 = 98/49 sccm

 

c) Oz/CH4 = 150/75 sccrn

Figure 9.5 - Visual images of combustion flames as microwave power levels are

varied from 0-20 Watts. The 02/CH4 gas flow rate was held constant at 50/25

sccm (a), 98/49 sccm (b) and 150/75 sccm (c) respectively.
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A closer view of the flame is displayed in the photos of Figure 9.6. It was

observed that as microwave input power is applied to the combustion flame, the

intensity of the flame inner cone in the ignition zone increases and the cone shifts

slightly up stream as the input power increases. Furthermore, as observed in

Figure 9.6, as the input power increases, the size and intensity of the flame

downstream “afterglow" increases. This suggests that as the microwave power

is coupled into the flame the downstream chemical activity and energy of the

combustion flame increases. Also, microplasma formation is observed, which

can be seen in the 10 Watts picture of Figure 9.6 as an increased intensity, outer

pink ring of excited species. Since the operation of the premixed flame is at

atmospheric pressure, the plasma region in the flame is relatively thin and the

microwave heating of the electron gas takes place in or near to the intense cone

region of the flame. When the electrons are excited and heated their inelastic

collision rates with the neutral gas molecules are increased, and electron and ion

impact reactions can significantly impact the hydrogen chemistry of the fuel. In

particular, it can lead to changes in the fuel gas chemistry and heat release

channels involving CO and 002 conversion by introducing new and intermediate

species and radical byproducts that result in a larger visual downstream flame

volume. The appearance of yellowish color at the flame edge downstream at

higher microwave power above 10 Watts could be due to emission from

alternative species, nitrogen entrainment, and changes in species concentration.

This compact applicator design with the tapered coaxial inner conductor focuses
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a strong electric field into the flame region located at the nozzle tip, enabling the

efficient coupling of microwave energy into the flame.

As shown in Figure 9.2 the inner cone or ignition zone and some part of

the downstream afterglow of the flame is located in the high electric field gap

region of the applicator. Thus, any electron gas that exists within the flame due to

combustion is also located in the high electric field region of the flame. It is

expected that the combustion produced electron gas is localized and will have

densities much lower than the critical density (< 1011/cm’3 for 2.45 GHz

excitation). Thus, the flame plasma is low density plasma and the impressed

microwave electric fields freely penetrate the electron gas to accelerate the

electrons between collisions. In this atmospheric flame (T9 = 2500-3600 K) the

mean free path (m.f.p.) for the electron molecule/radical collisions are of the

order of one micron. The collision frequency for momentum transfer is of the

order of 1011/sec. Thus the microwave electric field will heat the electron gas via

elastic electron — neutral collisions, i.e. electron gas heating occurs by a

collisional or ohmic heating process [127].

When the microwave energy is coupled into the flame, electron gas

heating takes place and the electron gas temperature, Te, increases above the

gas temperature T9 (Te>Tg) creating a non-equilibrium plasma. As the microwave

electric field and microwave power are increased the electron temperature will

increase to the level where some electron — neutral collisions are inelastic.

Through this inelastic collision process the microwave excited electron gas
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produces new radical and excited species. If electric field strengths and power

levels are further increased ionization collisions may also occur. When the

impressed electric field strength is sufficient to cause breakdown, microplasmas

can be produced in the region between the conducting surfaces. Microwave

electron gas heating is expected to occur in or very near the inner cone region of

the flame. Since the mean free paths for collision processes are very small (of

the order of a micron) the radical and ionized species will also be produced in or

directly adjacent downstream from the electron gas. As the excited neutral gas

flows downstream the radical and excited species de-excite and recombine

through three body collisions thereby increasing the local gas temperature. The

gas temperature of the downstream microwave excited flame is consequently

expected to increase as the input microwave power is increased.
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Figure 9.6 - Visual images of the inner cone premixed flame reaction zone with

increasing microwave power (top to bottom) from 0 W, 5 W, 8 W, 10 W, and back

to 0 W at flow rates of 70/140 sccm CH4/Oz.
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Figure 9.7 displays the variation of flame volume versus flow rate with 0

Watts and with 15 Watts of input microwave power. The total flow rates were

varied from 45 to 240 sccm. The flame volume was calculated based on the

brightest luminescence of the visual images that are obtained from photographic

measurements. Two rulers were placed by the combustion flame vertically and

horizontally as a reference point to measuring the length and diameter of the

flame. Then, the two dimensional images conical shape obtained from the

camera photographs was quantified. The appearance of the afterglow and outer

layer of the flame on the visual images was not taken into account for these

volume calculations. As shown in Figure 9.7 the flame volume increases for both

combustion only (0 W) and also with the addition of 15 W of microwave power.

These results are expected since higher total gas flow results in a larger diameter

and a longer flame. The increase in flame volume with the application of

microwave power suggests that the plasma is impacting the flow velocity prior to

flame reaction and the increase in flame size past the reaction zone is an

indication that the reaction itself is being energized.

Figure 9.8 shows the variation of the flame volume for three flow rates

versus absorbed microwave power. The three different flow rates of CH4/02 are

75/150 and 50/100 and 25/50 sccm. As is displayed visually in Figure 9.4 and

Figure 9.5 the volume of the flame increases as the microwave power varies

from 0 to 20 Watts. Clearly, higher total flow rates resulted in larger flame

lengths and volume.
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Figure 9.7 - Plasma flame volume versus total flow rates at 0 and 15 W

microwave power with its corresponding combustion flame power.
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9.4.2 Flammability limits

In terms of flammability limits, i.e. the limit of the flame to sustain itself in a

fuel rich or fuel lean mixture ratio, the extension of the flame discharge to leaner

burning operating conditions is shown in Figure 9.9. The flammability limit or

blowout tests were performed by holding the oxygen flow constant and lowering

the methane flow rate until the flame blew out. The x-axis of the graph

represents the total flow rates of the fuel and oxidizer. The y-axis represents the

equivalence ratio (ER), which is defined as the volume flow rate ratio of the

experimental fuel/oxidizer divided by the fuel/oxidizer for stoichiometric burning of

CH4/Oz, which is (1/2).

ER = (VCH4/V02)/(1/2) (9-7)

where VCH4 and V02 are the total flow rates of the fuel and oxidizer gas. The

experiments were run several times to ensure the accuracy of the results. The

flow rates accuracy was :1: 1 sccm. The addition of 3 Watts of microwave power

to the combustion flame can lower the equivalence ratio compared to combustion

only. The addition of 6 Watts or higher of microwave power allows operation at

lean burning conditions to the point of zero fuel, i.e., ER = 0. When the

combustion flame is operated under fuel rich condition i.e., more methane than

oxygen concentration, the addition of 2 and 4 Watts extends the flammability limit

of the flame as shown in Figure 9.10. Above 4 Watts of microwave power, the

flame can be maintained only using methane without any oxygen gas flow.
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9.4.3 Radical species and gas temperature

Optical emission wide scans of combustion only and combustion with the

addition of 10 Watts of microwave power into the combustion flame is displayed

in Figure 9.11. The emission spectra were scanned from 3000 to 6000 Angstrom

visible wavelength. Clearly, with 10 Watts addition of microwave absorbed power

to a flame with a combustion power of 29 Watts, the intensity of the spectra

increases dramatically compared to combustion only. This clearly indicates that

the microwave energy input alters the combustion flame. The nitrogen electronic

excitation and other molecules were also detected when microwave power was

added into the combustion flame. Major species that were detected in the hybrid

plasma flame discharge are OH, N2, 02, CH, 02 and H2 with its corresponding

wavelength at visible spectrum.

Shown in Figure 9.12 are the optical emission spectra for a nitrogen

emission without and with the addition of microwave power from 3 Watts to 10

Watts. The spectral intensities were increased with only 5 Watts of input

microwave power. With the application of microwave energy, the excited flame

front was altered and the number of excited states of species was increased.
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flame. Note that 0 and 3 Watts spectra are over lapping.
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Figure 9.13 shows the CH rotational temperature of the hybrid plasma

flame at various microwave power levels for three different flow rates; fuel lean

(ER=0.6), ideal (ER=1.0) and fuel rich (ER=1.4). The measured rotational

temperature ranges from 2500 to 3600 Kelvin. The temperature increases as

microwave power is added into the combustion flame. The influence of

microwave power on the plasma flame temperature was more pronounced when

operating at much leaner flames. Under fuel lean equivalent ratio, the rotational

temperature was consistently higher compared to fuel rich or stoichiometric

conditions.
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composition with ER :10 as an ideal flame.
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9.5 Summary

A coaxial re-entrant cavity applicator has experimentally demonstrated the

microwave energy excitation of a premixed flame. The applicator coupled and

focused the microwave energy into a small gap region where the flame was

positioned. The mechanical tuning of the applicator allows for the efficient

matching of microwave power into the flame and also allows the optimal

positioning of the flame with respect to the impressed electric field. By coupling

microwave power of less than 10 Watts into the combustion-premixed flame, the

flame intensity, length, volume, and temperature were altered, and as the power

was increased from 10 to 20 Watts, microplasmas were produced in and

adjacent to the flame. Microwave energy can be continuously coupled into the

flame from a few watts to over 30 watts resulting in a range of hybrid flame

behaviors. That is, at the very low input power level microwave energy may

directly interact with the flame electron gas and as the input power level was

increased further inelastic processes become important resulting in the formation

of microplasmas. Clearly, the applicator tuning and the improved microwave

focus greatly enhance the microwave flame coupling efficiency. The applicator

itself, and the entire input waveguide system consists of coaxial waveguides and

coaxial cables yielding a compact overall microwave system. The applicator’s

inherent efficiency may allow it to be excited with compact low-power solid-state

microwave power supplies, thereby yielding a compact, portable overall hybrid

microwave plasma combustion system. This applicator-coupling concept can be

scaled up to larger burner sizes. Because of the coaxial structure it can also be

excited with lower frequencies.
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CHAPTER 10

SUMMARY AND RECOMMENDATION

10.1 Summary

10.1.1 Microwave plasma assisted CVD diamond synthesis

An improved high pressure and high absorbed power density microwave

plasma cavity reactor has been designed and experimentally evaluated by

synthesizing polycrystalline and single crystal diamond films over the 180—250

Torr pressures regime. Major design changes were: (1) the reduction of the

substrate holder electrode by more than a factor of two to a radius of 1.91 cm

and introducing (2) the position/length tuning of the powered substrate holder

electrode. The reduction of the powered electrode area by 4.5 increased the

discharge power density by a factor of 5-8 over the reference design when

operating at pressures of 100-160 Torr and produced very intense hydrogen gas

discharges with adjustable power densities of 200-550 W/cm3 in the 180-240

Torr pressure regime. The length tuning of the powered electrode allowed the

electromagnetic focus to be varied above the substrate and allowed the control of

the discharge shape, size and position. The experiments demonstrated that small

changes of a few mm in powered electrode position could change the deposition

rate by a factor of two and the optimal deposition position varied as pressure and

power varied. Thus, the length tuning provided. an important experimental
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variable for process control and optimization especially in the high-pressure

regime.

Polycrystalline diamond film growth rates ranged from 3-21 pm/hr as the

methane concentration was varied from 2-5% when substrate temperature varied

within 879-1178° C. The diamond growth rate increased with increasing

operating pressure and higher methane concentration. Optical quality films were

produced with methane concentrations as high as 4% and at growth rates of 12-

14 um/hr. Thus, high quality films were synthesized 6-7 times faster than the

equivalent films grown at 110-130 Torr in the reference reactor.

Single crystal diamond was synthesized at operating pressures of 180

Torr to 250 Torr and growth rates ranged from 8-36 urn/hr without any nitrogen

addition into the gas chemistry. The temperature of the substrate during

deposition varied between 951° to 1282 °C. In general, higher operating

pressures, methane concentrations, and higher substrate temperatures resulted

in higher growth rate. In addition to the smooth surface appearance of the grown

single crystal diamond, other surface morphologies such as pyramidal square

hillocks, round conical hillocks, orange peel/crater like, and dark particles/non

epitaxial crystallites were also observed. Raman measurements indicated that

the grown single crystal diamond was of good quality.
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10.1.2 Microwave plasma assisted combustion

Two applicators and the associated experimental systems were

successfully developed i.e., hybrid miniature torch in cylindrical cavity applicator

and modified coaxial re-entrant cavity applicator. In both, the steady state low

and high power coupling of microwave energy into a combustion flame was

experimentally observed. The early experiments utilized the cylindrical cavity

applicator that demonstrated the coupling of microwave energy into a combustion

flame [152]. As the input microwave power is increased from a few watts to

approximately 30 W the impressed electric field and the flame/discharge power

density increase dramatically. Between impressed powers of 30 W40 W the

hybrid flame/discharge abruptly jumps in size and the power density decreases.

At the highest microwave input power levels of 50-100W the flame/discharge

appears to be discharge dominated. The generation of a hybrid plasma flame

with 10-30 W of input microwave power produces leaner buming conditions,

flame/discharge stability increases and flame extinction is extended. For Pp > 20

W the flame discharge can be maintained with no fuel; i.e. a pure atmospheric

discharge is formed. This microwave experimental system is very useful for

further fundamental experimental investigations of microwave energy interaction

with flames. Additional experimental diagnostic spectroscopic measurements,

such as spatially resolved species and temperature measurements, will be

continued as future PhD thesis research activities.
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A second applicator i.e., coaxial re-entrant cavity applicator, also

experimentally demonstrated the microwave energy excitation of a premixed

flame. In comparison to the cylindrical cavity applicator, the coaxial applicator

was more microwave energy efficient and was also more physically compact.

The applicator coupled and focused the microwave energy into a small gap

region where the flame was positioned. The mechanical tuning of the applicator

allowed for the efficient matching of microwave power into the flame and also

allowed the optimal positioning of the flame with respect to the impressed electric

field. The research activities demonstrated that, by coupling microwave power of

less than 10 Watts into the combustion-premixed flame, the flame intensity,

length, volume, and temperature are altered, and as the power is increased from

10 W to 20 W, microplasmas were produced in and adjacent to the flame.

Microwave energy was continuously coupled into the flame from a few watts to

over 30 watts resulting in a range of hybrid flame behaviors. That is, at the very

low input power levels microwave energy directly interacts with the flame electron

gas and as the input power level is increased further inelastic process become

important resulting in the formation of microplasmas. Additional experimental

investigations are required to understand the details of these complex microwave

energy flame-coupling interactions and also to understand the properties the

resulting hybrid flame.
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10.2 Recommendation for future research .

Based on the current results and findings, there are a number of

recommendations that should be investigated further. Listed below are examples

of future or follow up work for each application:

10.2.1 Microwave plasma assisted CVD diamond synthesis

1. Further investigate the optimum growth condition of polycrystalline and

single crystal diamond synthesis using the modified reactor. This includes growth

rates, uniformity and quality.

2. Develop an improved deposition process technology that enables the

synthesis of large area and‘ high quality SCD. This could be achieved by

redesigning a new cooling stage inner conductor and substrate holder that allow

the operation of higher pressure above 260 Torr.

3. Add nitrogen gas from a few parts per million (ppm) to several hundreds of

ppm into the gas chemistry. This potentially increases the single crystal diamond

growth rates without sacrificing the quality.

10.2.2 Microwave plasma assisted combustion

1. Identification of fuel oxidation or combustion product radicals (CH3,

Csz, etc) and combustion flame concentrations measurements using
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Fourier Transform Infra Red (FTIR) absorption and Laser induces -

fluorescence (LIF).

Design a flat flame burner applicator that can couple microwave

energy into the combustion flame and synthesize diamond film using

hybrid plasma flame combustion chemical vapor deposition.
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APPENDIX A MPACVD Assembly Drawing Components
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Appendix A.1- Water cooling stage inside the cylinder body cross section.  
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Appendix A.2 - Water cooling stage top and bottom view cross sections.
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Appendix A.3 - Polycrystalline substrate holder drawings. Units are in inches.
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Appendix A.4 - Single crystal diamond substrate holder drawings. Units are in
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 APPENDIX D MPAC Assembly Drawing Components
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Figure D.1 — Nozzle brass plug design for the re-entrant cavity applicator #2.

Units are in mm.
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Figure D.2 —Teflon spacer for the re-entrant cavity applicator #2. Units are in

inches.
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APPENDIX E Experimental Data MPAC

Table E.1 - Tabulated data for the measurements of plasma flame volume in

chapter 9

Flow MW Length Diameter Length Diameter Volume

rates Power (Pixel) (Pixel) (mm) (mm) (mm3)

(sccm) (W)

150/75:

OZICH4 0 294 60 4.9 1 1.28

2 303 67 5.05 1.11 1.64

4 310 68 5.16 1.13 1.73

6 330 72 5.5 1.2 2.07

8 340 74 5.66 1.23 2.25

10 418 79 6.96 1.31 3.16

12 458 104 7.63 1.73 6.00

14 476 118 7.93 1.96 8.03

16 536 126 8.93 2.1 10.31

18 538 128 8.96 2.13 10.68

20 560 135 9.33 2.25 12.37

22 576 154 9.6 2.56 16.55

24 574 160 9.56 2.66 17.81

Flow MW Length Diameter Length Diameter Volume

rates Power (Pixel) (Pixel) (mm) (mm) (mm3)

(seem (W)

100/50:

OZICH4 0 117 54 1.95 0.9 0.41

2 121 55 2.01 0.91 0.44

4 120 57 2 0.95 0.47

6 124 58 2.06 0.96 0.50

8 151 64 2.51 1.06 0.74

10 170 77 2.83 1.28 1.22

12 255 95 4.25 1.58 2.78

14 280 99 4.66 1.65 3.32

16 290 100 4.83 1.66 3.51

18 300 120 5 2 5.23

20 320 140 5.33 2.33 7.60

22 355 140 5.91 2.33 8.43

24 360 144 6 2.4 9.04

Flow MW Length Diameter Length Diameter Volume

rates Power (Pixel) (Pixel) (mm) (mm) (mm3)

sccm) M)

50/25:

OZICH4 0 45 26 0.75 0.43 0.03        
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2 53 30 0.88 0.5 0.05

4 60 40 1 0.66 0.11

6 63 40 1.05 0.66 0.12

8 70 46 1.16 0.76 0.17

10 115 75 1.91 1.25 0.78

12 128 79 2.13 1.31 0.96

14 150 104 2.5 1.73 1.96

16 167 120 2.78 2 2.91

18 170 144 2.83 2.4 4.27

20 206 144 3.43 2.4 5.17

22 221 157 3.68 2.61 6.60

24 250 167 4.16 2.78 8.45   
 

Table E.2 - Tabulated data for the flame extinction plot for applicator #1

 

 

 

 

 

 

 

 

   
 

 

 

 

 

    

Combustion Only Combustion

(brass, 0.4) +Microwaves

Blowout 10 W 20-100w

ch VCH4 Vcr-14

V02 (sccer (sccm) (sccm) (sccm)

1 80 72 64 0

160 56 53 0

140 44 41 0

120 35 32 0

1 00 26 23 0

80 19 19 l 0

Combustion Only Combustion Combustion

(brass, 0.4) +10W . +20-100W

Equivalence V101- Equivalence V101- Eq. Vror

Ratio (sccm) Ratio (sccm) Ratio (sccm)

0.80 252 0.71 244 0.00 180

0.70 216 0.66 213 0.00 160

0.63 184 0.59 181 0.00 140

0.58 155 0.53 152 0.00 120    
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0.52 126 0.46 123 0.00 100
 

  0.48 99  0.48  99 0.00 80    
 

Table E.3 - Tabulated data for the flame extinction plot for applicator #2

 

 

 

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 

    

Combustion Only Combustion

(brass, 0.4) +Microwaves

Blowout 3W 5W 6W

ch ch VCl-l4 ch

V02 (sccm) (sccm) (sccm) (sccm) (sccm)

160 67 60 58 0

150 58 54 52 0

120 37 35 34 0

98 26 24 18 0

70 15 14 0 0

50 9 8 0 0

30 5 0 0 0

Combustion Only Combustion Combustion

(brass, 0.4) +3W +5W

Equivalence VTOT VTOT EQ- VTOT

Ratio (sccm) Eq. Ratio (sccm) Ratio (sccm)

0.8375 227 0.75 220 0.725 218

0.7733 208 0.72 204 0.693 202

0.6166 157 0.583 155 0.566 154

0.5306 124 0.489 122 0.367 116

0.4286 85 0.4 84 0 70

0.3600 59 0.32 58 0 50

0.3333 35 0 30 0 30

Combustion Only

(brass, 0:1) Combustion-HEW

Equivalence VTOT V701-

Ratio (sccm) Eq. Ratio (sccm)

0.8375 227 0.725 218

0.7733 208 0.693 202

0.6166 157 0.566 154

0.5306 124 0.367 116

0.4286 85 0 70

0.3600 59 0 50

0.3333 35 0 30   
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