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ABSTRACT 

The development of vapor deposited diamond for optical, electronic, 

and protective applications has been hindered by non-diamond carbon 

contamination, by our present inability to grow a thick, single crystal 

diamond film, and by our lack of understanding of how the various aspects 

of chemical vapor deposition interact. Our lack of understanding in this 

area leaves gaps in our ability to predict how microstructure on this, and 

many other film surfaces will develop. 

This dissertation reviews the factors that affect crystal growth rates 

and the development of microstructure. It also reviews the existing models 

of microstructure development with an eye toward the development of one 

that plays a general predictive role in the deposition of covalently bonded 

solids and in reactive deposition systems. 

The conclusions drawn point to a model which predicts where 

boundaries will lie on a morphology map using deposition parameters, such 

as temperature and pressure, as coordinates. Such a map will depend not 

only on the material being deposited, but also on the reaction path leading 

to deposition. Some deposition parameters will always dominate over 

others. Efforts are made to isolate some of the dominant processes, under a 

limited set of deposition conditions, for combustion deposited diamond. 

Previously published data on oriented polycrystalline growth is 

reconsidered with an eye on the same concerns, particularly around the 



observed transition between (110) and (100) orientations. Additional 

experiments in this vein are proposed. 

15 

The existence of a metastable amorphous state is also proposed and 

considered. The dependence of amorphi city on bond angle variation makes 

possible superheated crystals that maintain their crystalline coordination 

amorphous. However, properties necessary to stabilize this state, high 

thermal transfer rates and a strongly periodic structure, are opposed to the 

soft bonding needed to make this state more probable. The state is, 

effectively, unobservable in silicon, and hence in diamond as well. 
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FORWARD 

This dissertation is intended to serve several purposes. The title 

indicates one of these, an examination of the evolution of microstructure 

during Chemical Vapor Deposition of diamond, and its counterpart, the 

development of crystalline, or non-crystalline, structure. In part the choice 

of this subject is reflective of my belief that CVD diamond researchers 

should be striving to produce flawless single crystal diamonds of significant 

size. When we successfully produce, and understand the production of the 

ideal diamond, we will be in a far better position to understand the large 

number of composites of diamond, graphitic carbon, and amorphous carbon 

networks that have been observed. In addition, inexpensive, extended 

diamond substrates would provide a resource for further research in the 

form of a well characterized reaction surface. To produce an extended 

diamond crystal it will be necessary to understand microstructure, how it 

begins to form, and how it develops, in order to control its formation. 

As with most works on CVD diamond to date, we begin with the 

properties of diamond and an examination of applications, existing and 

potential, so that the reader can understand why diamond is of interest. An 

emphasis is placed on how these properties can be derived from the strong 

carbon-carbon bonds and the crystalline structure of the diamond. 

We follow this with a brief history of diamond synthesis and a review 

of the fundamentals of film and crystal growth, and of our present 
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understanding of the diamond growth process. The chapter concludes with a 

detailed description of combustion diamond growth. 

In accordance with the stated goal, a chapter is included that surveys 

existing microstructural models for film growth. The advantages and 

disadvantages of each model are examined, as well as the goals of each. 

Microstructural development in vapor deposition is well understood 

for some classes of materials, but those materials produced through CVD 

and its liquid analogs do not conform to existing models. It is here that the 

second purpose of this text can be found. Diamond growth is only one of a 

huge number of systems that involve the deposition of solids through a 

series of chemical reactions. To name just two, we might consider the 

growth of bone in medical applications or battery and fuel cell reactions, 

which often involve deposition of material on electrodes. Ifwe are to model 

these systems, we must first determine which class of model is most suited 

to our needs. The class of structure zone models is recommended and its 

advantages considered. 

The structure zone model is, at present, poorly defined. Refinements 

on the model are suggested for the sake of consistency. We consider, not 

only how this model can be applied to diamond, but to CVD systems in 

general. For diamond in particular, we reexamine some published data and 

consider some experiments appropriate to the development of a structure 

zone model. Some directions for future research in microstructure modeling 

of CVD, and electrodeposited thin films are suggested. 
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Finally, we consider the formation of an amorphous analog to 

diamond, the nature of such a material, and the conditions conducive to its 

formation. Credible claimants to the production of such a material are few, 

and a new model for amorphi city is proposed that could account for the void. 

Under this model, amorphicity is not considered a stable state and its 

relaxation to a crystalline state is enhanced by the strength of the sp3 bonds 

in diamond. The model is examined through the use of a molecular dynamic 

simulation. 

I do not claim to have a complete knowledge of the literature 

pertaining to the development of CVD diamond films. The recent boom in 

desk top publishing has fed a seemingly endless stream of journal articles 

and conference proceedings. Regrettably, the development of electronic 

search technology has not kept pace. I found myself stumbling over relevant 

material as often as I was able to find information that I had set out to find. 

I hope that I have not passed over any authors making significant 

contributions to the field. My apologies if that is the case. 

Conversely, I hope that I have not dwelled to long on the 

fundamentals. In my search of the literature I often came across 

contradictory interpretations of past models. I felt a need to clarify my 

interpretations before implementing them elsewhere. 

You will find few equations in this volume. While mathematics will, 

ultimately, be needed to prove or disprove that we are correct, we must first 

agree on our understanding of the processes at hand. We must agree on 

what it is that we are trying to prove. I do not believe that CVD deposition 



19 

modeling has yet advanced to the state where we can effectively apply 

mathematical models. The deposition reaction systems under consideration 

are still too complex. 
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WHY DIAMOND? 

There is no question that diamond is unique. It is, by virtue of 

carbon's place in the periodic table, extreme in most of its properties. Those 

extremes make it intriguing as a substitute for traditional materials in a 

wide range of applications. Still, diamond's stability at 20,000 atmospheres 

of pressure and -3,000 K provide an environment for crystal growth that is 

difficult to work under and extremely expensive to produce. Until recently, 

the prospect of using diamond was unthinkable in most applications. The 

discovery of techniques for growing diamond under vacuum, at hundreds of 

degrees Kelvin, has changed that view. The scientific community is now in 

the process of completely re-evaluating what is possible and what is 

practical. This chapter examines diamond's properties, and its potential 

applications. 

1.1 BONDING 

Ultimately, diamond's properties, physical, thermal, optical, and 

electrical, are the result of its carbon composition, and its bonding. It can be 

said, justifiably, that the second of these is a result of the first. Yet, since 

carbon atoms bond in a variety of ways, it is necessary to distinguish this as 

a fundamental factor. Bonding plays such a vital role in determining the 

properties of diamond that it is worthwhile to examine it in detail. Carbon 

atoms covalently bond with one another, in preference to the formation of 

electrostatic or metallic bonds, so the discussion here will center on this 

type of bonding. 
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A covalent bond is best described in terms of the quantum mechanical 

wave function of the system. The wave function that gives the smallest total 

energy to the system is the ground state. Stability is synonymous with a 

minimum in energy. If such a state exists for a pair of atoms, and has a 

lower energy than the total energy of the two isolated atoms, then bonding 

occurst. 

It is considered impossible to solve the Schrodinger equation 

analytically for an atom with more than one electron. Wave functions 

determined for most atoms are the result of approximations. So, it is not 

surprising that descriptions of covalent bonds, involving multiple electrons 

and nuclei, remain the object of active research. 

The "system" that the wave function seeks to describe includes all of 

the nuclei and electrons within a given molecule. A bond between two atoms 

is, to some extent, dependent on every other bond in the molecule. Thus the 

wave function that best describes a bond, describes the whole molecule and 

is called a molecular orbital. 

It is possible to find these molecular orbitals using ab initio* 

techniques. The results are approximations to the stationary states 

calculated through numerical methods. The technique generally requires 

extensive computation, which is all the more true in the case of diamond, 

t Assuming that there is no activation energy, or that it is smaller than 
available energy can overcome. 

* Literally, "fom the beginning", or "from first principles". 
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since any given crystal is a single molecule. Ab initio calculations offer little 

insight into the nature of the bonds but effectively convey the idea that the 

electrons fill orbitals of the molecule as a whole; they are not localized at 

one particular pair of atoms. 

A more insightful method describes molecular orbitals as Linear 

Combinations of Atomic Orbitals, LeAO. The same approximation is made 

that predicts the structure of complex atoms. When an atom has only one 

electron, there are a series of well defined orthogonal t states that it may fill. 

When more than one electron is considered, it is assumed that the states 

available to the additional electrons are the same as those available to the 

first*. 

Adding additional nuclei is not all that different. The energy states 

available to the system will be related to the energy states of the isolated 

atoms. The better the overlap of orbitals from the two atoms, the more 

stable the result. A very good approximation to the molecular orbital can be 

written as a linear combination of the valence states of the atoms involved. 

Two orbitals that overlap along their axis of rotation constitute a (j bond. 

Orbitals that overlap in a direction normal to the axis of symmetry form a 1t 

bond. 

t One state cannot be described in terms of another. 

* Subject to the Pauli exclusion principle. 



Hybrid Orbitals 

Figure 1-1 Covalent bonding: a) Three p 
orbitals along the x,y, and z axes b) A sigma 
bond c) A pi bond 
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More overlap, and thus a more stable bond, can often be achieved by 

the incorporation of additional orbitals that would be associated with higher 

energy levels in the isolated atoms. The energy reduction of the system, 

attained by increasing the overlap of the orbitals, is balanced against the 

energy cost of promoting the bonding electron into the higher energy state1. 

In the case of carbon, stable molecular orbitals involve sand p states 

in fixed proportions. The linear combinations of these states that contribute 

to stable bonds are called hybrid orbitals (Figure 1-2). Note the angular 

distribution of the hybrid orbitals. Atkins2 states that, "hybridization does 

not directly determine the shape of the molecule, but follows the changing 

shape." What determines the angular distribution of the bonds are the 

conditions that result in an energy minimum. It is these hybrids that 

provide the most stable states in carbon-carbon bonding. 



a) 

Figure 1-2 Hybrid orbitals: a) The 2s and 
2p orbitals, b) The three sp hybrids 
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Idealized diamond is held together solely by bonds involving sp3 

hybrids that overlap along their mutual axis in a 0' bond. Graphite is the 

result of similar sp2 bonding and 1t bonding of the remaining p orbitals. 

These angular distributions, a result of symmetry and the minimizing of 

energy, determine the structures of diamond and graphite. Carbon bonds in 

other molecules often have different bond angles due to a lack of symmetry. 

It is important to understand that these hybrid states do not exist as 

separate entities, only as elements contributing to a molecular orbital. The 

hybrid states are only a mathematical convenience that help us to 

understand the nature of the molecular orbital. It is, for instance, not 

possible to excite an isolated atom into one of these states, or observe 

spectroscopic lines associated with such a transition. When bonding occurs, 

the states of the isolated atom cease to exist and molecular orbitals appear. 



The mathematical contribution of each atom, and thus the shape of the 

hybrid orbital, will fluctuate as the bond is rotationally and vibration ally 

excited. 
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The sand p orbitals that constitute carbon-carbon bonds are much 

smaller than similar orbitals in larger atoms. As a result, the distances 

between nuclei are smaller, the structure is more compact, and the bonds 

are much stronger. This makes sense when one considers that the 

electromagnetic force is inversely proportional to the square of the distance 

between charges. Such a model, without the benefit of quantum mechanics, 

is incomplete, but clarifies the results. With four electrons in its 2s and 2p 

orbitals, carbon is the smallest atom capable of distributing charge 

symmetrically about it while bonding. This symmetry, in part, makes 

diamond the unique material that it is. 

Bond Length A Hooke's Law Constant mdynes/A 
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Figure 1-3 Bond lengths and force 
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Bond Identification 

Much of the material grown by vapor deposition is a combination of 

sp2 and sp3 bonded carbon. The bonds present are determined by Raman 

spectroscopy. Peak locations and shapes are associated with the type of 

bonding, crystallinity, and crystallite size3. Diamond is primarily identified 

by the detection of a sharp Raman response at 1332 cm-I , indicating the 

presence of sp3 bonding. 

1100 1300 1500 1700 
Raman Shift em-1 

Figure 1-4 Raman peak identification: The 
sharp peak at 1332 cm-! indicates the 
presence of sp3 bonds, while the broader 
peak at -1500 cm-! is indicative of graphitic 
sp2 bonding 

1900 

Raman spectroscopy can not quantitatively identify the relative 

amounts of sp2 and sp3 bonding present or the distribution of these bonds 

within the sample. The observed signal is influenced by the sample volume, 
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the intensity of the source, and the Raman response cross section of the 

bonds. The last of these can be thought of as the percentage oflight shifted 

to another frequency for each bond encountered. Naturally, it is also 

influenced by the number of bonds of each type within the sample volume. 

The difficulties in quantification stem from this sample volume. The 

cross section for sp2 bonds is fifty times that for sp3 bonds, indicating that, 

if equal numbers are sampled with the same optical intensity, the 

"graphitic" peak will have an amplitude fifty times that of the "diamond" 

peak. The problem is in knowing how much of each you are sampling. 

Where diamond is transparent, graphite is strongly absorbing. The 

graphitic material limits its own sample volume. A sample containing less 

than 2% diamond powder in graphite powder still appears, to the casual 

observer, to contain a significant amount of diamond3. 

The problem is compounded if we note that some samples with very 

strong graphitic responses appear translucent. If the sp2 material is fairly 

well distributed throughout the sp3 material, this allows the sampled 

number of bonds to be higher. A strong response is observed in spite of the 

low sp2 bond density. Without some way to determine bond distribution, we 

cannot quantitatively determine the nature of the material. 

We can say with certainty that clear material, with no sp2 signal, 

must be solely composed of sp3 bonds. If any sp2 bonding is present it is 

sufficiently dilute that a large volume is sampled. Because the cross section 

of sp2 material is large, relative to the sp3 response, even a small amount is 
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detectable if present. For this reason, the "quality" of clear diamond samples 

is justifiably measured in terms of the ratio of sp3 to sp2 peak height. 

As a point of interest, Robins et al.4 noted that differences in film 

microstructure appear correlated to changes in the Raman spectra. This 

should not be too surprising since Raman spectra are strongly dependent on 

the degree of perfection in the lattice, which is in turn a function of growth 

rates, mobility of adsorbed species, and surface energy influences, all of 

which influence microstructure as well. 

A complete review of Raman and Brillouin scattering processes in 

single crystal diamond has been made by A.K. Ramdas5. 

1.2 CARBON STRUCTURES 

Recent history has demonstrated enormous variety of forms that bulk 

carbon can take6. e60 "Fullerines" are having a large impact on the field 

and a continuum of "diamond-like" carbon samples, that do not have regular 

periodic structures, have appeared. It is common for a single sample to 

contain sp2 and sp3 bonding, and thus demonstrate some of the properties of 

diamond but lack others. Ifwe are ultimately to produce a material that is a 

well defined composite, it will be to our advantage to isolate ways to produce 

each crystalline structure. We review these structures here. 
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Sp3 Bonded Structures 

The diamond structure, solely composed of sp3 bonded carbon is 

illustrated in figure 1-5. Lonsdaleite, or hexagonal diamond, is also entirely 

sp3 bonded, and is included in the same illustration. Note that the [111] 

plane of diamond is identical to the [001] plane oflonsdaleite. The 

differences are in the stacking order. 

Figure 1-5 sp3 Bonded networks of: a) 
Diamond with the (111) direction up b) 
Lonsdaleite with the (001) direction up 

Diamond is a repeating "ABCABC" structure where the A,B,and C 

layers are identical save for displacement. The fourth layer of atoms lies 

directly over those in the first layer below it. In lonsdaleite, the B layer is a 

mirror image of the A layer, and every third layer repeats the first layer, in 

an "ABABAB" sequence. The equivalence of the bonds in lonsdaleite and 

diamond indicates that properties dependant only on the strength and 
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symmetry of bonding will be the same, while structural properties, such as 

cleavage energies, polishing removal rates, and x-ray diffraction peaks will 

differ. 

A unit cell of each structure is depicted in Figure 1-6. 

Figure 1-6 sp3 Bonded unit cells: a) Cubic 
unit cell of diamond b) Hexagonal unit cell of 
lonsdaleite. Orientations are (100) up and 
(001) up respectively. 

Identification of Diamond 

It is common for researchers to report the deposition of diamond if a 

Raman spectral peak at 1332 cm-1 is observed. Since this peak is indicative 

of sp3 bonding, and of the crystallinity of the sample7, the structure is 

limited to the two crystalline forms just described. The technique will not 

discriminate between them. Most researchers are aware of this; the failure 



to mention the possible presence of lonsdaleite has more to do with 

priorities than anything else. 
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Diamond has a very low x-ray scattering cross section. The detection 

of the peak at 1.92 A, specifically identifying lonsdaleite, requires a fair 

amount of time and does not insure that only lonsdaleite is present. For 

now, efforts are concentrated on producing large, mono crystalline, samples 

of entirely sp3 bonded material. The distinction between cubic and 

hexagonal diamond will certainly be addressed more closely when these 

problems have been solved. 
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Sp2 Bonded Structures 

The graphitic carbons are the result of sp2 cr and 2p 1t bonding in the 

[001] plane, and Van der Waals bonding in the (001) direction. The two 

forms are "hexagonal" and "rhombohedral". The first has an "ABABAB" 

structure, and the second an "ABCABC" structure, where the only 

differences between the layers are the result of lateral translation. 

Here again, emphasis on the molecular orbital is worthwhile. As 

covalent bonds are the result of energy minimization through overlap, one 

might reasonably expect that the p orbital of an sp2 coordinated carbon 

atom could only form one 1t bond at a time. In such a case, three is the 

maximum number of 1t bonds a six atom carbon ring can form. There are 

two equivalent structures that will provide this lowest energy state. In fact, 

neither is observed in the case of benzene, and should not be expected in 

graphite. All of the bonds between the carbons are equivalent. 

Mathematically the ring can be said to be "resonating" between the two 

structures8, but this is merely a way to describe the symmetrical molecular 

orbital in terms of the more familiar valence orbitals of the atoms. 

Figure 1-8 Benzene resonance structures 
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Other crystalline forms of carbon have been proposed9, but most are 

only mixtures of sp2 and sp3 forms. 

1.3 PROPERTIES OF DIAMOND 

To describe the properties of diamond completely would require an 

inordinately long chapter. The Drukker Corporation10 produces a pamphlet 

that surveys these properties and offers a very complete bibliography. The 

book edited by J.E. Fieldll is the most complete reference available. Rather 

than try to compete, mention will be made of those points that generate the 

most interest today. 

Gems: I1a or not I1a ... that is the question 

Impurities and frequency of natural occurrence determine one of 

diamond's most important properties, price. As long as inexpensive methods 

are available to reveal if a stone is manufactured, the price of rare natural 

stones will remain high. The long history of limited availability has made 

the gem industry classification scheme, emphasizing deeply colored and 

colorless stones, the standard to which science has turned. Generally, this 

dissertation will refer to stones in terms of their impurities and faults, 

rather than using the standard classification. Unless otherwise noted, the 

reader may assume that "diamond" refers to pure carbon material of a 

"cubic diamond" form. This is the material classified as "type IIa diamond". 

For interested readers, an outline of the classification system is available10. 
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The dynamics of diamond's economic properties are quite 

entertaining in their own right, at least to those that have not invested in 

them. Lenzen12 has chronicled the economic development of the industry 

and examined the complex network of companies that control the diamond 

mines of South Africa. The story continues to evolve as the political 

situation there unfolds; a new edition of his book could be very interesting. 

Hiltzik13 recently summarized some of these developments. 

Even from the standpoint of an individual stone, the factors that 

determine price are intriguing. A fault in the lattice, for instance, is never 

called a "fault" by the gem industry. Instead, it is a "feather", an innocuous 

property that can make the stone more "pretty". The subjective ability to 

please the eye is central in determining price. For the same reason, 

"contaminants", per se, do not exist. Diamonds merely come in different 

colors. Self righteous as the scientific community may be about impartiality, 

it is not entirely free of such misrepresentation. A semiconductor scientist 

once interrupted me, with his tongue firmly in his cheek, to say, " Please! 

Don't say, 'contaminants ' ... they're dopants!" 

Hardness and Other Mechanical Properties 

The best known property of diamond is hardness. "Hardness" can be 

thought of as "resistance of an atom to motion" relative to its neighbors, and 

can be expressed in several ways. The Mohs scale, introduced by the 

gentleman of the same name around 1820, indicates hardness in relative 

terms. If one material can scratch another, then it is harder. Ten standard 
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materials were chosen, diamond being the hardest. The problems in this 

system stem from the lack of linearity among the standards. The Knoop 

scale, adopted in 1939 by the National Bureau of Standards, relates 

hardness to mechanical pressure required to permanently indent the 

surface. The measurement is made in the pressure units ofkg/mm2, 

employing a diamond indenter. This scale poses some questions; researchers 

have discovered that the shape and size of the indenter tip affect the 

resultl4. Improved linearity and limited damage make this the preferred 

system today. The Mohs-Wooddell scale assesses hardness in the rate of 

removal of material when ground on a lap under specified conditions. The 

linear results of this method were normalized to the Mohs values for quartz 

and corundum by Wooddell, in 1939, giving the system of measurement its 

namel5. 

MATERIAL FORMULA MOHS KNOOP MOHS-WOODELL 

Talc Mg] Si 010 (OH)2 1 ? 1 

Rock Salt NaCI 2 32 2 

Calcite CaCoa 3 135 3 

Fluorite CaF2 4 163 4 

Apatite C'\;F(Pq )3 5 430 5 

Feldspar KAISi]OS 6 560 6 

Quartz Siq 7 820 7 

Topaz AlSiO 8 1,340 8 2 
Corundum AI20 3 

9 2,100 9 

Cubic Boron Nitride BN 9+ 4,500-4,800 19 

Diamond C 10 7000 42.5 

Table 1-1 Hardness scales in three 
measurement systems - after Bundy15 
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Hardness stems from the strength of a material's bonds. The more 

stable the bond, the less easily it deforms. Plendl, Mitra, and Gielisse16 

interpreted hardness in terms of bond energy per unit volume. When the 

materials in the Mohs scale are checked against this standard, reasonable 

agreement is found. This is, however, incomplete; the strength of a material 

also lies in the symmetry of bonds about the atoms in the lattice. 

50 

40 
(/.) 
(/.) 
CIJ 

= "'0 
J-c 
ra 

::r:: 30 --CIJ 
"'0 
"'0 
0 

~ 20 
I 

(/.) 

..t:: 
0 

~ 
10 

o 

iDiamond • 

4 Cubic 80 on Nitride 

AIP3 

Siq ••• ~ nq 

• CaF2 

(!t CaSq 
NaCI 
o 250 500 750 1000 1250 

Bond Energy per Unit Volume 
KiloCalories per Cubic Centimeter 

Figure 1-9 Hardness vs. bond density -
after Bundy15 

1500 



37 

Discussions of material strength derived from symmetry are seldom 

found, instead the focus is on failure. Crystals can "cleave" along their 

primary planes. This property is well known, but little understood 17. 

Crystals cleave along some planes more easily than others, and scientists 

have measured both ease of cleavage and the speed with which the crack 

propagates along a given plane. These measurements are, however, not 

definitive, and closer examination is in order. 

To date, researchers have speculated that preferential cleavage 

planes were the result of defects in the lattice. In the case of diamond, this 

understanding is encouraged by the belief that [111] is the growth plane 

and, as such, should have more defects per unit area than others. Tolansky, 

in reenforcing this view, emphasized that cleavage is not perfect along 

crystal planes, as the layman commonly believes. Wilks19 points out that 

type II diamonds generally cleave to smoother surfaces than type I. Type II 

diamonds have low nitrogen content, but she does not differentiate between 

type IIa stones, which have no contaminants, and lIb stones which are 

contaminated t. 

Roughness may not be the sole source of anisotropy in ease of 

cleavage. If there are flaws and defects where a crystal is strained, we can 

expect it to fail at those points. Yet, if the question is, "is there a 

preferential cleavage plane inherent in the crystal structure?" Then the 

answer is yes. 

t Primarily with boron. 
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Field 19 consolidates the efforts of several authors who have 

calculated the number of bonds per unit area that cross the cleavage plane. 

This permits a comparison of the energy needed to break those bonds, and 

provides one possible ordering for the relative ease of cleavage. This, 

however, is incomplete. 

When bonds are broken to create a freshly cleaved surface they do not 

remain that way. The newly dissociated surface atoms are highly reactive 

and will seek a lower energy state. They react with the surrounding 

environment, or each other, causing restructuring of the surface t . These 

reactions are generally exothermic and provide additional energy to the 

cleavage surface as it is being cleaved. Thus the energy needed to cleave a 

crystal in a vacuum will not be the same as that needed in a gas that reacts 

easily with the surface. 

Furthermore, there are mechanical processes at work as well. 

Graphite provides an illustration. In the sp2 plane, the bond length of 

graphite (1.42A), is shorter than that of diamond (1.54) and 

correspondingly stronger. These short bonds are also symmetrically placed 

about the carbon atoms, making the Ifin plane lf strength of graphite greater 

than that of diamond. The bond length between planes, due to Van der 

Waals forces, is 3.35A. Planes readily move relative to one another, and 

break easily when force is applied perpendicular to the plane. 

t See 3.5 SURFACE ENERGY INFLUENCES 
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This preference for cleaving along this plane is not solely a function of 

the bond strength. The separation of the planes does not occur where the 

force is applied, instead the strength of the bonding "in plane" allows each 

plane to act as a lever arm against bonds further down the sheet. The 

stronger the "in plane" bonding, the longer the lever arm, and the greater 

the applied force. 

Figure 1-10 Bond energy anisotropy and its 
effect on cleavage 

Diamond is also subject to these forces. While diamond's bonds are 

symmetrically distributed in three dimensions instead of two, planes in 

some orientations have more bond energy per unit area than those in 

others. The strength within those planes allows diamonds to be cleaved with 

a relatively soft steel edge. 
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If we consider the rigid planes acting as levers against the bonds 

normal to these planes, cleavage would be ordered by the ratio of bond 

energyt projected on the direction of cleavage relative to that normal to the 

cleavage plane. Cleavage now being dependent on the direction of cutting as 

well as on the plane of cleavage. 

All of the factors mentioned here, defect density, bond energy normal 

to the plane, and bond energy anisotropy all playa role in determining the 

relative ease of cleavage of two planes, and in determining the velocity of 

the crack along the plane. It is no simple matter. 
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Figure 1-11 Mechanical properties of 
diamond related to those properties in other 
materials20 - grey indicates uncertainty. 
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Tensile, shear, and compressive strengths are also very high in 

diamond. There is some doubt about measured values of shear strength; it is 

believed that shear failure in these cases was actually due to cleavage. The 

shear strength may be higher but cleavage failure represents a practical 

upper limit. The "theoretical strength" of diamond, given by the ratio of 

tensile to shear strength, is therefore affected by limits on shear strength. 

While both values contributing to this theoretical strength are high, relative 

to other materials, the high ratio means that diamond is brittle rather than 

ductile. Elasticity is understandably low. 

Thermal Properties 

Expansion of a material results from changes in the mean spacing of 

atoms in the lattice. As spacing increases, even by fractions of angstroms, 

that change is multiplied by billions of interatomic spaces to generate 

observable changes. Recall that the potential energy between two atoms is a 

function of the distance between them. At lower temperatures, the mean 

lattice spacing oscillates about a mean ofrlow. If the potential associated 

with the bond is that of a harmonic oscillator, then the mean lattice spacing 

remains the same at higher temperatures, but the deviation of the potential 

from this form causes the mean spacing to change. (Figure 1-12) The 

change, in covalently bonded solids, is an expansion because the "soft side" 

of the potential favors that. A potential like that in part b) of the same 

figure would result in contraction of the material at higher temperatures. 
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Figure 1-12 Bond length & temperature: a) 
Higher energy states are more probable at 
higher temperatures. The result is a larger 
mean atom spacing, and therefore a net 
expansion. b) Potential curve producing a 
negative expansion coefficient 

Strong bonds, like those in diamond, result in deep potential wells. 
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Since diamond is bound by one of the strongest covalent bonds, the potential 

wells containing carbon atoms remain parabolic over a very large 

temperature range allowing the atoms little deviation from their ideal mean 

lattice positions. Diamond's extremely low thermal expansion coefficient is 

attributable to this. (Figure 1-13) 

Thermal energy in covalent crystals is carried by phonons21. 

Resistance to thermal transfer is the result of phonon-phonon scattering, 

and scattering due to crystal imperfections and boundaries. While still in 

the distant future, techniques are improving for the production of "perfect" 

crystals. Surface scattering, while impossible to prevent, makes only a 

minor contribution to thermal resistance in comparison to phonon-phonon 



processes. Thus an examination of these phonon interaction processes 

proves worthwhile. 
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If the system is composed of perfect harmonic oscillatorst , then the 

modes of the oscillators are orthogonal and non-interacting. A phonon 

absorbed will be re-radiated as an identical phonon having no relation to the 

state of the oscillator that results from previous phonon-oscillator 

interactions. 

Phonon-phonon interactions will occur when the crystal is made up of 

anharmonic oscillators which allow "cross talk" between the modes. As the 

t Parabolic bond potentials. 
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temperature increases, the potentials governing atomic motion become more 

anharmonic, resulting in increased scattering and reduced thermal 

conductivity. When the oscillators in the system are governed by deep 

potential wells, as in diamond, the amount of phonon scattering is reduced, 

toward the level imposed by surfaces. Diamond is, for this reason, the best 

thermal conductor. 
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Figure 1-14 Thermal conductivity of 
diamond relative to other materials 

Thermal conductivity data for both a natural and man-made diamond 

are given in figure 1-14. Both are relatively free from faults, but the natural 

diamond has a normal isotopic distribution ofC12 and C13. These small 

differences in atomic mass affect bonding in the vicinity of the C13 atoms. 

The asymmetry of atomic mass distorts the potential and makes it 

anharmonic at lower temperatures than in an isotopically pure crystal22. 



Thus isotopically pure diamond has a thermal conductivity even higher 

than the already superb natural value. 
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Optical and Electronic Properties 
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The optical and electronic properties of a material result from 

interaction between electrons and ions within the material and an applied 

electromagnetic field. The unique features of each material's optical 

spectrum can be traced to the conditions affecting the formation of electrical 

dipoles, their strength, and frequency of oscillation. 

Diamond, composed of a single element, and forming covalent rather 

than ionic bonds, has its charge distributed evenly between bonding atoms. 
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The symmetrical placement of atoms in the lattice, and of bonds about the 

atoms, does little to change this distribution. The result is an extremely 

small dipole moment23, and correspondingly, good transmission over an 

very wide range of wavelengths. 

One way in which optical interaction can occur is for high energy 

photons to strip electrons out of the bonds, and into the conduction band. 

This occurs at wavelengths shorter than 225nm, and defines a sharp edge in 

the absorption spectrum. 

The other intrinsic absorption band, occurring from 3.7 to 6 !lm, is 

caused by the formation of a weak induced dipole moment. The band is 

visible in diamonds composed solely of carbon and in diamonds with 

nitrogen and boron content. The strength of the band is independent of 

doping levels and is, for this reason, taken to be intrinsic to diamond. Lax 

and Burstein23 explain this band by showing that weak dipole formation is 

allowed if, for the sake of momentum conservation, multiple phonons are 

introduced in the absorption process. Any stronger modes that might result 

in dipole formation with only a single phonon, as well as some of the 

additional multiple phonon modes, are cancelled out by the symmetry of the 

crystal. 

Lax and Burstein emphasize that non-linearity of the force governing 

bonding is not a sufficient condition for absorption; there must be a dipole 

moment present. To illustrate this, recall that at higher temperatures an 

anharmonic potential will result in a larger mean bond length. If all bonds 
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in the lattice are governed by the same anharmonic potential, and on 

average spend their time in the same excited state governed by this 

identical non-linear force, then the symmetry of the lattice remains the 

same, only with a longer mean bond length. The preservation of symmetry 

implies that previously prohibited dipoles remain prohibited. Induced 

dipoles will be weaker since the influence of more distant atoms is 

diminished. 

In contrast, if a potential is introduced that does not have the same 

form as the remainder of the atoms in the lattice, then symmetry will be 

broken in the region surrounding the source of that potential. Typically the 

sources of these defect centers are sp2 carbon, nitrogen, and boron. Electron 

irradiation can create a variety of damage centers, including vacancies and 

interstitials. Their effects on spectra are an area of active research, and 

have been reviewed by Davies24. 

A more subtle type of "damage center" can be attributed to the 

distribution of carbon isotopes present in an otherwise perfect diamond. 

C13_C12 bonds and C13_C13 bonds will differ slightly, in the form of their 

potentials, from C12_C12 bonds. The symmetry in the region of the 

contaminant isotope will be broken and a stronger dipole moment can be 

expected to form. We can, for this reason, predict that the broadband 

transmission of diamond will be improved in isotopically pure diamond. 

Some support for this idea can be found in studies of laser damage threshold 

by Reck25 who found a dramatic increase in that level in single isotope 

diamond. 
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Diamond's attractive features include not only broad transmission, 

but high index of refraction and low dispersion as well. An examination of 

the way index of refraction varies with frequency (Figure 1-16) shows that 

the long wavelength limit is linearly related to the square of the plasma 

frequency. This is given in terms of the number of oscillators per unit 

volume, N, the charge on an electron, e, the mass of an electron, m, and the 

permittivity of free space, Eo, by: 

ffip = N e2/mEo 

Diamond's low mass and high density, the result of strong bonding, makes 

coP' and thus the index, very high. Glass manufacturers increase index in 

much the same way by adding lead and barium to the melt, increasing 

density. 

n 

long wavelength limit n=l ----

Figure 1-16 Generalized dispersion curve 

In the diagram, COo is the resonance frequency of the oscillators 

associated with the primary absorption, given by the band gap absorption 
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edge in this case. The location of this edge for diamond, much deeper in the 

uv than for most optical materials, makes the variation of index over the 

visible region extremely small by comparison. Note that this does not mean 

that the index of refraction does not have high dispersion in other parts of 

the spectrum, only that the visible region lies near the long wavelength 

limit. (Figure 1-17) shows diamond's place on the glass chart. Ge and Si 

cannot be placed on the chart, as they do not transmit in the visible range. 

eV BANDGAP 
6.------------------------------------------, 
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Figure 1-18 Band gap for tetrahedrally 
bonded covalent crystals 

The strong covalent bonding of diamond crystals localizes electrons 

within the bonds, severely limiting their motion. This tight binding results 

in a large energy gap for the excitation of electrons to the conduction band. 

Diamond is, for this reason, a very good electrical insulator, with a 



resistivity on the order of 1016 ohm-cm. The breakdown field is twenty 

times that of silicon. 
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Boron doping in the diamond lattice is substitutional. The boron 

atoms take the place of some of the carbon atoms; the structure itself is 

unchanged. Boron doped diamond is a p type semiconductor since boron has 

one less valence electron than carbon. Such semi-conductivity is observed in 

some natural diamonds. Hole mobility may be as much as 0.2 m 2N-sec as 

compared to 0.15 m 2N-sec for electrons in p silicon; this is considered high. 

Conductivity with n carriers is not observed in natural diamond. 

Nitrogen, the dominant contaminant of natural diamond, would seem a 

likely donor atom. The lack of conductivity is attributed to a high ionization 

energy. The low energy threshold for photoconductivity in diamond with 

substitutional nitrogen is -2 Mev, and that conductivity is found to be n 

type26. Nitrogen can also form a variety of aggregates27, resulting in 

different donor levels in the band gap, if the crystal is heated for long 

periods of time. The formation of one of these aggregates results in the 

precipitation of non-diamond carbon "platelets" within the lattice. Attempts 

to impart n type conductivity in diamond with other dopants have been 

made. For various reasons they have not proved adequate for use in 

devices28. 

Electrical properties of diamond have been compiled by Collins and 

Lightowlers26. 
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Chemical Properties 

Diamond, at ambient pressure and temperature, is chemically inert. 

At higher temperatures oxidizing agents will react with diamond. The 

lowest temperature etchant is sodium nitrate at -700 K. At -900 K 

diamond, in an oxygen containing atmosphere, will burn. Two groups of 

molten metals will attack diamond. One includes iron, cobalt, manganese, 

nickel, chromium, platinum, and palladium. These are the metals in which 

carbon is soluble. In high pressure and temperature techniques for making 

diamond, they transport carbon to the growing crystal. The other group is a 

collection of metals that form carbides. Tungsten, tantalum, titanium, and 

zirconium fall into this category. 

The chemical stability of diamond also depends on the strength of the 

bonds. An examination of bond energies29 shows that, thermodynamically, 

C-H bonds are favored over C-C bonds. Thus, monatomic hydrogen will etch 

diamond as well, if a suitable source is provided. These species, which exist 

only as unstable radicals, will attack diamond at a lower temperature than 

stable compounds. 

Chemical restructuring can also take place in the absence of other 

materials. Diamond, like any crystal, is in state corresponding to an energy 

minimum. However, at room temperature and pressure, and throughout the 

"graphite stable" region of the phase diagram, graphite is a lower energy 

state, and hence, more stable. Diamond's existence within this graphite 

stable region depends upon a high energy barrier that must be overcome for 



transformation between the two states. Diamond is therefore termed a 

"metastable" form of carbon. 
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The beginnings of graphitization can be detected at -1800 K. The rate 

of reaction rapidly increases with temperature beyond that point and peaks 

at -2400 K. Activation energy for the transition varies with the surface 

under examination. The [111] surfaces transform with an activation energy 

of 1060±80 kJ/mole and the [332] faces with an energy of 730±50 kJ/mole10. 

The graphitization reaction is discussed by Davies and Evans30. Lonsdaleite 

is in a slightly higher energy state than diamond. The activation energy 
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between these two states of carbon has not been measured. This would require a direct 

transition between these states; which has not been observed and may not occur, since 

lonsdalite could relax to the lower graphitic state if the first activation energy is over-

come. 

1. 4 APPLICATIONS 

The fields diamond may enter are legion. The prospects are great for making a 

profound difference in the way we live our lives, but it is a difficult task to discern 

which fields will prosper through the use of diamond and which will be dead ends, 

walled in by the cost of development, and material limitations. While the cost of dia

mond is still high, this reflects research expenses rather than the cost of materials. 

Ultimately, many of these applications will come to light, if only because they are 

possible, and we are a persistent lot. 

Tool alld Die 

The earliest references that may, with a great deal of assumption, be thought to 

refer to diamond, mention stones jahalom and c;50:'. Jahalom is derived from the He-

brew "halam" which can be thought to mean "to beat" or "to overcome", while "C;50:''' 

is "indominable" or "insuperable" ~ It is presumed that these terms refer to diamond's 

ability to scratch other stones. While it cannot be certain that they refer to diamond, it is 

known that cutting and polishing methods were understood. Buddhabhatta, writing 

before the sixth century A.D. in summary of a work written several centuries 
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earlier, discusses the use of diamond as a polishing compound32. Jeremiah 

17.1 states: 

The sin of Judah is written with a pen of iron, 
and with the point of a diamond; 
It is graven upon the tablet of their heart, 
And upon the horns of your alters. 

referring to a "stylo ferro in ungua adamantino"31, and indicating early use 

of the hard stylus, although again, we cannot be certain that diamond 

formed the basis of the tool. It does, however, lend credence to the idea that, 

upon discovery of its properties, it would have been used in such a manner. 

A British patent was issued in 1819 for drawing wire through a 

diamond die33, a technique that is essential in handling materials that are 

subject to work hardening and the manufacture of the fine wire used in the 

electronics industry today. Bonded diamond grinding wheels appeared in 

the 1930's. Seal33 states that they "came into general use" in the early part 

of that decade. Yoshimitsu34 obtained a Japanese patent for the device in 

1937. 

The future for diamond tools looks bright, though other hard carbon 

forms should prove adequate in many such applications. Vapor growth 

methods can inexpensively produce diamond particles of an extremely 

uniform size for polishing compounds. This should eliminate the need for 

sifting mined materialt . The same methods allow the coating of complex 

surfaces like drill bits, reducing tool wear. 

t A subject near and dear to my heart, as some of my co-workers are aware. 
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The primary difficulties in tool coating lie in adhesion of the coating 

to the tool surface. The unusually low expansion coefficient of diamond can 

introduce stress in the coating and substrate. This is true in particular for 

machine tools, which undergo large and frequent temperature fluctuations. 

The condition is aggravated by the temperature difference between 

deposition and ambient storage. Since that is often several hundred degrees 

K, the coated tools are stored under conditions of great strain. Thermal 

matching, or compressible intermediate layers, will be needed for long tool 

life. Single crystal tools are not practical, since they are subject to breakage 

along cleavage planes. 

Protective Coatings 

The broad transmission band of diamond makes it a likely optical 

material. Its hardness makes it an attractive protective coating, particularly 

in the infrared, where the majority of materials are soft, easily damaged, 

and harmed by the adsorption of water35. The military has been taking an 

active interest in coating missile domes and aircraft canopies. At present IR 

guided missiles must be carefully handled to prevent scratching of the 

optical components, and neither missiles, nor planes can fly at supersonic 

speeds when rain or dust is present. 

An associate of mine is fond of carrying around a three inch disk of 

bullet proof glass, for "show and tell". The disk has a radially distributed set 

of fractures, the result of an impact with a water droplet moving at Mach 
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two. You are left to infer that diamond, a fine optical material, unmatched 

in hardness or scratch resistance, would not have been damaged. 

Vapor grown diamond on non-diamond substrates has been, in 

general, limited to polycrystalline growth. These aggregates retain much of 

the scratch resistance of single crystal diamond, but do not have the implied 

structural integrity, though some improvement might be seen if the rigidity 

of the film allows better distribution of impact force. Single crystal silicon 

has a twenty year head start on diamond, and, to date, is only grown in 

eight inch diameter boules. The prospect of growing single crystal diamonds 

the size of aircraft canopies is minute at best. 

Additional protective applications can be found in diamond's lack of 

chemical activity. Lasers using corrosive gases as an active medium would 

benefit from diamond coated mirrors. Any mechanical device that must 

operate in a corrosive environment could be considered for a diamond 

coating36. 

Chemical inactivity also makes diamond biologically inert. It has long 

been thought that the human body's defence mechanisms were impossible to 

defeat. The body rejected foreign objects, and a region of dead tissue 

surrounded them. The only way to circumvent them was to use tissue from 

elsewhere in the body, or from another body. Even this is prone to failure. 

Recent studies have shown that diamond does not trigger the body's 

defences37. This may be the result of diamond's lack of reactivity, or due to 



diamond's essentially organic nature. Diamond may turn out to be the 

"stealth" material of the immune system wars. 
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In practice, diamond is already used for surgical instruments, and 

has been found to be amazingly effective. The edge of the diamond tool is 

sharper than its steel counterpart. It gives a cleaner cut without bruising, 

and will not react chemically with the freshly cut tissue. These properties 

allow the wound to heal far faster and more completely than if the surgery 

had been performed with steel instruments37. 

The sharper edge has one drawback. Surgeons not trained with 

diamond blades are accustomed to guiding the cut by the pressure of the 

tissue in response to the blade. With the sharper blade that pressure is 

substantially reduced, and the first time user tends to cut too deeply. One 

way to reduce this is to illuminate the cutting edge. As the edge approaches 

the surface the illuminating spot gets smaller, giving the surgeon some 

contro133. 

The coating of joint replacements is also considered. This would take 

advantage of diamond's extremely low coefficient of friction, in addition to 

its biological compatibility. Other applications include pins in broken bones, 

and tips for the needles and pins38 used to stitch incisions. With heavily 

boron doped diamond, or diamond coated metals, it may possible to create 

corrosion-free electrical contacts for pacemakers. 

The organic resemblance serves other purposes as well. Diamond 

coated hulls for ships would not only be immune to corrosion, but barnacles 
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as well, a source of much consternation and expense to the military39. Still, 

you might imagine the outcry in Congress when the Navy proposes diamond 

coating their ships. The prevention of this type of growth also interests the 

operators of power plants. Cooling water intake and return pipes often 

become clogged with mussels and other life attracted by the constant flow of 

plankton-bearing water, and the increased temperature at outlets. Grates 

do little good, as they frequently become clogged with seaweed and allow 

larval forms of the crustaceans to pass unimpeded. 

Many of these applications will require solutions to adhesion and 

production level scaling problems. Gas deposition of diamond on ship hulls 

is possible, if expensive. Still, substrate preparation and temperature 

control keep it a long way from being as simple as applying paint. 

Optics 

The broad spectral transmission, high index of refraction, and low 

dispersion of diamond make it the stuff of dreams for designers oflenses 

and thin film stacks. In addition, diamond is, by comparison to other 

materials, nuclear radiation and X-ray hard. Military designers were 

pleased by this, particularly those involved in the beam weapons portion of 

the Strategic Defence Initiative. With the high cost of satellites, in dollars 

and years, one would like any possible threat to cost at least as much as the 

satellite itself. Traditional infrared optical components are, however, 

susceptible to radiation damage. For the cost of a comparatively inexpensive 

nuclear device, that need only be targeted within a few hundred miles of the 
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satellite, those components can be rendered opaque, nullifying the system. 

Diamond optics would alleviate this problem40. 

The X-ray hardness of diamond makes it attractive to the designers of 

multilayer X-ray mirrors. In the past, X-ray mirrors were only operable at 

high angles of incidence, and with large areas. Normal incidence reflectivity 

was on the order of a fraction of a percent. More recently multilayer 

structures have produced a reflectivity of -60%, but the lifetimes of these 

mirrors are short, particularly under intense fields. Work in this field 

presently focuses on defects at interfaces between the layers, the point at 

which most damage begins, and on determining their optical constants in 

the X-ray part of the spectrum. High reflectivity X-ray optics can form 

usable images with less exposure. The increase in safety is also supported 

by a decrease in operating cost for the X-ray source and a reduction of 

source cooling needs. Durable mirrors will make X-ray lasers more 

practical. This is of particular benefit to photoelectron spectroscopists. The 

X-ray source profile broadens the response peaks. The observed signal often 

results from several overlapping peaks. A narrower source would make 

these peaks distinguishable. Researchers have been fighting a losing battle 

against source line width for some time41. 

One of diamond's chief competitors as an IR or x-ray optical material 

is beryllium, which is difficult to machine and can produce toxic powders in 

manufacturing. Diamond is currently in use as a window material in 

Energy Dispersive X-Ray Fluorescence42. As a non-imaging system, 

scattering does not pose a problem here, and the diamond windows offer 
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several advantages over beryllium. The strength of the material, supported 

on a graphite grid, permits replacement of thicker 8-12!lm beryllium 

windows that maintain vacuum in the sample chamber. The thinner, less

absorbing, window between source and detector makes the instrument more 

sensitive. Furthermore, diamond transmits soft, low energy, x-rays from B, 

C, N, and 0 which, previously could not be detected. Diamond is also a 

plausible material for X-ray CCD detectors as well. Big problems, in all of 

these applications, stem from a lack of available synchrotron sources for 

testing43. 

Some additional uses can be found for diamond in high energy laser 

mirrors. Often limitations stem from cooling requirements. H;igh thermal 

conductivity makes it an ideal substrate and coating material for these 

mirrors. This would allow passive cooling, increasing reliability, or more 

efficient active cooling, increasing output capacity. 

Single isotope diamond also has a much higher laser damage 

threshold than any other material, 1000% higher than that of natural 

diamond. The researchers responsible for the measurement speculate that 

the phonon spectrum is "narrower" in isotopically pure material and that 

"this hinders light absorption, and therefore, increases the laser damage 

threshold."25 Rather than think in terms of a "narrower phonon spectrum", 

think again of the removal of non-linearities in the potentials that 

determine mean positions of the atoms in the lattice. Without these non

linearities, interaction between optical phonons is drastically reduced, and 

the mean positions of the carbon atoms are tied much more closely to the 



ideal lattice positions. The increase in symmetry alone should account for 

much of the improvement. 
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Several difficulties appear when optical applications of diamond are 

considered. The small size and high cost of natural diamond prevented the 

development of diamond optics for many years. Initial efforts to develop a 

diamond window, under the auspices of the Defence Advanced Research 

Projects Agency, were squashed under such pressures. "DARPA was", in the 

words of Seitz44," not amused." The pressures of cost do not seem overly 

burdensome now that vapor deposition methods have been developed. 

The polycrystalline aggregates grown by vapor methods have grains 

between 1 and 50 microns in diameter. To be usable for imaging optics that 

grain size must be reduced or increased to minimize scattering. With dense 

films, containing few voids, we can be less concerned with the interior 

structure than the surface roughness. A rough growth surface will result in 

total internal reflection losses45, and random phase changes. Several 

efforts at polishing these surfaces are under way46, but they are tedious, 

and limited to flat surfaces. Of the methods examined, none has yet 

produced sufficiently smooth surfaces for use in the visible band. Production 

thin film coatings often require hundreds of layers. If polishing were 

required between depositions, the time required to produce a single filter 

could stretch into years. "That's not science, it's agriculture."47 

An additional difficulty presents itself in the form of graphitic 

inclusions. The inclusions themselves strongly absorb, and by creating non-
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linearities within the diamond lattice, make absorption stronger in the 

optical phonon region of 3.7 to 6 Ilm. These inclusions are thought to form at 

the boundaries between grains as thin surface layers. Some support for this 

is found, but it is particularly difficult to verify. 

Spectroscopies that might normally be useful on high surface area 

powders48 are not particularly applicable when it is possible for the 

graphite to form within the crystals. Spectroscopies using evanescent 

waves, that detect the nature of bonds in a few monolayers, require smooth 

surfaces to be effective. Raman spectra, sampling large areas, containing 

many crystallites, detect graphitic inclusions in some films, while in the 

same films, spectra focusing on single grains detect none. This is 

noteworthy, and should be considered if diamond films are procured from 

outside sources. The idea of graphitic material at the surfaces is reenforced 

by restructuring of the surface that can take place if adsorbed hydrogen is 

desorbed49 . Graphitic material is also thought to precipitate, in the form of 

platelets, as a result of nitrogen aggregation within diamond crystals27 

N 

N=N + N=N - ... NEANOY N + 
N 

Figure 1-20 Graphitic platelets, formation as 
a function of nitrogen aggregation - after 
Collins27 
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Iflarge, single crystal, diamonds can be produced inexpensively, 

machining techniques are available33 to "rough cut" curved surfaces. The 

surfaces are, by no means, of optical quality, and the polishing of curved 

surfaces will doubtless prove more difficult than the already tedious task of 

polishing flats. Binary optics, that replicate the properties of thicker 

elements with periodic phase shifts, require sharp changes in a thin film 

thickness, rather than curved surfaces. The decreased deposition time may 

make this the more practical structure for diamond optical components. 

Plasma etching methods50, which transform the waste material to a gas 

phase, may be most practical in this instance, if they can be made time and 

cost effective. We will leave aside, for now, the question of single crystal 

growth on this much more reasonable scale. 

The alternative to large single crystal growth is the production of 

polycrystalline material with a grain size on the order of a fraction of a wave 

length. This too will minimize scattering, but leaves more of the surface 

area, susceptible to graphitic growth. Small grain films require that new 

nucleation sites constantly form on the growth surface. The sites must be 

closely spaced on the surface and be replaced rapidly by new sites or 

existing grains will grow larger and dominate the structure. Be aware that, 

if the grains are too small, quantum boundary condition effects begin to 

appear. With regard to Raman spectra, these are treated by Shroder et al. 3 
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Electronics 

The similarities among diamond, silicon, and germanium, naturally 

lead one to speculate on the potential of using diamond as an electronic 

material51. The possibility that diamond's high thermal conductivity and 

breakdown field will allow the construction of smaller, faster, devices has 

been considered52. Higher limits on the operating frequency of devices53 

would also result in increased computing speed. Transistor figures of 

merit54 have been calculated for diamond55, giving a theoretical power

frequency squared response 8206 times that of silicon and a speed 32.2 

times faster, as measured by the Keyes figure of merit. Seitz44 goes so far as 

to state that, if we cling to silicon as our economic mainstay, "we are all 

going to end up like the star of a very short film called Bambi Meets Godzilla, 

abruptly and unceremoniously stomped into obsolescence." 

Some speculate a little harder and more optimistically others. 

Collins56 examines some of these claims with a more pessimistic eye and 

finds the prospects for diamond electronics "extremely bleak". He notes that 

synthetic diamond has been around for more than 30 years, yet no n dopant 

has been found. Without such a dopant we are limited to Schottky barrier 

junction devices. With the available p dopant, hole concentration is only 

about 0.2% of boron concentration at room temperature, and is a strong 

function of temperature until -800 K is reached, a property desirable only 

in thermistors. 

Regarding the previously quoted figures of merit, he states that 

these," ... assume the material is being operated at its physical limits. In 



practice, device geometry and carrier mobilities are more influential on 

performance ... " He then proceeds to cite data showing the decreasing 

temperature dependence of hole mobility and the effect of increased 

ionization of dopants present. "Thus, although diamond devices will 

function at high temperatures, the low mobility values at these 

temperatures rule out operation at high frequencies." The lack of a low 

defect density, mono crystalline substrate material is also considered a 

major difficulty. 
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To characterize the whole future of diamond based electronics as 

"extremely bleak" is taking things a bit far. True, synthetic diamond does 

have a long history, but the prospect of electronic applications has only 

recently taken on an air of reality. No n type dopants had been found during 

the high pressure years but boron was available as a p dopant, even if 

lattice damage complicated its distribution57. Some have suggested that the 

lack of an easily created insulating oxide layer might be a detriment, but 

the insulating properties of un doped diamond make this unlikely. 

The production of smalllcheap/fastJIow power consumptionlhigh 

power handlinglhigh temperature electronic components does seem in 

doubt. It is clear that silicon based electronics do have limitations. They 

cannot operate above 500 K56, and are probably not reliable at anything 

approaching that temperature. There are several motivations for solving 

this problem, not the least of which is the high cost oflaunching a satellite. 

Some two thirds of a satellite's mass is devoted to cooling the 

electronics package58. Thus, if eliminated, great savings are possible, even if 
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the electronics package is more massive as a result. Suppose diamond 

electronics are sufficiently slow that an elaborate parallel architecture is 

needed to maintain current performance levels. Even if the new electronics 

have as much mass as the cooling package replaced, there is still a reward! 

There is no longer any worry about cooling system failure, and the diamond 

electronics are "radiation hard". Thus, the satellite is less susceptible to 

damage from background radiation, or the type of "dirty bomb" scenario 

presented earlier. 

Additional encouragement for developing high temperature 

electronics can be found in the automotive industry. Modern engines, and 

their emissions, are closely controlled by electronics. This necessitates a 

large number of wires from the cool electronics package on the firewall to 

the hot engine block. These wires are particularly prone to failure, and such 

a problem can be extremely difficult to isolate. Furthermore, an engine fire, 

requiring replacement of the wire harness alone, is now rumored to make 

the cost of repair exceed the cost of the car! Strong motivation indeed, and 

at what cost? A mere pittance in development. 

At what speed does a diamond device compete with silicon at room 

temperature? How cost effective does it have to be? All of these points trade 

off. Consider the possibility of optical excitation of a boron doped device. 

This would dramatically increase the percentage of boron atoms 

contributing to the hole population without the corresponding decrease in 

mobility due to higher temperatures or higher impurity concentrations. 

Building an optical LED into an Ie is not as far fetched as it might seem. 
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The market is currently so competitive that manufacturers had 50 MHz 

boards waiting for chip makers to come up with the first 50 MHz Ies. IC 

designers exchanged enormous power costs to squeeze an extra 15 MHz out 

of a 486 chip. They did it by building thermoelectric coolers into, or huge 

fins on to the IC, resulting in a processor that has stringent ventilation 

requirements. 

The point is that diamond need not do everything in order to be 

competitive as an electronic material. To this day silicon proponents claim, 

"Gallium arsenide is the material of the future, and always will be." Yet 

gallium arsenide has carved out a share of the market, where silicon cannot 

compete. Each material serves some purpose that the others cannot. 

Development of diamond electronics is a certainty, but the road will be long, 

and in that time, we can certainly expect new surprises from silicon59. 

Loose Ends 

There are a few more applications that bear mentioning. Any 

application requiring rapid transfer of heat may find diamond suitable. The 

key limitation, at the moment, is the size of the diamond needed. 

Polycrystalline films may fulfill some of these needs, but bear in mind that 

thermal conductivity is a function of grain size60. 

The low coefficient offriction, lack of reactivity and heat transferring 

capabilities of diamond make diamond-coated bearings attractive61. These 

will prove exceptionally useful in high humidity or corrosive environments, 

or in situations where long life span is a necessity. Chief difficulties here 
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involve adhesion, scaling to include coating the race as well as the bearing, 

and uniform coating of spheres. Rounded single crystal bearings are not 

possible since the different crystalline faces wear at different rates, though 

single crystals are well suited to application as flat bearing surfaces. 

Diamond is also exceptionally suited to jobs requiring rigid materials. 

High frequency speaker cones already commercially available are one 

example47. Others include low expansion mirror substrates or high quality 

optical flats for testing. Diamonds are also the critical component in today's 

high pressure cells. These allow optical examination of samples subjected to 

pressures as high as 1.7 million atmospheres62. 

My favorite application is the diamond coated fry pan. The high 

thermal conductivity gives them uniform heat distribution. The low 

coefficient of friction makes them "non-stick" cookware. High hardness 

makes them impervious to metal implements, and low cost, eventually, 

makes any engineer consider diamond as a realistic alternative to other 

materials. This, in particular, is the kind of good publicity diamond needs. 

Only high consumer interest will meet demand for the long term investment 

that diamond needs. 
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PERSPECTIVE 

2.1 HISTORY 

The history of diamond is well chronicled. Lenzen 12 has researched 

diamond mining and the development of the diamond trade, and numerous 

authors63 have examined the history and lore associated with specific 

stones. Nassau and Nassau, and Bridgman64 wrote on the development of 

synthetic diamond through the early years of low pressure diamond growth. 

Later developments are summarized by DeVries, Seitz, and others65. I will 

only touch upon a only few points related to the development of diamond 

synthesis, and defer to these authors for their more complete histories. 

High Pressure Processes 

Lavoisier and Tennant66 showed that diamond was composed solely 

of carbon in the late 1700's. 

Since diamond is denser than graphite, this identification brought 

immediate interest in application of pressure to carbon to replicate the 

natural phase change. Lack of repeatability has relegated most attempts to 

obscurity, but a few such attempts remain somewhat notable. 

In 1880 Hannay placed organic oils and lithium in sealed wrought 

iron tubes, which were then heated in a forge. Of the eighty trials made, 

only three did not explode. Those tubes contained residues with a density 

comparable to diamond. Attempts by Parsons to reproduce the studies 



proved fruitless, but the diamonds remained on display in the British 

Museum until 1943, when they were reexamined by X-ray diffraction. The 

analysis confirmed that they were, in fact, diamonds, convincing 

mineralogist Kathleen Lonsdale that Hannay's work was reputable. 
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However, questions remained due to some known indiscretions on Hannay's 

part, noted by Lord Rayleigh. More recent examinations of the absorption 

spectra of the stones, by Collins, has proven that they were actually natural 
. .. 
In oTIgIn. 

In the 1890's, Moissan dissolved carbon in liquid iron and rapidly 

cooled the crucibles in water. His intention was that cooling the iron from 

the outside to the center would compress the carbon and allow diamonds to 

form. Parsons tried to duplicate these experiments as well, again with no 

success. He later learned from Moissan's widow that one of his assistants 

had dropped diamond fragments into the crucible in an effort to "please the 

old man" and avoid the tedium of the experiments. 

The first real steps forward were taken by Bridgman. His most 

important advances can be seen in the design of the "Bridgman Anvil". 

Foremost among them, and still of primary importance in modern press 

designs, is the unsupported area seal. Initially made of catlinite (pipestone), 

and more recently constructed of pyrophyllite, it has the property of 

adhering well to the tapered anvils without extruding beyond them. The 

anvils are tapered columns of cobalt-bonded tungsten carbide that are, by 

themselves, incapable of surviving stresses of greater than one million psi. 

Collapse is prevented by the support of steel rings that are placed around 
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the anvils while hot and cooled to provide supporting compression. This idea 

of massive support is Bridgman's other major contribution. 

Bridgman, worked with a consortium of General Electric, Norton 

Companies, and Carborundum to study diamond synthesis in 1941. The 

effort never succeeded in surpassing half a million psi at 1000-3000oC, and 

was ultimately suspended due to the war. 

Bridgman Anvil 
o Unsupported Area Seal 
II Pyrophylite Gasket 

Hall Belt Press 
•• 0 Support Rings 

!WI Tapered Anvils 

Figure 2-1 Bridgman Anvil and Hall Belt 
Press designs for providing high pressure 
environments. 

A new high pressure group was formed at General Electric, without 

Bridgman, in 1951 consisting of Bundy, Strong, and Nerad. By 1953 they 

had been joined by Hall, Wentorf, Cheney, and Bovenkerk, and Hall's "belt" 

press had been built. The belt press continued to employ the non-extruding 

gasket and massive support, but introduced strongly tapered pistons and 
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external support for the gasket. The apparatus was ultimately shown to be 

capable of 3 million psi and 50000C. Over a 15 day period, in December of 

1954, Hall managed to repeatedly produce diamonds in the press, with 

independent confirmation provided by Woodbury shortly thereafter. Several 

months were spent examining the procedure, and the announcement was 

made under the names of Bundy, Hall, Strong, and Wentorf67 in 1955. The 

details of the process were withheld under a government secrecy order until 

they were published in 195968. 

A Swedish group, it was later learned, at Allmanna Svenska 

Electriska Aktiebolaget (ASEA) had synthesized diamond in 1953, but had 

elected not to make the discovery pUblic69. 

In 1961 DeCarli and Jamieson introduced shock wave synthesis. 

Through the use of explosive charges, temperature and pressure moved into 

the diamond stable portion of the phase diagram. However, technical 

problems arose due to the transient nature of the shock wave. While the 

instantaneous pressure of the shock wave may exceed 5 million psi, and the 

temperature 1000oC, the thermal energy of the system is not dissipated as 

rapidly as the pressure. Carbon in the system will all be converted to 

diamond under these conditions, but it will convert back to graphite unless 

the heat is removed while the pressure is still high. The problem was solved 

by mixing the graphite with copper powder and shaping the explosive 

charge to focus the pressure wave on the area of interest. Through this 

procedure the copper can remove the thermal energy before the pressure 

drops and the diamond is converted again to graphite. 
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Processes Under Metastable Conditions 

In the 1790's, while Tennant was busy burning diamonds and 

impressing people with the possibilities of applying pressure to soot, 

Thompson was supervising the boring of cannons in Munich and coming to 

the conclusion that caloric, was not, in fact, conserved. The understanding 

that heat was not transferred by this invisible "fluid" triggered much to our 

current understanding of thermodynamics, and contributed greatly to the 

industrial revolution. The world remained oblivious of any possible 

connection between these two events for many years. 

The thermodynamic considerations of chemical reactions were 

brought to light by W.J. Gibbs in a series of papers published between 1873 

and 1878. Though the importance of this work went unrealized by the 

majority of the scientific community until after his death in 1903, he seems 

to have been content to let time prove the worth of his efforts. This indeed 

occurred, and in 1938 a group including Frederick Rossini published a 

thermodynamic analysis of the stability of diamond 70. 

Concurrent with these efforts, several German scientists are recorded 

as the first attempting to grow diamond from gaseous precursors. In 1911 

von Bolton reported success through the decomposition of illuminating gas 

(acetylene). The experiment was performed on diamond seed crystals in the 

presence of mercury vapor, over a period of three weeks, at 100oC. Ruff 

duplicated some of these conditions for shorter periods of time, up to 14 

days, and experimented with higher temperatures, carbon arcs and 

additional source gases. He, however, did not claim success. Tammann, the 
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last of these early workers, reported in 1921 on experiments with mercury 

vapor and various carbon based gases. His work showed the formation of 

several carbons with a range of densities between 2.3 and 2.5 g/cm3 that 

showed no evidence of crystallinityt. He also produced one of the earliest 

carbon phase diagrams. 

I am inclined to believe that those following Tammann in the early 

1900's would have been doubly discouraged by his lack of success and by a 

growing understanding of Gibbs' work. There were many who doubted the 

possibility of diamond growth under conditions where it was not "stable" as 

recently as the early 1980's. It may well be that Gibbs posthumous acclaim, 

while hastening the success of high pressure diamond growth, set back 

research in gas phase deposition. 

Eversole, at the Union Carbide Corporation beginning in 1949, is said 

to have succeeded at growing diamond from CO, CO2 mixtures in November 

of 1952. Further investigation and repetition continued through October of 

1953. While this work does predate the General Electric announcement, 

confidence in the results can be measured by the delay in publication. The 

work is first described in a 1956 report, subsequently cited in 1962 

patents71 . Perhaps the delay was due to an encounter with someone who 

knew of, but did not yet completely understand, the role of thermodynamics 

in phase stability. The renewal of interest may have been sparked by the 

t Bragg diffraction having come to notoriety in recent years. 



description of deposition under metastable conditions as a possible, but 

unlikelyt, scenario by Bridgman in late 195572. 
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In 1956 Deryagin and Spitsyn* examined the possibility of metal

catalyzed vapor-liquid-solid (VLS) growth for the production of diamond 

whiskers. In processes of this type a thin layer of liquid metal coats a seed 

crystal and source material is supplied from the gas phase. At the time 

nickel and platinum were still thought to playa catalytic, rather than the 

solvent role in the formation of high pressure diamond that is now accepted. 

Low level interest continued, with Deryagin continuing his work and 

inspiring interest by Angus 73. Acceptance was hampered by the difficulties 

of confirming the growth of new diamond. At the time, X-ray diffraction was 

the only accepted method of identification. The use of diamond seed 

crystals, combined with the necessity oflong measurement integration 

times, made confirmation of new growth difficult, if not impossible. 

Skepticism was further justified by the Soviet habit of publishing results 

without sufficient detail for duplication and Deryagin's previous, never 

confirmed, claims of having observed "polywater", a new solid form of 

t The precise wording was: 

The possibilih) that diamond may be formed as an unstable phase 
under condltions where "nascent" (uncombzned) carbon is liberated 
makes it impossible to rule out the chance of accidental success. Thus I 
could never say to the hopeful amateur who walked into my office: "Your 
process certainly will not work." ... Many geolo¥ists and mineralogists 
have been of the opinion that diamond is 10rmed zn nature under 
unstable conditions, which would mean that it might be a matter of 
anybody's lucia) guess to find the proper conditions. 

* Also transliterated as DeIjuagin and Spitzyn. 
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watert. These claims had previously sparked a great deal of interest in the 

United States. 

Pump Line 

Qill Diamond Powder 

• Furnace 

Gas Inlet • Pointer 

Figure 2-2 Deryagin CVD apparatus 

By the early 1970's growth was accomplished by flowing methane 

over diamond grit in a vacuum oven (Figure 2-2). Gradually a shift from 

diamond to graphite growth occurred. Graphitic material was then be 

etched with oxygen or hydrogen, before diamond growth was resumed in a 

two-stage process. During the next few years, it became clear that adding a 

few percent of hydrogen to the methane source gas improved diamond yield, 

bringing growth rates up to -O.lJ,Lm per hour. By 1978, Vickery of Diamond 

Squared Industries had patented a one step process that used 95% hydrogen 

and 5% hydrocarbon in the presence of platinum and palladium. Growth 

rates, however, remained low. Curiously, the metals were still referred to as 

t Announcements of which may have inspired Kurt Vonnegut Jr.'s stories 
about "Ice Nine". 
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catalysts, even though their true role as solvents was understood in the high 

pressure community for quite some time. 

While the scientific community of the United States remained 

skeptical, the evidence was sufficient to inspire the formation of a well 

funded low pressure diamond study group at Japan's National Institute for 

Research in Inorganic Material (NIRIM) in 1974. In 1982 this group, 

including Matsumoto, Sato, Kamo, Setaka, and Tsutsumi ,gained notariety 

by publishing a series of papers explaining techniques that produced 

diamond at rates of several microns per hour74. The methods described used 

hot filaments, and microwave or DC plasma discharges in mixtures of 

hydrogen containing 1% methane by volume. Notably, in addition to the 

high rate of growth, they produced diamond on non-diamond substrates. 

In the United States, this success triggered an upsurge of interest 

that fed on fears of Soviet military and Japanese technological superiority. 

Since before Reagan's 1980 election, military funding for research had been 

on the rise, and his March 1983 announcement of the Strategic Defence 

Initiative (SDI or "Star Wars") soon redirected still more of those dollars in 

the direction of diamond research. While it took some time for most of the 

Americans to "tool up", many programs were in full swing when it was 

disclosed, in May of 1987, that the Toshiba Corporation had sold technology 

related to the manufacture of submarine propellors to the Soviets. The 
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subsequent round of "Japan bashing" can only have encouraged funding of a 

field where the Japanese were the acknowledged leaders. t ,* 

From a practical standpoint, vapor deposition draws much interest 

from its potential cost effectiveness. Cost reductions result from lower 

investment in capital equipment, and reduced post-processing time; gas 

handling equipment and vacuum pumps cost far less than high pressure 

chambers. High pressure diamond must be extracted from its solidified 

metal solvent, while vapor deposited diamond can be removed directly from 

the deposition chamber. The energy required for gas excitation works 

against the financial benefits, though a better understanding of chemical 

t Japanese industrial solidarity is made evident by some of the details of 
this incident. Congressional action seemed inevitable against 
Toshiba, in the form of a ban on exports to the US by that 
manufacturer. This, in itself, would have had little effect on the 
economy of the US or Japan. Toshiba held only a small percentage 
of the computer memory chip market controlled by the Japanese 
and supplying the US microcomputer industry, which was 
booming at the time. But Toshiba's competitors in the field not 
only refused to pick up the slack in the market, they threatened to 
cut off the supply entirely! So, while many US lawmakers were 
busy mouthing anti-Japanese platitudes to the people, they were 
often lobbying to prevent sanctions! Sanctions were also impeded 
by deals in the works with the Japanese government. Japan had, 
at the time, just agreed to pick up half of the billion dollar a year 
tab for civilian employees on US bases in Japan. 

* It is curious to note that while the majority of Americans do not take 
"Japan bashing" seriously, the Japanese themselves seem fixated 
on it. A story about an anti-Japan rally that is buried in the back 
of a minor American newspaper will often rate the front page of 
major Japanese dailies. A book like The Coming War with Japan that 
fails miserably on the shelves of US bookstores will be a best
seller in Japan. Indeed, if we were to judge from the number of 
such books prominently displayed, US-Japanese foreign relations 
would be a shambles. 
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processes may allow reductions in this factor. Gas deposition also allows the 

coating oflarge and complex objects, a feature unavailable to high pressure 

processes. 

Recent Events 

Mter the NIRIM papers were published in 1982, development 

proceeded along several fronts. 

Figure 2-3 RF plasma configurations: a) 
Induction b) Parallel plate 

For a while it appeared as if the means of plasma excitation might be 

more or less irrelevant, but such was not the case. A large variety of 

configurations and excitation mechanisms were tried over the next few 

years. Attempts to grow diamond using RF excitation were frustrated, in 

spite of success with microwave and DC discharges. Ultimately diamond 

was obtained with an inductive configuration and 600-1,000 watts of power, 

though the parallel-plate configuration (Figure 2-3) has, for the most part, 

been abandoned75. Notable among other configurations were plasma 

torches, achieving growth rates of 900 11m per hour76, and the use of simple 
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welding and cutting torches 77 to produce diamond with surprisingly low sp2 

content. Still other methods, such as laser excitation 78, and ion 

deposition79, produced a variety of interesting amorphous carbon forms 

without actually producing diamond. 

Through modeling or analytical techniques 80, the distribution of the 

chemical components within plasmas have been, and continues to be, 

examined. The goal is to identify "the" species responsible for diamond 

growth. Attempts to resolve inconsistencies in the distributions determined 

by different techniques are hampered by the variety of conditions that can 

successfully produce diamond. Few researchers can be said to be working 

under identical circumstances. In addition, the identification of radical 

species, and atoms in transient excited states is difficult. 

Mter NIRIM's series of publications, it was generally acknowledged 

that high monatomic hydrogen concentrations, rather than metallic 

"catalysts", played the crucial role in allowing diamond growth, though the 

precise nature of that role was not clear, and remains so. Since that time 

various ingredients have been "added to the pot" in what Andrezej Badzian 

calls the "cook and look" approach to diamond research81. An improvement 

in growth rates was achieved through the use of alcohol and acetone82, 

hydrocarbons containing oxygen, rather than methane. Adding oxygen or 

water to the initial CH4-H2 mixture produced similar results75. The 

necessity oflarge hydrogen to carbon ratios was brought into question by 

studies that eliminated H2 addition, leaving only the hydrogen attached to 

the carbon bearing species83. More recently halocarbons have been applied 



to diamond growth84, though successful systems still have more hydrogen 

than carbon present in the system. 
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Having determined the presence or concentration of a species of 

interest in the plasma, models of possible reactions on crystal faces of 

different orientations can be studied85. Those species which can be attached 

to the surface, ending in a net decrease in the Gibbs free energy, are 

possible candidates. Unfortunately, the dynamics of the charge clouds about 

atoms, critical to an understanding of covalent bonds and hybridization, are 

not well understood. A particular weakness is the transfer of charge at 

interfaces, as in the case of adsorption. This process is also critical in an 

understanding of corrosion, battery and fuel cell reactions, and improving 

solar cell efficiency. It is, therefore, the subject of much investigation, and 

we can expect eventual, if grudging, advancement in this area. 

The initial stages of diamond growth, on diamond and non-diamond 

surfaces, strongly influences the developing structure of the crystal. If we 

are to grow good quality single crystal diamond we must insure that new 

growth remains appropriately oriented to the existing diamond lattice. The 

issue of this "epitaxial", or properly oriented, growth is important on non

diamond substrates as well. Ifwe are ever to produce diamond wafers tens 

of centimeters in diameter, we are unlikely to find a natural diamond 

substrate that will suit our needs, unless of course, we make it ourselves. 

In polycrystalline growth, the orientation of new growth may be 

irrelevant, but the rate of site formation, of these new, randomly oriented 

growth sites, can have a dramatic effect on the size distribution of 
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crystallites within the film. The study of these early stages of growth will 

become more critical once we understand the reaction sequence leading to 

continued growth, but the field is already receiving significant attention86. 

The potential application of diamond technology to electronic and 

electro-optical devices have inspired additional work. Some simple, single 

element, devices have been constructed87, though the work is hampered by 

the lack of an n type dopant. Efforts to study and control defect formation 

and the uniform application of dopants continue88. Microfabrication 

methods, the use of selective deposition and etching to create micron scale 

structures for these devices, are also under development89. 

Strongly related to microfabrication is the polishing of diamond. CVD 

diamond, as it is presently grown, is polycrystalline. In optical applications 

this leads to scattering at grain boundaries, and total internal reflection at 

high angle facets on the surface of the filmt. The reduction of surface 

roughness would remove the surface reflection component which dominates 

the reduction of transmittance through these films. 

Prior to 1989, diamond was polished with a rotating flat disk and a 

diamond grit impregnated cloth. Progressive reduction of the grit diameter 

results in a smoother surface. A reduction in surface roughness and an 

increased rate of material removal came with Yoshikawa's application of 

carbon's solubility in iron to the problem90. The surface is held against a 

t See 1.4 APPLICATIONS: Optics. 
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rotating hot iron plate in a vacuum chamber. At present, carbon saturation 

of the near surface region of the plate is impeding still higher removal rates. 

Another technique applied to the problem is the removal of rough 

surface material through ion bombardment91. One might think that high 

energy ions, incident from a high angle, would remove the high points on 

the surface. In fact, as material is removed, the surface roughness remains 

unchanged, with the low areas having as much material removed from them 

as the high ones. By filling the gaps in the surface with another material 

that has the same etch rate as carbon, the surface is "planarized" and high 

points are selectively removed when the planerizing layer is etched from the 

surface. Results have been promising, but no technique has yet achieved 

surfaces of sufficiently high optical quality. 

Another question being considered is how to scale processes for the 

coating large items, like fry pans or two foot diameter pipe, and to mass 

produce small elements92. In particular, we must provide a uniform 

concentration of the species influencing growth, over a large area, as well as 

uniform heating, and control other parameters that influence growth. In 

better understood reactions this involves complex numerical analyses of gas 

flow, combined with a knowledge of the time development of related 

reactions. Alternatively, one can simply try something that already works, 

on a larger scale, and hope for the best. 

In the midst of all this recent attention to CVD, high pressure 

diamond research has intensified. The marriage between these two 
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technologies permitted researchers at General Electric to produce the first 

single crystal diamonds with exceptionally low C13levels. These new 

diamonds have by far the highest thermal conductivity yet measured in any 

materialt . While we await the coming of age of vapor deposited diamond, 

high pressure growth may still surprise us. 

It is far too early to tell which, if any, of these papers will be 

considered milestones in the years to come. There is still much to do before 

CVD methods produce large single crystal diamonds. Yet, development does 

not appear to have stagnated. Gem grade single diamond crystals were not 

produced with high pressure processes until some fifteen years after the 

first GE announcement. We can certainly expect a comparable amount of 

time to be spent in the CVD field before that objective is again achieved. 

2.2 FUNDAMENTALS OF FILM AND CRYSTAL GROWTH 

Certain aspects of film and crystal formation are common to all such 

processes. The following section will identify those similarities, and attempt 

to point out differences in processes and procedures. 

The fundamentals are the same whether we consider growth from a 

vapor or liquid phase. The differences are essentially the result of flow 

dynamics. High pressure and temperature diamond growth is often 

t See 1.3 PROPERTIES OF DIAMOND: Thermal Properties. 
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performed with the aid of a liquid metal solvent and can be considered the 

liquid phase analog of the gas phase processes we will examine. 

Figure 2-4 Stages of a growth process a) 
Generation b) Gas phase transport c) 
Boundary layer transport d) Adsorption e) 
Surface transport f) Incorporation g) 
Desorption and transport of byproducts 

One must consider several stages in the condensation processes that leads 

to growth: 

• Generation of reactants 

• Transport of the reactants 

• Adsorption 

• Nucleation 

• Incorporation 

• Transport of reaction bypro ducts away from the surface 
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Non-Equilibrium Processes 

Film growth is, inherently, a non-equilibrium process. If the system 

were at equilibrium no material would be transferred from a gas to a solid 

phase. Driven by thermodynamics, it is an attempt to minimize the free 

energy of the "system", encompassing the gas, surface, and bulk material 

within the film. The free energy of the gas and solid can be written in terms 

of the temperature T, the entropy S, the pressure P, the volume V, the 

chemical potential J..l, and N, the number density of atoms, as: 

U = TS - PV + J..LN 

The surface has its own free energy which includes terms for surface 

tension, stress tensors, and strain tensors. The relationships between these 

quantities comprise the field of chemical thermodynamics, and are treated 

in texts by Atkins! and Zangwi1l93. 

It can be shown that an excess of a reactant, product, or an inert 

buffer gas can drive a reaction in a particular direction94. The direction of 

the reaction, and its rate, can be influenced by the pressure and 

temperature of the surroundings as well as the relative quantities of 

reactants present. The presence of a catalyst can influence the rate of 

reaction, but not the direction or the extent to which the reaction will 

proceed ifleft to reach equilibrium. 

The amount of excess reactant driving the reaction and the relative 

location of the equilibrium point are characterized by a quantity known as 

the "supersaturation", 0', a quantity proportional to the change in chemical 
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potential from an equilibrium point and inversely proportional to the 

temperature of the system. All the "forces" driving a reaction can be written 

in terms of a chemical potential. 

Thermodynamic calculations that assume equilibrium, determining 

how a reaction will proceed through minimization of energy95, can be very 

accurate if the system is near the equilibrium point and the choice of 

available reaction paths under study are correct. 

Generation of Reactants 

To produce uniform growth, we desire a flow with an even spatial 

distribution of material. This is often accomplished by evaporating, 

sublimating, or sputtering material. Evaporation and sublimation involve 

heating the solid source material until a phase change occurs. The resulting 

concentration gradient will then drive the gaseous material towards the 

substrate where growth occurs. 

Sputtering uses mechanical energy to accomplish the same result, 

replacing the thermal energy of evaporation. A magnetron in the vicinity of 

the source material strips electrons from a "working gas", typically argon, 

that has been admitted to the chamber. The magnetic field also accelerates 

and concentrates the electrons, driving them along spiral paths and 

increasing the number of collisions between electrons and the working gas. 

This produces still more ions which ballistically eject atoms or small 



clusters of atoms of source material into the gas phase with a higher 

average velocity than thermal sources provide. 
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One potential drawback of this system is the working gas itself. Since 

it fills the chamber completely, it raises the pressure in the chamber, which 

can adversely effect the results. The working gas also comes into contact 

with the deposition surface and can initiate unwanted reactions, or be 

incorporated. 

While either sputtering or evaporative deposition can provide a 

reasonably uniform spatial distribution, both impose wide angular and 

velocity distributions on the source material arriving at the surface. These 

ranges can be narrowed significantly through the use of an ion gun source. 

There are several configurations for ion gun use. One seeks to 

address the increased chamber pressure associated with the working gas. 

The ion gun encloses a magnetron and partially encloses the working gas, 

which is leaked into the barrel of the gun. Since the gun is partially 

enclosed it can contain the higher pressure needed for ion generation while 

the low deposition chamber pressure is maintained. Within the gun, argon 

ions are generated as before, but are accelerated out of the gun and focused 

by a grid arrangement. The departing ions now have a uniform velocity97. 

If the ions left the gun at this point their charge would cause them to 

repel one another, introduce an angular distribution, and dilute the beam 

current at the target of the gun. To alleviate this problem, a hot filament 

follows the acceleration grids and generates free electrons. These then 
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neutralize the ions before they leave the vicinity of the gun. For this reason, 

ion guns are sometimes referred to as "neutral ion", or "neutralized ion" 

guns. 

The well defined beam of working gas atoms is then directed at the 

source material. This "ion sputtering" permits the benefits of energetic 

source material in a clean, low pressure, deposition environment. The same 

type of source can be used to bombard the substrate during evaporative 

deposition. Argon ions are often utilized to compact the columnar film and 

reduce porosity mechanically in a process known as "Ion Assisted 

Deposition", or lAD. When lAD and ion sputtering are applied in 

conjunction the process is referred to as "Dual Ion Beam Deposition", or 

DIAD. 

Carbon ions of uniform energy have been extracted from carbon arcs 

with grid systems, and through the design of cylindrical cathodes97. These 

sources have provided for the direct deposition of carbon clusters with a 

known kinetic energy. Uniform beams of carbon ions have also been 

produced using guns based on hollow cathode technology98. 

While there is no complete agreement on terminology, growth 

processes utilizing the sources above can be classified as Physical Vapor 

Deposition, or PVD. Other gases may be present and play mechanical roles, 

as in the case of ion bombardment, or acting as an inert diluent. 

Codeposition, a subclass of PVD, uses two or more such sources to deliver 

multiple film constituents to the substrate simultaneously. 
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Chemical Vapor Deposition, widely used in the electronics industry, 

employs additional gases that will not be incorporated in the film. Unlike 

diluents, they play an active role in the deposition process, by reacting to 

form products that subsequently deposit on the substrate, or reacting 

directly with the substrate to cause deposition. Their contribution is also 

unlike that of bombarding ions, which supply energy. These gases either 

facilitate the transport of the desired components or influence the structural 

formation of the film. 

A common type of CVD is pyrolytic decomposition. Here gas 

molecules flow to the surface and are adsorbed. The substrate is so hot that 

a phonon from the substrate encountering these molecules causes them to 

decompose. Typically, the more massive part of the molecule is left on the 

substrate as a deposit, while the lighter constituents quickly return to the 

gas phase. A lower temperature deposition process applies a UV lamp to 

trigger photolytic decomposition. 

I depart slightly from the usual convention by describing Reactive 

Vapor Deposition as a point midway between the extremes of CVD and 

PVD. One material is evaporated, or sputtered, in the presence of a reactive 

background gas. Reaction in the gas phase is not a precursor to deposition 

and is uncommon, due to the long mean free path in the vacuum 

environment. However, unlike CVD, all the atomic components present are 

adsorbed and incorporated into the film, the higher surface concentrations 

facilitating the reaction that was unlikely in the gas phase. This is often 

referred to as "reactive sputtering" or "reactive evaporation"99. 
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Unfortunately, deposition processes are usually characterized by the way in 

which the source material is mobilized, diminishing the importance of the 

reaction processes at the substrate, or lack of them. 

While the reactions in RVD are spontaneous, and limited to the 

surface only by the low concentration in the gas state, there is another class 

of CVD processes that, like pyrolytic decomposition, requires an outside 

source of energy. Plasma Assisted CVD, or Plasma Enhanced CVD, either 

strips off outer shell electrons or excites them to a higher energy level, 

leaving the source gas in a reactive state. This generation of reactive 

precursors can also be accomplished by chemical means with multiple 

source gases. The reactions that produce the growth species need not occur 

in the gas phase. Adsorption on the surface concentrates the reactants, 

which makes the reaction possible or provides a catalytic effect that 

increases the rate to a reasonable level. 

Transport of Reactants and Byproducts 

If the environment is homogeneous between the reactant source and 

the substrate surface, then the rate of the deposition reaction system may 

be limited by precursor supply. Generally, this case will occur in a low 

pressure deposition system where the mean free path is large relative to the 

size of the chamber, and the rate of precursor creation is slower than the 

rate of incorporation. At higher pressures though, diffusion of the source 

gas, through itself or reaction byproducts, will govern the transport rate, 

and the rate of supply. In the case of a closed system, this will result in 
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depletion of the precursor species in the space above the substrate. This can 

be prevented, to some degree, by flowing fresh material through the system. 

If the incorporation reaction outpaces the rate at which new material 

is supplied, a depletion, or boundary, layer can develop. In such cases, the 

growth rate is limited by the rate of diffusion of new material through this 

region. It is difficult to define a "thickness" for this layer, since the 

transition is not abrupt, and while the concentration gradient between the 

surface layer and homogeneous region is often modeled as linear, this is 

seldom the case. Boundary layers also develop under flow, where stagnation 

occurs at the surface because of viscosity. 

Figure 2-5 Boundary layer develops as a 
gradient in gas flow velocity normal to the 
surface 

The subject can be further confused by the existence of a variety of 

boundary layers. Different species will have different concentration 

gradients between the surface and bulk gas. Temperature gradients will 

also exist and be difficult to model if the local gas composition is not well 



understood. Indeed, the "temperature" of the substrate itself is difficult to 

define, if not meaningless outside of the need for reproducibility. 

Fast reactions can be slowed by an excess of reaction products as 

well. An incorporation reaction, limited by inefficient diffusion of the 

byproducts away from the surface, will slow, approaching equilibrium 

supersaturation. The concentration gradient of bypro ducts is a boundary 

layer. It too may lead to diffusion limited growth. 

Adsorption, Desorption and Surface Mobility 
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Surface mobility provides an additional, and important, transport 

mechanism. For a low defect density crystal to grow, newly adsorbed atoms 

must find their way to appropriate lattice sites where they can be 

"chemisorbed", or strongly adsorbed, with the desired coordination. The 

probability of a gas atom or molecule finding a favorable site is much lower 

by precise impingement than if it is constrained to move about on the 

surface. 

Surface mobility is intimately tied to the processes of adsorption and 

desorption. Gas phase species strike the growth surface and are weakly 

adsorbed or "physisorbed". In a high temperature, or sputter mediated 

deposition process, the adsorbed species has a considerable excess kinetic 

energy. Without some mechanism for removing that energy the adsorbate 

will go through less than one oscillation of its weak bond to the surface 

before desorbing, appearing to be specularly reflected from the surface. If, 
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however, the component of kinetic energy normal to the surface excites a 

lattice phonon to carry the energy away, then the adsorbate may stay on the 

surface for a much longer time and have sufficient remaining energy in 

transverse modes to allow it relatively free motion on the surface. 

Physisorbed species have a finite surface lifetime. If the adsorbate is 

not chemisorbed and incorporated into the film during that lifetime it will 

desorb from the surface with a trajectory independent of its incident path. 

This desorption process is, in effect, the reverse of the phonon excitation 

that allows high energy species to be adsorbed in the first place. Here a 

phonon reaches the surface and its energy is carlied off as kinetic energy in 

a desorption reaction. The mean lifetime 't is given by the Arrhenius 

relation: 

where Ea is the adsorption energy, T the temperature of the substrate, and 

Vo is a rate constant on the order of 10-13 seconds-1 at room temperature. If 

the growth precursor has a long lifetime and is highly mobile, the likelihood 

of single crystal growth is greatly increased. 

Duling the lifetime of the adsorbate on the surface, energy is 

interchanged between the surface and the adatom. The extent to which this 

occurs is given by the accommodation coefficient ex. which is given in terms of 

the substrate temperature, and the IItemperaturell of incident and desorbed 

atoms. 
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Strong interaction between the adsorbate and the growth surface yields an 

accommodation coefficient of one, as the desorbed atom becomes 

indistinguishable from one that originated on that surface. 

Nucleation 

Nucleation is at once necessary, and one of the most frustrating 

processes in crystal and film growth. Continued growth requires the 

existence of strongly bonding sites with the appropriate coordination for 

incorporation. Without such sites, physisorbed adsorbates would reside on 

the surface for a limited time, only to later desorb. If all the available sites 

are filled, without the creation of new sites, growth will cease. Nucleation 

provides a way out of this dead end. 

The stability of small clusters of atoms increases with size, the 

smallest almost certain to break apart, the larger forming the basis for 

continued growth. Between, there is a critical size where the cluster makes 

the transition from instability to stability. If, through random interaction of 

physisorbed species, a stable cluster forms, this "nucleation site" provides 

the necessary strong adsorption site for continued growth. 

Since corners provide higher coordination sites, the adsorption forces 

at lattice faults and contaminant sites will be stronger than at other 

locations on the surface. The probability of a critical nucleus forming at 

these sites is therefore greater. The likelihood of stable nucleus formation is 
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also enhanced by the presence of a high supersaturation and high adsorbate 

surface mobility. 

The unfortunate consequence of nucleation is that it rarely occurs at 

only one point on the surface at a time. A single stable site would allow 

monocrystalline growth over the surface. The growth might not be uniform 

but the likelihood of introducing faults is lower than if growth from one site 

impinges on growth from another. Even this is tolerable if the substrate 

imposes a rigid orientation on growing islands, but a failure in lattice 

match, where two islands collide, will frustrate single crystal growth. 

2.3 CONVENTIONAL WISDOM OF CVD DIAMOND 
GROWTH 

Conventional wisdom is a belief, pervasive throughout a community, 

that is accepted on the basis of a few bits of disorganized evidence. Contrary 

to what most people think, science runs on conventional wisdom, not cold 

hard facts. This is not to be denigrated. Ours would be a slow pace indeed, if 

we based our research solely on well documented facts that had been 

repeatedly confirmed. It is, however, important to recognize this intuition as 

precisely what it is, and no more. This section will review the often repeated 

mantras of vapor deposited diamond and some of the scattered facts that 

lead us to accept them. 

The addition of hydrogen to methane, the carbon source gas, made 

the difference between earlier, two-stage, processes and one stage processes. 
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When the amount of hydrogen was increased to 95% by volume, and hot 

filament radical generation was introduced, diamond growth rates jumped 

by an order of magnitude. Radicals are molecules in a highly reactive state. 

They can consist of entire molecules with electrons moved from the ground 

state to higher levels, or fragments of molecules that have an empty ground 

state orbital, a dangling bond. The empty lower orbitals provide the added 

reactivity. The radicals may be ionized or electrically neutral, but this has 

only a minor effect on reactivity. The common features of hot filament and 

microwave plasma processes, large amounts of hydrogen and carbon radical 

generation, rapidly became the focus of efforts to understand diamond 

growth. 

Diamond Growth 

Recipes for diamond growth usually include certain common 

elements. A hydrogen:hydrocarbon gas mixture is pumped through the 

chamber at a pressure on the order of 20 to 50 Torr. The identity of the 

hydrocarbon is not critical; methane, ethane, acetylene, and acetone have 

all been used effectivelyt. Substrate temperatures are on the order of 700-

1100oC. A great deal of effort has been expended to lower deposition 

temperatures for reduced stress and substrate damage. Generally diamond 

growth does not occur above 1200oC. 

t Naval Research Lab workers were successful at using waste gas from an 
all too nearby sewage treatment plant, as well as a can of Black 
Diamond beer. Japanese workers seem to prefer diamonds grown 
from saki. 
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Figure 2-6 Radical generation through 
hydrogen de-excitation 
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It is assumed that the increase in growth rates with gas excitation is 

related to the generation of a carbon radical that permits diamond growth. 

Carbon radicals are generated through electrical or thermal excitation by 

means of an electrical discharge or hot filament. They can also be generated 

in a hydrogen de-excitation process. The second process can be promoted 

with a configuration that introduces the carbon species after hydrogen 

excitation100. 

The precise reaction path leading to the growth of diamond has been 

the subject of heated debate. The two primary contenders for the coveted 

title of "growth species" are reactive forms of methane and acetylene that 

have lost a hydrogen atom in the excitation process101. Hydrocarbon ions 

are generally eliminated by noting that few ions are generated in the hot 

filament process. Reactions at the surface may require the presence of one 

or more dangling bonds, or may be hydrogen mediated, in whole or in part. 

A hydrogen mediated reaction leads to a bond involving an orbital that was 
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bonded to a hydrogen atom when the reaction began. The hydrogen atom is 

"squeezed" out in the course of the reaction. The possibility that the growth 

species is a function of process conditions has been discussed 102. 

Hydrogen and the Diamond Surface 

Examination of a model [111] diamond surface shows the presence of 

unresolved sp3 bonds normal to the surface. The presence of these dangling 

bonds was expected, as early as 1964, to result in electronic states between 

the valence and conduction bands103. Such states were, however, not 

observed. 

Figure 2-7 Unreconstructed [111] diamond 
surface: dangling bonds normal to the 
surface are terminated with hydrogen. 

Low energy electron diffraction work (LEED) by Marsh and 

Farnsworth in 1964104 used a hydrogen background gas during high 

temperature cleaning of the crystal. They found that it prevented 



development of fractional diffraction orders, allowing them to observe a 

clear 2x2 or 2xl surface structure t. 
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Soon after, Lander and Morrison105 noted that heat cleaning the 

surface in ultrahigh vacuum resulted in a sharper 2x2/2xl structure, while 

exposure of the hot surface to hydrogen produced a lxl pattern. Lurie and 

Wilson106, attempting to duplicate Lander and Morrison's work in 1977, 

were able to observe the 2x2/2xl pattern when heating the sample in a high 

vacuum but were unable to regain the lxl pattern by exposing the heated 

surface to hydrogen. 

Over the next few years it became clear that, as with silicon 107, the 

surface of diamond interacts with monatomic hydrogen, H·, but not with the 

molecular form, H2 108. Pate, in a retrospective, noted that monatomic 

hydrogen could be traced back to filaments in the heating systems of Lander 

and Marsh, while Lurie and Wilson had used resistive heating in their 

experiment49. 

mtimately low-energy, high-resolution electron energy loss 

spectroscopy (HREELS) verified direct hydrogen termination of the bonds in 

the lxl surface configuration that corresponds to the bulk configuration. By 

heating the surface to about 1000oC, reconstruction to a 2x2/2xl surface 

pattern could be obtained, and, as with earlier experiments, exposure to 

monatomic hydrogen could be used to regain the lxl surface state109. 

t Several 2xl ordered regions on the surface, of different orientation, 
physically separated, can produce the same LEED pattern as a 
single 2x2 ordered surface. 



Monatomic hydrogen seems to stabilize the diamond structure at the 

interface during growth. 

102 

Monatomic hydrogen also reacts with the hydrogen terminating the 

diamond lattice, removing the hydrogen from the surface and creating 

dangling bonds on the surface in the process. This is possible because the H

H bond energy is higher than the energy of the H-C bond, making this an 

exothermic event. This is thought to be important because the H-C bond is 

stronger than the C-C bond desired in growing diamond, and the 

chemisorption of carbon radicals is prevented by hydrogen termination 110. 

Hydrogen's Effect on Growth Rates 

Another possible role of hydrogen is an extension of the earlier 

techniques. Two step processes had a growth step that produced diamond 

and graphite and a second step, often applying hydrogen to the hot diamond 

surface, that removed more graphite than diamond. In the one step process, 

it is thought that both growth and etching reactions occur 

simultaneously11l. This explanation for the success of diamond growth 

assumes that the graphite etch rate exceeds the graphite growth rate, 

resulting in a net graphite loss. In contrast, the diamond etch rate is slower 

than the diamond growth rate. Each of these processes would be the result 

of a different chemical reaction. 

Hydrogen can also affect growth rates through the nucleation rate. 

Small three dimensional nuclei or two dimensional islands that form 

through random interactions of physisorbed carbon atoms are less stable 
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than larger islands. In the case of sp3 bonded nuclei, stability is increased 

when surface energy is reduced. Hydrogen termination of bonds on the 

surfaces of these nuclei provide such a reduction. Thus centers of diamond 

growth are more likely to become viable through the presence of monatomic 

hydrogen. Graphitic nuclei are not affected in the same manner. It has also 

been suggested that the presence of molecular hydrogen allows deexcitation 

of polycyclic aromatic hydrocarbon radicals, that would otherwise be 

incorporated into graphitic nuclei, making them more stable112. 

Substrates 

Were it not for the unfortunate circumstance that diamond crystals 

are so expensive, they would certainly be the preferred substrate for the 

study of diamond growth and morphology development. We are, however, 

faced with realistic financial concerns. Work on diamond substrates has, so 

far, been limited. A wide variety of alternatives have been considered 

including copper, gold, a variety of refractory metals, and single crystal 

silicon wafers. Due to their availability and similarity of structure, the last 

is the most commonly used. Additional hurdles are placed in the path of 

researchers by common substrate preparation techniques. 

It has frequently been observed that the density of nucleation sites is 

increased if substrates are scratched with diamond powder or paste prior to 

the growth processing113, though Chang et al. 114 did not observe this effect. 

Nor did they find nucleation enhancement with other types of damage. They 

did observe preferential nucleation when the substrate was scratched with 
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stainless steel. Whether enhancement is due to the creation of higher 

surface energy, damage induced step sites, residues of carbon or other 

materials, is not known. The effects of scratching remain if the damaged 

surface is then ultrasonicly cleaned in any of a variety of solvents. 

Scratching on silicon introduces damage along crystalline cleavage planes, 

but nucleation is not enchanced if alumina is the scratching compound. This 

seems to indicate the importance of residual carbon. 

Controlled formation of nucleation sites has been studied by 

Kawarada et al. 115. By selectively etching a silicon wafer, or depositing Si02, 

to create dots -2J..lm in diameter and 0.2J..lm in height, they could repeatably 

create diamond nucleation sites by controlling where diamond particles 

came into contact with the surface during scratching processes. Similar 

papers have appeared using ion beam damage to control the effects of 

scratching on the substrate. 

Joff'reau et al. 116 pressed diamond particles into refractory metals and 

found that the highest nucleation rates occurred directly on the metal in the 

regions surrounding the particles, though this was not attributed to 

diamond splinters or an increase in dislocations around the embedded 

crystals. IDtimately they concluded that rapid carbon diffusion in the metal 

would reduce nucleation by reducing carbon concentrations at the surface, 

while slow diffusion into the bulk would facilitate nucleus formation. 

Carbide formation also aids in this, since carbides form an effective barrier 

to carbon diffusion. However, this does not always apply. They speculate 



that surface mobility of carbon, and related non-linear growth rates, 

account for the discrepancies. 
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I have seen no evidence of care taken to insure the use of a metal in 

its single crystal form, though I have heard rumor of work on single crystal 

nickel alloys. With refractory metals in particular, a single crystal surface 

can be very difficult to achieve. Molybdenum is usually formed as a sintered 

compact of small particles. Titanium and hafnium, on the other hand, are 

often cast. As the metal cools in its mold, nucleation centers form 

throughout the volume of the metal, resulting in a solid composed of small 

randomly oriented metallic crystals, much like the compacted molybdenum. 

Both can then be cold rolled into a final form. Usually this results in 

cracking of crystallites into still smaller grains. Under these circumstances, 

a well polished surface will present a mosaic of surfaces with randomly 

presented crystalline orientations. Each of these has its own surface energy 

and bonding characteristics. This lack of uniformity in the surface under 

study creates some additional difficulties for studies on polycrystalline 

substrates, making it difficult to isolate the effect of the metal itself. 

Non-carbide forming materials can be coated with diamond if they 

are first coated with some other form of carbon. In practice this is usually 

some poorly defined amorphous sp2/sp3 mixture117. The primary difficulty 

of this system is this lack of substrate definition. 

Hydrocarbon based oils have also been shown to enhance 

nucleation118, so much so that control of oil backstreaming from system 

pumps becomes important for controlled, well characterized processes. 
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While oils enhance nucleation on substrates scratched with diamond 

powder, there seems to be slight enhancement at best on substrates that are 

not scratched or are scratched with alumina, indicating some form of 

symbiotic effect with existing diamond material rather than creating 

conditions appropriate to the formation of nucleation sites. 

In short, nucleation of diamond films, on anything other than 

diamond, remains a mystery. It is, however, more likely if you scratch the 

substrate with diamond prior to deposition. 

Substrate temperature affects film growth rates and morphology. As 

a rule, the rate increases with temperature until approximately 10000 C is 

reached 119. Here the rate of diamond growth decreases and graphite growth 

rises. The effects on morphology are less than clear and will be discussed in 

chapter 4. 

2.4 FLAME GROWN DIAMOND AT NRL 

Combustion deposition, as first introduced by Hirose77, was 

confirmed at NRL, the Naval Research Laboratory120 and became the 

subject of continued investigations121. As the source of some of the data for 

this dissertation, and an example of one deposition process, it will be 

described here in detail. 
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Equipment 

The flame deposition of diamond employs welding and cutting torches 

used in industry. A commercial torch, fitted with a brazing tip, is set in a 

fixed position such that gas flow is normal to the substrate holder. Gas flow 

has been modified to include mass flow control and measurement (MKS 

brand). Acetylene and ethylene have been used as carbon source gases at 

NRL122. 

The substrates used are threaded molybdenum rod placed in a tapped 

copper block with water flowing around the substrate. The block is mounted 

on a micrometer-controlled X,y,z stage. Position of the substrate relative to 

the flame can be adjusted using the stage. 

Temperature measurements are made with a series of two color 

optical pyrometers manufactured by Williamson (8000 series) and 

calibrated with an IR Industries (400 series) blackbody. Substrate 

temperature is controlled by the amount of contact surface area between the 

substrate and the cooled block. By screwing the substrate farther into the 

block the contact area is increased. Adjustment implies a change in position 

of the substrate surface relative to the flame. 

Temperature feedback from pyrometer to substrate is manual. 

Substrate surface position, relative to the flame, is kept constant through 

the amazing gymnastic feat of adjusting the stage position and the amount 

of contact area at the same time. The latter is controlled through the use of 

a screwdriver, placed in a slot in the back of the substrate. Practice allows 
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the substrate position to be maintained within a millimeter of the intended 

position while the adjustment is made t. Synthetic clothing is not 

recommended, welding goggles are. 

Figure 2-8 Flame Diamond Growth: close 
up of the deposition system showing a 
substrate that has been machined to allow a 
higher deposition temperature while 
maintaining thermal control. 

t C. Marks refers to this precise "eyeball" measurement technique as 
"occulimetry" . 



Figure 2-9 Flame Diamond Growth: a 
broader view showing the pyrometer and 
temperature feedback device (Dr. Snail). 
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Initially, I had used the micrometer to move the substrate into brief 

contact with the flame front, after which the substrate was quickly, but 

accurately, backed to the desired position with the micrometer. This brief 

contact with the flame front affects substrate conditions and prevents 

growth. Perhaps it changes the crystallinity of the substrate surface. This 

has not been investigated. 

Growth Conditions 

Combustion is a complex series of reactions that have, and continue 

to be, the subject of much investigation 123. Chief among the conditions that 

must be controlled for the deposition of diamond is the ratio of fuel to 
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oxygen. Flames are characterized as "lean", "neutral", or "rich", based on the 

oxygen-fuel ratio supplied to the flame, Rolf' Neutral flames produce only 

CO2; lean flames have excess oxygen; rich flames, excess fuel. 

Burning 
Velocity 

Flame 
Front 

Flame 
Front 

Figure 2-10 Burning velocity: a) In a 
confined gas mixture the flame front moves 
with the burning velocity b) In a stable 
flame the burning velocity is equal and 
opposite the gas flow velocity. It is not 
constant over the flame front since it 
depends on the temperature of the gas and 
the torch tip provides cooling at the edge. 
Viscosity also affects the rate of gas flow. 

Combustion reactions generally require the expenditure of energy to 

activate them. Once triggered, the exothermic nature of the reaction can 

supply the energy to sustain the reaction. If triggered at the edge of a 

confined air/fuel mixture, the reaction, or "flame front", will move through 

the mixture, triggering the reaction, leaving reaction products in its wake. 

The rate at which the reaction moves is called the "burning velocity" 124; a 
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characteristic dependent on the local concentration, and proportion of 

reactants and products present at the flame surface. A stable flame occurs 

when the burning velocity and the gas flow velocity are of equal magnitude 

and opposite direction at each point along the flame front. 

In a neutral and lean flames, the conversion of fuel to CO2 occurs in a 

chain of fast reactions, and energy from those exothermic reactions is 

released radiatively as well as thermally. As a result the flame front is 

visible. Resulting CO2, and excess 02 molecules remain in excited states as 

they leave the reaction zone and continue to radiate thermally and optically 

as they diffuse into the air. Thus an outer cone of exhaust gases is also 

visible. 

Fuel rich mixtures, in contrast, have insufficient oxygen for the 

complete consumption of carbon species in the formation of carbon dioxide. 

A variety of excited molecules and reactive carbon radicals leave the 

reaction zone. The formation of CO2 is no longer limited by the chemical 

kinetics of the process, but by the rate at which 02, from the air, can diffuse 

through exhaust gases to reach the radicals. There is sufficient energy 

remaining from the initial reaction to trigger a second reaction at that 

point. The initial reaction zone is then termed the "primary" flame front 

while the second is the "diffusion", or "secondary", flame front. 

It is the species present between the primary and diffusion flame 

fronts, in fuel rich flames, that make diamond growth possible. The 

distribution of these species varies with flow rates and ratios, as well as 

with the concentration of additives to the mix. Figure 2-11 shows how flame 



dimensions can vary with Rolf. The substrate must be placed within the 

secondary diffusion cone. The tip of the primary flame front is used as a 

reference point. 
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Figure 2-11 Premixed fuel rich flame and 
variation of flame front length with oxy/fuel 
ratio 

The nature of diamond deposited changes with the distribution of 

species, and accordingly with the ratio offuel to oxygen as well. This effect, 

as well as the effects of substrate temperature, were explored by Hanssen et 

al. 125 on molybdenum substrates that had previously been coated with 

-2000 A of silicon and then scratched with 6J.lm diamond grit. Total flow 

rates were held at a constant of 3 standard litres per minute-slm with a 

orifice diameter of either 0.89 mm (#0,0.035") or 1.02 mm (#1,0.040"). The 

correct value was not published in this paper, but in an unpublished work, 

the same researchers used the 0.89mm diameter tip. The paper also fails to 
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record the substrate position used for the examination of films grown with 

varying gas mixtures. We assume that they positioned the substrate 6mm 

from the primary flame front. According to the authors this position 

produces the most uniform films. Growth times were 8 minutes. Longer 

times produced film of sufficient mechanical integrity that delamination due 

to thermal mismatch became a problem. 
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Figure 2-12 Flame deposition parameter 
study of Hanssen et al. 125 

Figure 2-12 shows the ratio of individual raman peak amplitude to 

the sum of peak amplitudes for diamond, microcrystalline graphite, and 

amorphous sp2 bonded carbon. Spectra were taken with a 1 micron spot 

0.8 
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size, a 5245 A AT ion laser excitation at 4.3 m W, a 1024 channel detector 

array, and a integration time of 100 seconds. As previously notedt , ratios of 

peak amplitude have little meaning in most cases, but it can serve as a 

qualitative indicator of appropriate conditions, particularly if diamond is 

the primary component. 

An examination of the effects of substrate position along flame axis 

was performed by Oakes et al. 126 This distance was varied from 3.5 to 9 mm. 

The most uniform film was observed at 6mm. Other conditions included a 

0.89 mm orifice with an oxygen flow rate of 1. 7 slm, and an Rolf of 1.03. The 

same study measured the temperature profile of a silicon wafer, resting on a 

cooled copper block, with a thermal imaging camera. The temperature was 

generally uniform across the surface of the substrate, while the morphology 

and structural composition of the film produced was not126, hence these 

variations were attributed to the distribution of hydrocarbon radicals in the 

region between the primary and secondary flame fronts. 

The process is not restricted to combustion of pre-mixed gases flowing 

through a single orifice. Matsui et al. utilize a cutting torch, where the 

oxygen is injected through an annular ring about the acetylene orifice127. 

They study the distribution of molecular species through laser induced 

florescence and mass spectroscopy, as a function of position in this flame, 

and draw some conclusions about dominant growth species and reactions in 

t See 1.1 BONDING: Bond Identification. 



this system. Similar observations were made by Cappelli and Paul for a 

premixed flame128. 

Gas Supply 
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Acetylene poses some special problems since high pressure triggers 

spontaneous explosive polymerization. To make large amounts available in 

storage bottles acetylene's solubility in liquid acetone is exploited. As the 

pressure within the bottle is lowered with the removal of gas, small bubbles 

condense out of the liquid onto a metallic mesh or "matrix" that fills the 

bottle, insuring uniform distribution of gas and preventing the formation of 

large bubbles that could cause damage if they polymerize. Consequently, the 

major impurity in the acetylene is expected to be acetone. The matrix itself 

and contaminants from preparation provide additional sources of 

contamination. Levels of acetone become particularly high when the tank 

pressure is low. 

When I joined the NRL, the practice was to remove as much of the 

acetone as possible with two charcoal traps. The charcoal was baked 

overnight at 125°C on a biweekly basis to remove the acetone. Later, when a 

55 gallon drum of activated charcoal had been acquired from Calgon, the 

used charcoal was disposed of. After baking or replacing the charcoal, the 

torch was run for about half an hour at acetylene flow rates greater than 2 

slm, to purge the trap of any residual air. After this time the flame had 

stabilized. 
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Though we had no incidents, a chemical engineering post-doc, who 

later joined us, warned that the exothermic nature of the activated 

charcoal/acetone reaction could trigger explosive polymerization of acetylene 

in the lines. When I left, a molecular sieve replacement was being explored. 

Harris and Martin 101 used a dry ice and acetone cooled trap for this same 

purpose. 

Acetone content was tested with a portable sampling device available 

from most gas supplierst. This test kit contains pre-packaged chemical 

reagents to test for specific materials. It draws a fixed sample volume, at 

room pressure, through a glass tube containing the reagent at a fixed flow 

rate. A color change then proceeds down the tube. The tube is calibrated 

such that the length of the stain indicates the percent by volume of the 

component in question. The sampling tubes, manufactured by Kitagawa, are 

single use, disposable, units. Temperature correction tables are provided, 

and device is capable of detecting as little as 10ppm acetone by volume, 

though quantitative measurement begins at 100ppm. Samples were taken 

at a T junction, with an O-ring seal about the sample tube, three quarters 

of the way down aIm length of 3/8" Tygon tubing, with the acetylene 

flowing through the tube at 1 slm. 

The gases in these experiments were oxygen (99.99%) and acetylene 

(99.6%) supplied by the Linde subdivision of Union Carbide. Flow meters 

were calibrated for N 2 and gas correction factors were applied. Given the 

t Ours was from Matheson. 



117 

density, p, and the heat capacity at constant pressure, Cp ' for the gas x, the 

flow rate Qx for diatomic gases is: 

Qx= [peN 2)·Cp(N 2)] 'Qrneasured/[p(X)'Cp(X)] 

An additional factor of 0.94 is applied to triatomic molecules, and 0.88 is 

applied to larger polyatomic molecules. The net result is an acetylene 

correction factor of 0.58. The gases are unmixed until they reach the handle 

of the torch, where they are allowed to combine before reaching the tip, 

where combustion occurs. 

Thermal Control 

The Williamson pyrometers measure "ratio temperature". This 

system of measurement takes the ratio of the signal received by the 

pyrometer at two different wavelengths, and makes the very reasonable 

assumption that the temperature of the source is the same for both 

wavelengths and given by T. In the Wien approximation of the Planck law, 

each of those signals is proportional to: 

C1",-5[exp(C2/",T)-1]-1 

where C1 and C2 are constants. When the ratio of the signals at "'1 and "'2 is 

given by R, the temperature is given by: 

- C2 (A,2-"'1/"'2"'1) 
T =------------

where cl and c2 are the values of the emissivity at each of the two 

wavelengths. Whether the emissivity is high or low, the effect on the 
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measured temperature will be small, as long as the two values do not differ 

by more than an order of magnitude. The primary pyrometer sampled at 2.2 

and 2.4 !lm, a wavelength difference small enough to limit change in the 

emissivity. The effect of the flame's emission had no effect. Only narrow 

bands were measured, and the flames did not emit at these wavelengths. 

Changes in emissivity due to material composition or surface roughness 

were probably of the same order of magnitude. Ratios of measurements tend 

to be more accurate than the measurements themselves, since many of the 

errors in measurement are systematic and cancel. 

Emissivity can, however, vary widely at high angles. Since the flame 

is kept normal to the substrate surface and centered on the axis of rotation, 

the pyrometer cannot be normal to the film surface, as the torch tip emits 

radiation in the IR and would obscure the field of the pyrometer. The angle 

of -150 employed is small enough to minimize this effect. 

With the ratio temperature selective absorption or interference 

effects can reduce one of the signals to zero or introduce a difference of 

several orders of magnitude. This will cause the emissivity term to 

dominate the denominator of the expression. The values in this case are an 

effective, rather than an actual, emissivity value. A value which takes into 

account anything that reduces the signal from the surface. 

A thin film coating can reduce or enhance the signal from the surface 

but the effect will be wavelength selective. When one signal is reduced the 

other is reduced, but to a lesser degree. As the film grows, the reduction or 
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enchancement of the signal will affect each of the two wavelengths in turn. 

The signal at Al will be reduced, then A2 will be reduced, Al will be 

enhanced, then A2 will be enhanced. The repeating pattern will be followed 

until the film becomes thick enough to act as a bulk source itself. 

This selective effect was observed on several occasions as a cyclic 

temperature variation over periods as long as 30 minutes of coating time. I 

took a temperature reading as soon as the substrate had rapidly heated up, 

but prior to the slow temperature fluctuations indicating film growth. When 

the film grew thick enough to have bulk properties, the temperature 

stabilized at a constant value, usually within 20 degrees of the initial value. 

Note that this only occurred when I took the trouble to put a near optical 

quality polish on the substrate, and when the grain size of the film was less 

than a fraction of a micron. 

Mter several minutes of growth, a deposit of white crystalline needles 

formed on the molybdenum substrate in the area not exposed to the flame, 

including the threaded area and the rear of the substrate. Possibly the 

result of oxidation, these deposits filled the gaps in the threads improving 

thermal contact, but also preventing the substrate from being turned. Thus 

it was necessary to periodically free the substrate from the block with a 

series of counter-rotating small twists of the screwdriver to maintain 

substrate temperature. If I managed to keep the substrate free of the block 

during the initial stages of growth, later formation of the deposit took more 

time making temperature control less of a concern. 
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MoS2 paste can also be applied, in small quantities, to the threads 

prior to deposition. It too oxidized, but the improvement in thermal contact 

shortened the time needed for the system to stabilize. This was particularly 

useful if conditions produced a small grain size and thin film interference 

effects that disturbed the pyrometer reading. 

Substrates 

The substrates were -1.5 cm lengths of 1/2"-16 threaded molybdenum 

rod with one end polished with diamond powder according to a procedure 

included in appendix A. Molybdenum was chosen by the group at NRL for 

thermal uniformity and control. Substrate temperatures from 6500C to 

16000C were available and could be maintained. Previous NRL studies 

deposited a 2000 A silicon coating on the surface to improve adhesion. Our 

efforts focused on free standing films, which easily delaminated from the 

substrate due to the large difference between the thermal expansion 

coefficients of diamond and molybdenum. 

Transients and Growth Times 

Growth cycles were started after stable gas flow rates, and a stable 

flame, had been achieved. The torch was then rotated into position, where a 

stop had been placed to insure correct alignment with the axis of substrate 

rotation. The substrate was screwed farther into the cooling block than its 

expectedt final position. The pyrometer was placed so that its field was 

t Based on prior experience. 



filled by the substrate. Small positional adjustments were made after the 

growth was started. 
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The end of the process was much the same. Most of the films I grew 

were thick films that were likely to delaminate as the molybdenum 

substrate cooled. I placed a clean glass dish under the substrate, which had 

an axis of rotation parallel to the table, and removed the torch. As the 

substrate cooled I would hold the dish beneath the substrate, usually at a 

slight angle in anticipation of a dramatic delamination. Occasionally, films 

would leave the substrate with a velocity and trajectory allowing them to 

escape the unwary. 

In some cases the temperature of the substrate was reduced, to the 

extent possible without changing the other growth conditions, before the 

torch was removed. This meant slowly screwing the substrate into the block, 

until flush with the surface, while maintaining the position of the surface 

relative to the flame. The torch was then removed as before. The cases 

where this technique was chosen will be identified as such. 

From time to time, particularly with a rich flame, carbon nucleated 

on the small projections and rough points of the torch tip. In time these 

grew to a size that partially obstructed the orifice, affecting the shape of the 

flame, the distribution of radicals, and consequently, the growth of the film. 

These, however, were not the first things noticed. A sharp rise in the 

apparent temperature of the film was indicative of such a growth, since the 

substrate reflects the light radiated by the obstruction. It quickly becomes 



122 

hot enough to overwhelm the signal from the substrate. Also notable was a 

distinct change in the pitch of the hiss that the torch makes. This change 

was easily audible, even through earplugs, which are advisable at times. A 

sharp rap with a screwdriver or metal rule will knock the growth off of the 

tip before it can have any significant effect. 

Growth times were on the order of an hour, sufficient for the growth 

of a freestanding film that could survive measurements. 
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MICROSTRUCTURE MODELS 

The colors produced by oil slicks and soap bubbles were thought of as 

an attractive, but basically useless, phenomenon when Young deduced the 

principles of interferometry that explained them in 1801. For more than a 

century they remained a curiosity while vacuum science lagged behind 

theory. It was not until the 1930's that deposition of thin solid films was 

developed to the point of utility. 

As the discipline of optical coating was refined, the theory became 

sufficiently advanced to support the design of transmissive and reflective 

filters. Manufacturers, however, still relied heavily on operator experience. 

Deposition was something of an art, and deviation from the intended form of 

the reflection characteristic was common. It was assumed that the problem 

resulted from a lack of control over material thickness. 

The true culprit is the inability of real layers to conform to that model 

of an ideal film. Thin films had previously been assumed, partly for 

computational reasons, to be smooth layers of uniform thickness and 

homogeneous index of refraction. In fact, they are complex structures. They 

often have cracks, voids, blisters, and variations in composition, as well as 

index and absorption coefficient inhomogeneities, non-uniformities, and 

anisotropiest . Frequently the coating appears to be a collection of columns 

packed together to form a continuous layer. Each deviation from the ideal 

t Being vertical spatial variation, horizontal spatial variation, and angular 
variation respectively. 



has effects on the properties of optical, mechanical, and electronic devices 

constructed using coating technology. 

Cracks and voids adsorb water on exposure to humid conditions. 
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Optical properties of a coating are dependent on the properties of the water 

filling the voids, as well as those of the coating material itself. In an optical 

filter, this causes the pass bands to slowly drift as water is adsorbed, 

changing the color of the transmitted and reflected light. In some cases the 

film will "age" and stabilize. In others, the passband will be a function of the 

weather conditions, dependent on humidity. The larger the difference in 

index between the coating and the void material, the greater the reflection 

coefficient at the surfaces of the columns. These then act as scattering 

centers, increasing the amount of stray light in the system, and reducing 

the efficiency of the components129. 

Since most coating is done at elevated temperatures, when the coated 

part cools to room temperature, thermal expansion coefficient mismatches 

can induce differential contraction across film interfaces. This can result in 

stress induced birefringence, or in blistering and delamination of the film. 

Also present is an intrinsic stress term, for each layer, determined by their 

free energies130. This term is defined by the microstructure and is strongly 

affected by the adsorption of moisture. 

Combined with electrical and thermal effects, these optical and 

mechanical properties provide the impetus for research in microstructural 

development and modification131. A wide variety of models and methods 

predict microstructure, with varying degrees of success. Some of those 



models are considered here. Note that the goals associated with the 

application of each model differ and that they certainly cannot be applied 

interchangably. 

3.1 ATOMISTIC MODELS 
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After the publication of Newton's laws of motion, Laplace envisioned 

what would be, in effect, the mind of God. 

Such an intelligence would embrace in the same formula the 
movements of the greatest bodies of the universe and those of the lightest 
atom; for it, nothing would be uncertain and the future, as the past, 
would be present in its eyes. 

While such determinism has been undermined over the years, with 

the occasional slab falling to relativity or quantum mechanics, information 

technology has at least let us consider this ideal. Seen from the grand 

viewpoint of Laplace, one might think that no progress at all had been 

made; yet, on a scale almost negligible by comparison, we are now able to 

predict the dynamic properties of some materials. 

Molecular dynamics modeling132 follows the changing positions of 

individual atoms. At present this is typically a number from hundreds to 

tens of thousands. The influences of other particles in the system, external 

electric and magnetic fields, and other deterministic processes are applied 

to each particle individually. The vector forces on each particle are summed, 

and the particles moved according to their masses, in time steps of 

femtoseconds. Quantities like the angle of incidence or energy ofa particle 



deposited on a surface are defined or modeled as random according to an 

appropriate distribution function. 
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These techniques have been applied to thin films produced by 

physical vapor deposition. They have successfully demonstrated the 

importance of surface mobility in microstructure development, and 

reproduce numerous optical and physical properties133. Yet, determining 

how mobility or other factors change with process parameters is time 

consuming and often challenging134. Moreover, the assumptions underlying 

the models, including the nature of the forces between particles and 

mathematical descriptions of them, are still vague and incomplete135. 

3.2 STRUCTURE ZONE MODELS 

The structure zone model, published in 1969, was the result of trends, 

first observed by Movchan and Demchishin, in the microstructure of 

evaporatively deposited metals and oxides136. For low substrate 

temperatures, classified as zone 1, materials condensed in tapered columns, 

or inverted cones, with domed tops. The moderate temperatures of zone 2 

produced grains in the form of columns with parallel sides extending from 

the substrate to the growth surface. At higher temperatures, in zone 3, the 

grains became equiaxed crystallites. In each of these cases the diameters for 

the domes, columns, and crystallites increased with increasing temperature. 

For the low and moderate temperature cases the orientation of the columns 

was a weak function of the direction from substrate to the source of 

deposition material. Micrographs illustrating these classes of 
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microstructure are given in papers by Thorntonl38, Guentherl41, and by 

Sheppard and Nakaharal66. Messier and Yehoda143 illustrate the similarity 

of zone 1 microstructure to the surface of cauliflower plants. 

Movchan and Demchishin also noticed that these structural changes 

occured at substrate temperatures which were a strong function of the 

melting point of the material being deposited. If the zone transition 

temperatures are given by Tt , where t indicates the zone 1-+2 or 2-+3 

transition, and Tm is the melting point, then TtlTm is nearly constant for 

each of the two transitions. 

Tl-+2 
TIT,;O.3 

Figure 3-1 Movchan and Demchishin's 
microstructure modeP36. T1-+2= 0.22 to 0.3, 
and T2-+3= 0.45 to 0.5 

Mter determining the transition temperatures, Movchan and 

Demchishin determined the approximate activation energies of the 

processes responsible for the changes in structure. The energies for the zone 

1 to zone 2 transitions in these materials corresponded to the activation 
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energies for efficient surface diffusion. Two years later Sanders137 

elaborated on this by creating a five zone model where different effects 

dominate the structure in each zone. In his model, theoretical activation 

energies of these processes determine the boundaries between five zones. 

Shadowing, surface mobility, and bulk diffusion are the dominant processes 

in the first three zones, corresponding to the Movchan and Demchishin's 

work. The latter two zones involve liquid condensation. 

Figure 3-2 Thornton's 
model138 

microstructure 

Thornton followed this development with studies of sputtered metal 

films138. He examined changes in the transition temperature ratios with 

working gas pressure. He also identified an intermediate microstructure 

between zones 1 and 2. Zone Tt has a fine, fibrous structure similar to that 

within the larger tapered columns of zone 1, but with few if any voids. 

t For "transition" not "Thornton". 
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Messier et aI.139, using a planar RF sputtering configuration, showed that 

the boundary between zone 1 and zone T is linear if the working gas 

pressure variable is replaced with the floating substrate potential, observed 

as the pressure is varied. 

This substrate potential is proportional to the energies of ions 

generated by the plasma. It is also proportional to the average energy of 

sputtered adatoms. These increase with decreasing gas pressure as a result 

of the longer mean free path. The linearity of the boundary points to a 

connection between these processes. Since floating substrate potential is a 

function of the ion current to the substrate, this seems likely. Further 

support for an ion bombardment mechanism in the zone 1 to zone T 

transition is given by RBS data showing uniform incorporation of the 

working gas throughout the films140. 

The structure of zone T can be classified as the result of "landslide 

mobility", a limited surface mobility somewhere between the zone 2 extreme 

of extensive surface diffusion, or surface melting, and zone 1 adsorption at 

the site nearest to impingement. Zone T structure is observed when the 

presence of ion bombardment supplies sufficient energy to initiate the 

collapse of dendritic structures formed under the influence of shadowing. 

Unlike surface melting or high surface mobility, however, landslide mobility 

rarely allows sufficient mobility for adsorbates to find sites that favor 

crystallinity. 



Figure 3-3 Zone 1 microstructure has a self 
similar nature that can be seen in 
examination of morphology at 
magnifications differing by orders of 
magnitude. Pyrolytic graphite, the bars 
represent a) 500 mm b) 200 mm c) 50 mm d) 
20 mm e) 5 mm f) 2mm - courtesy of Messier 
and Yehoda143 

130 
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One further feature is observed in the microstructure of zone 1141. As 

a result of self shadowing, the columns tend to have a branching, self 

similar, or "fractal" structure. The columns are composed of dendrites, that 

are in turn composed of smaller dendrites, retaining the same patterns over 

several orders of magnitude. This feature is duplicated with atomistic 

methods when low adatom mobility is used. 

3.3 EVOLUTIONARY SELECTION 

The principle of evolutionary selection, attributed to Van der Drift142, 

is summed up in Figure 3-4. Each of the vectors represents the rate of 

growth of a grain growing in that direction. Not all grains grow at the same 

rate and only one condition restricts growth. A grain encountering another 

grain that prevents it from continuing in the same direction, ceases growth. 

Under these circumstances, those grains that grow fastest perpendicular to 

the substrate will be the most likely to continue. That is, if you compare the 

projection of growth vectors on the surface normal, those with the largest 

projected rates will be most likely to survive. 

Well ordered crystalline grains can grow in more than one direction 

at a time. Growth rate is dependent on crystallographic orientation of the 

face, the area presented to the direction of adsorbate incidence, the degree 

of mobility of adatoms on the surface, and other factors that will be 

discussed. Initial random crystallographic orientations of the nuclei will, 

barring the generation of new nucleation sites, not remain. Those grains 
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growing efficiently perpendicular to the substrate will dominate; those with 

slow growing planes in that direction will eventually terminate in the sides 

of other grains. The result is a polycrystalline film where the surface grains 

are generally oriented in the same direction, and grain diameter that 

increases with time. 

Figure 3-4 Evolutionary Selection: Two 
dimentional example and simplified vector 
model- after Van der Drift142 

While the term "Evolutionary Selection" is only used in the previous 

case, growth to impingement has been studied under other circumstances. 

When there is good wetting of the substrate by the coating material, and the 

film does not acquire significant thickness before the entire substrate is 

coated, two dimensional models apply to the stages prior to complete 
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coverage. Typically the period of time between nucleation at isolated point 

sites, and the initial impingement of grains growing from those sites, is 

studied. Growth is generally assumed to be radial. 

Variables include: 

-Rate of Nucleation - Does nucleation occur instantaneously at 
all available sites prior to growth or does it occur 
throughout the growth process? Is the probability of 
nucleation constant in time, or does it change during the 
course of growth? 

-Location of Nucleation - Is nucleation equally probable at any 
location on the substrate? Does the growth of a nearby 
grain prohibit formation of a nucleus or enhance the 
probability of nucleation? 

- Grain Growth Rate - Is it constant and identical for all 
grains? Do some grains grow preferentially over others? 
Does the rate of growth vary with time or the size of a 
grain? 

From these models we learn about the shape and size of grains 

resulting from different initial conditions. We can identify the form of the 

curves that determine their boundaries. An extreme case is that of 

instantaneous, one time, nucleation with constant equal growth rates. This 

results in grains that are bounded by straight lines. The lines lie half way 

between adjacent sites and normal to a line drawn between them. Such 

grains are commonly known as Wigner-Seitz cells or Voronoi polygons. 

Variations can produce grains bounded by segments of circles or hyperbolae, 

and size distributions that are normal or lognormal. If the substrate can be 

removed from a film without damaging the nucleation surface, then the 

grain structure can be examined in light of this information and some 

tentative conclusions drawn on initial stages of growth. 
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Reviews of impingement models have been written by Frost144 and 

Atkinson 145, while the statistical nature of the process has been examined 

by Weaire and Rivier146, and Boots and Getis147. Three dimensional 

analogs that include surface energy tension are also being studied by Frost. 

3.4 CONTINUUM MODELS 

Impingement models are part of a larger class of models that follow 

the advance of a surface according to a set of well defined rules. In the 

studies mentioned above, the surface advances in a direction normal to the 

existing surface at a constant rate, which may be fixed for all nucleation 

cells, or a function of cell size. Another approach bases the rate of advance 

of the surface on the solution to a set of differential equations that govern 

the flow of material from the gas to the surface. 

Early relatives of these models focused on thermal, as well as 

material, transport. Mullins and Sekerka 148 examined the growth of a 

particle that was nearly spherical suspended in a homogeneous growth 

medium. Deviations of the shape, from a perfectly spherical surface, were 

mathematically described in terms of spherical harmonics. The 

concentration of material in the liquid phase at the surface is considered to 

be in quasi-equilibrium with the particle, and is a function oflocal surface 

curvature. Far from the surface, the concentration is considered to have 

some bulk liquid equilibrium value. Transport to the surface is controlled by 

the rate of diffusion in accordance to the gradient of the concentration of 



growth species, where the concentration field must satisfy Laplace's 

equation if material is conserved. 
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The stability of the solution to Laplace's equation at the surface of the 

particle is then considered. If the solution is stable then the particle will 

tend to return to its spherical shape as it grows. An unstable solution 

implies that preferential growth occurs in high spots, making the particle 

less spherical. The more spherical the particle is to begin with, the longer it 

will stay that way. 

In the thermal problem, uniform concentration is considered, but the 

local temperature determines whether a region is solid or liquid. This was 

the case when Mullins and Sekerka 149 considered the stability of a planar 

interface. Here deviations from a perfect surface were expanded into 

Fourier components, and stability was considered as a function of spatial 

frequency. 

Palmer and Gordon'sl50 expansion of this model included surface 

transport mechanisms. They also accounted for some of the non-linearities 

that arise in solutions to Laplace's equation when the deviations from a 

planar surface develop into large scale morphological features. Other 

approaches to this problem include the study of parabolic interfacesl51, and 

efforts to find complete solutions to the Laplace equation using numerical 

methodsl52. The latter of these two solutions may well rival atomistic 

methods for the sheer volume of computation required. 
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3.5 SURFACE ENERGY INFLUENCES 

Surface energy considerations represent a subfield of modeling that 

can be included in the preceding models, in varying degrees, or ignored. In 

atomistic models it is possible to go as far as examining the collective effect 

of many atoms in this regard, through molecular dynamics, or to make 

generalizations about conditions that must be fulfilled by atoms on the 

surface. Another option is the generalization of the surface to a line, 

arbitrarily determined, and give surface properties to this line, requiring 

the adjacent atoms to follow suit. Surface properties are examined here, 

independent of any given model. 

Defining Terms 

Consider a uniform solid, at equilibrium and large relative to a unit 

volume in all directions. This system is in a minimum energy state. Cleave 

the solid along a plane, and move half of the material a large distance away. 

When the system has once more reached equilibrium, the energy state of 

the material will have increased. That increase, .1U, due to the existence of 

a surface , is known as the Gibbs free energy of the surface, and is 

proportional to the area, A, of the surface created. 

The constant of proportionality, 'Y, is known as the surface tension, 

and it is the energy per unit area needed to cleave the crystal along that 

plane. 'Y can be written in terms of EB, the binding energy for an atom 

within the completed lattice, Zs/Z, the fraction of bonds broken in the 
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cleaving, and NS, the areal density or number of atoms per unit area in the 

cleavage plane. 

Both the areal density and the fraction of bonds broken by cleaving will be 

dependent on the choice of plane, so it is not surprizing to find that y is 

anisotropic. 

Surface Area A Exposed 

AU=yA 

Figure 3-5 Gibbs free energy of a surface: 
before being divided, a block of material has 
a reference energy state of zero. After being 
divided the energy state of the block 
increases in proportion to the area increase 
caused by the division. 

00 

Anisotropy of surface tension, combined with the thermodynamic 

demands that make the system tend toward a minimum energy state, will 

determine the shape of a crystal. At equilibrium, the free surface energy is a 

minimum, and the internal structure is that of the bulk. To minimize the 
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surface energy, planes that have low surface tension will tend to have large 

surface areas. Those with a higher surface tension will only appear if edge 

effects between low y planes cause the local free energy at the edge to 

increase beyond the point where their existence becomes favorable. Even 

then, these planes will have small areas. 

, , 
.... , .... , 

, 

Figure 3-6 Surface tension anisotropy: 
effect on equilibrium crystal morphology. A 
polar plot of surface tension on a 
generallized crystal is shown. Lines are 
drawn at the ends of, and normal to the lines 
showing the magnitude of surface tension. 
The smallest cell defined by these lines gives 
the equilibrium crystal shape - after 
Herring153 
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Boundary Migration 

In the scenario described above, the gap between the half planes is in 

vacuo, and broken bonds are assumed dangling. Under such circumstances 

the free energy of the surface is determined solely by the properties of the 

material itself. In reality, the crystal is usually bounded by a gas or the 

surface of another crystal. Here the surface energy is a function of the 

materials on either side of the boundary. In the case of island formation on 

a surface, the surface tension of the surface/crystal interface will determine 

the area of contact or "wetabiIity", and the angle between the crystal/air 

interface and the surface. 

Contact Area 

Interface 
Angle 

Figure 3-7 Island formation effects of 
surface tension 

Often the materials on both sides of the plane are the same, differing 

only in crystallographic orientation. When this occurs, as in the case of 

growth to impingement, it is unlikely that the boundary will be one with a 

minimum free energy. Atoms on one side may reorient themselves to 

conform with the other if there is a surface energy gradient and sufficient 

thermal energy available to overcome the cost of breaking the bonds 



restricting movement. In effect, the result is a movement of the boundary 

between the two crystals. If it occurs, this "boundary migration II can have 

profound effects on microstructure of thin films. 
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This is one of the processes which leads to the structure of Zone 3 in 

the Movchan-Demchishin model; the other is bulk "selfdiffusion". 

Boundary migration is a stochastic process, largely deterministic, and 

predictable given the shapes of the boundaries involved. In contrast bulk 

diffusion is a random process involving the probability of atoms 

interchanging positions or reorienting themselves spontaneously. 

The migration of boundaries in thin films144, bulk materials154, and 

even soap bubble frothst ,146 is an area of continuing research. 

Surface Roughness 

While it may be convenient to treat them as a continuum, real 

surfaces are seldom ideal cleavage planes. Surface discontinuities in the 

form of steps, kinks, isolated adatoms, and vacancies provide high surface 

energy sites where growth units are preferentially adsorbed, or at least, less 

likely to desorb once adsorbed. 

Growth or etching occurs when the chemical system deviates from an 

equilibrium state. An excess of reactants, or reaction products, can cause 

growth to occur. The amount of deviation from equilibrium is measured by a 

quantity known as the supersaturation, 0', which is given by the partial 

t It's a dirty job ... 



141 

pressure of the growth species during deposition divided by the pressure of 

that species at equilibrium. Kossel, Stranski, and Volmer155 were the first 

to recognize that surface roughness reduces the supersaturation needed for 

growth to occur. 

Isolated Adatom 

Figure 3-8 Common features of a single 
crystal surface. 

For single crystal growth, a problem can be found in this reasoning. 

As atoms, molecules or radicals are adsorbed, a kink will migrate along a 

ledge, or a ledge along a crystalline plane, until it reaches the edge of the 

plane. When the edge is reached, a new ledge, or kink on a ledge, must be 

generated for growth to continue. The creation of the new ledge requires 

either a higher supersaturation or a delay in growth until mobile adsorbed 

atoms randomly collect to form a new nucleation center. 

Burton, Cabrera, and Frank156 (BCF) provided the solution to this 

problem by suggesting that dislocations with screw components, or "spiral 

growth centers", could provide step adsorption sites continuously during 



growth. Thus the need for a higher supersaturation is eliminated. 

Numerous examples of spiral growth have been observed157. 

Figure 3-9 Spiral growth center 
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Even crystalline planes of integral index have varying degrees of 

roughness. The Jackson ex factor155 characterizes the forces binding atoms 

in a surface plane. It is proportional to the ratio of "in plane" energy to 

binding energy normal to the plane. Jackson 158 was able to show that the 

surface energy of high ex surfaces was minimized for ideal crystalline facets; 

low ex surfaces were more stable under circumstances that minimized the 

number of adjacent atoms within a plane. For this reason high alpha 

surfaces are the most smooth, while low alpha surfaces tend to be rough at 

equilibrium. 



Figure 3-10 High and low ex surfaces under 
equilibribrium conditions 
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Since the ex factor measures the fraction of bond energy normal to the 

plane it also measures the energy of the bonds broken in cleavage along that 

plane. As such it is a measure of the free energy of the surface. The high 

energy of low ex surfaces increases the rate of incorporation relative to high 

ex surfaces in the same manner steps and ledges do. Spiral growth will not 

be observed on low ex facets, since the increase in the number of high energy 

sites available due to a screw dislocation is insignificant. 

Figure 3-11 Screw dislocation on a low ex 
surface at equilibrium 



Three Growth Modes 

Thin film nucleation and growth has been classified in three 

categories. 

a) b) c) 

1111~m!m!j!!lHI!jjl!1111Imrl 

Figure 3-12 Three growth modes: a) Frank
van der Merwe b) Volmer-Weber c) 
Stranski-Krastanov 
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Frank-van der Merwe growth, epitaxy, occurs when the forces normal 

to the plane of growth balance those within the plane, and the substrate 

imposes orientational symmetry on the film. It may also occur if lateral 

bonding is strong enough to force reorientation of independent islands into a 

uniform crystalline structure, creating a high ex surface. 

The Volmer-Weber growth mode is characterized by the formation of 

island cells that grow to impingement and remain distinguishable through 

further growth. Typically this growth occurs on and produces a low ex 

surface. Volmer-Weber growth occurs when bonding of the deposition 

material to itself is strong and bonding to the substrate is weak. It may also 



occur if lateral bonding is strong relative to bonding normal to the growth 

plane, but not sufficiently strong to force reorientation of small islands. 
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It is possible, when one material is deposited on another of differing 

composition, that the forces will be sufficiently balanced to permit epitaxial 

growth initially. However, after the deposition of several monolayers, the 

growth will no longer be influenced by the substrate, and a shift to island 

growth may occur. This combination of the two primary types is called 

Stranski-Krastanov growth. 

3.6 SINGLE CRYSTAL GROWTH 

The literature of crystal growth provides some additional ideas that 

are worth considering. Their application is certainly not restricted to single 

crystals. My treatment of faults in single crystals is limited; I have chosen 

only to introduce a few concepts that are relevant to later discussion. 

Growth to Extinction 

There is a central point in a single crystal, known as the Wulff point, 

that lies along the normals to the facets. The distance from this point to the 

boundary of the crystal, along a normal, is proportional to the surface 

tension of the facet in question (Figure 3-6). The crystal has grown in a 

symmetrical fashion from this point. For it to have done so, it must have 

grown fastest in those directions where the surface of the crystal is farthest 

from the center. Growth occurs more quickly in the direction of the edges 

than in the directions normal to facets, and faster still toward corners. On 



any crystal, the fastest growing facets will always grow themselves to 

extinction. 

One might wonder why these faces do not expand as they grow. 
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Consider a fast growing facet that does expand as it grows. Because it is 

expanding, it must have edges. As the plane moves away from the Wulff 

point, the edge of that plane moves away form the point as well. Growth in 

the direction of the edge will be faster than growth in the direction of the 

plane. This contradiction is only resolved when a facet diminishes in size as 

it grows or by having the crystal grow more quickly on some other direction. 

Some authors159 have stated that there is a geometrical relationship 

between the growth rates in fast directions and slow directions. It makes 

more sense to speak in terms of a geometrical limitation on growth in the fast 

directions. As indicated, once there is a step on the slow plane it advances 

very quickly in the fast direction, limited only by the fast direction rate of 

reaction and the supply of reaction materials. Once the growth reaches the 

edge it stops and more growth in the fast direction is then restricted by the 

rate of formation of new steps. 

Growth in the fast directions occurs as quickly as growth in the slow 

direction makes sites available. Growth in the fast direction will occur at a 

rate greater than the geometrical limitation until the face has grown to 

extinction. The limitation on the rate of growth does not hold until the free 

surface energy is a minimum. Once a minimum free energy configuration is 



reached it will be maintained. The "geometrical" limitation is a means of 

maintaining an equilibrium structure once reached. 

c 

Figure 3-13 Periodic bond chains - after 
Hartman and Perdok160 

Periodic Bond Chain Theory 

c 
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The idea of this theory was to predict the dominant facets of a crystal 

with a knowledge of the underlying crystalline structure. Hartman and 

Perdok160 reach the conclusion that morphology can be predicted on the 

basis of orientation of periodic chains of bonds present in the lattice. If a 

facet has two or more of these periodic chains parallel to it, then it will be 

the dominant facet. Planes containing, or parallel to, one periodic chain may 



exist on the surface but, if present, will be small. Planes containing no 

periodic chains will grow to extinction. 

Figure 3-14 Unit cell of diamond showing 
periodic chains. A horizontal [100] plane 
"contains" both solid line chains. The chains 
are more strongly associated with [110] 
planes, because the bonds lie entirely within 
the plane, but those planes contain only one 
chain each. There are three (dotted line) 
chains in each [111] plane but again the 
bonds themselves do not lie in the plane. 
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The atoms making up the chain need not lie in the plane. The chains 

may be kinked, with the zig-zagged chain plane perpendicular to the plane 

"containing" the P.B.C. (Figure 3-14). The periodic bond chains are 

correlated with the Jackson cx, as a means of measuring free energy of the 

surface. Thus the periodic bond chain theory, while it provides a usable rule 



of thumb, essentially predicts morphology on the basis of surface energy 

minimization. 

Supersaturation Driven Growth 

Kuroda et a1. 161 examined growth on a cubic crystal by treating the 

crystal as a sink for adatom species and assuming a linear gradient of 

adatom concentration from the surface to the bulk gas value. Two growth 

modes, BCF spiral growth and randomly forming nucleus models, operate 

concurrently; the assumption being that only one determines the crystal's 

morphology by leading to the fastest growth normal to the surface. 
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Figure 3-15 Growth vs. supersaturation -
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If a spiral growth center is present, growth can occur as soon as there 

is a shift from equilibrium that favors growth, or a shift in the equilibrium 

point resulting from pressure or temperature changes t . We consider a 

system in equilibrium, a system where adsorption and desorption occur at 

the same rate. In the first case, we introduce more source material forcing 

the rate of adsorption to increase by over-supplying the incorporation 

reaction. In the second case, we might decrease the temperature, making 

the rate of the desorption reaction decrease, and accomplishing the same 

result. 

As the supersaturation increases, the rate at which the growth 

species is supplied increases. The rate of spiral growth increases with it, but 

a point is reached, 0'*, where adsorbed species begin interacting with each 

other and coalesce to form new growth centers independent of the growth 

spiral. The form of the growth vs. supersaturation curve below 0'* was 

determined by BCF156. 

The incorporation reaction occurs to minimize the free energy of a 

system not at equilibrium. It follows that the incorporation reaction is 

exothermic. If the energy released is not needed to overcome the activation 

energy of the reaction, or initiate some precursor reaction, then it will raise 

the temperature of the system, reducing the supersaturation, and slowing 

growth. Thermal transfer can play an important role in local growth rates. 

Above 0'* where the location of growth is not determined by the presence of a 

t Note that this statement is not redundant. 
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fault, it can also have an impact on morphology. Typically, growth rates are 

higher at the edges and corners of a crystal facet where thermal transfer is 

enhanced by the radiative efficiency of sharp points. This localized 

enhancement of growth results in a pit centered with respect to the edges, 

and the characterization "hopper growth II above 0"*. 

A second supersaturation transition is recognized by Kuroda. Below 

this point, ~*, growth is said to stabilize and become constant across the 

surface of the crystal with a hopper morphology. Growth increases at the 

center of the crystal due to the generation of steps created when the hopper 

morphology develops. The increased growth rate at the center balances the 

increased growth rate at the edges due to thermal transfer. 

Above 0""""", localized growth outpaces the ability of step generation to 

create a balance and small dendrites form. The breakdown to dendritic 

growth is a self enhancing feedback mechanism. When small crystallites 

form they can radiate heat more efficiently, enhancing their growth and the 

further generation of branches. 

Fault Generation 

In contrast to thin film deposition, structure in crystal growth 

generally adheres much more closely to an ideal lattice. Small flaws in a 

crystal can be classified, and bear examination as a source of later structure 

development in crystalline thin films. 



Figure 3-16 Point defect structures: a) 
Frenkel pair b) Shottky defect 
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Point defects can develop within a lattice if high temperatures cause 

atoms to shift from their sites creating vacancies and interstitials. The 

concentration of defects, N, follows an Arrhenius relationship dependent on 

the formation energy of the defect, Ef, the Boltzman constant, kb' and the 

absolute temperature T. 

N oc exp -(Ef Ikb T) 

The creation of such faults is much more likely to occur at the surface, 

where the formation energy is lower, during growth at high temperatures. 

Naturally, the chance of a vacancy being filled during growth is greater as 

well. 

Vacancies and interstitials can migrate and cluster to form 

dislocation loops that increase in stability with size. Interstitial line defects 

of this sort can induce half plane defects, which are also known to migrate. 

Under high defect concentrations, the free energy of the lattice can be 

reduced through a process known as polygonization. When this occurs, 
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dislocations form a planar array called a sub-grain boundary (Figure 3-18) . 

Applied mechanical or thermal stress can also induce misorientations as 

large as several degrees during growth, though this is only common in 

weakly bonded semiconductors155. 

Figure 3-17 Dislocation loops resulting from: 
a) interstitial migration b) vacancy 
migration 

Typically, the boundary between two crystals is instead described as 

a IICoincidence Site Lattice", CSL. While the second crystal is clearly not an 

extension of the first lattice, the relative orientation of the structures is 

such that some of the atoms along the interface are located in ideal lattice 

positions for both crystals. As a result of the periodicity of each lattice, the 

location of these coincidence sites will be periodic as well. 
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When the match between the two interfaces is not complete, the 

difference is often accounted for with a periodic array of line defects along 

the boundary called a DSC, or "Displacement Shift Complete", lattice. This 

lattice and the CSL combine to minimize surface energy at the boundary. 

The DSC lattice introduces periodic relief to lattice strain imposed by the 

Coincidence Site Lattice in mismatched structures. 

There is a special case of the Coincidence Site Lattice called 

"twinning". Twin interfaces have a CSL period three times the atom 

spacing of each crystal along the boundary, and introduce a mirror 

symmetry where none is present in the original crystal. 

3.7 GOALS OF EXISTING MODELS 

In modeling a process we assess our understanding of it. A working 

model does not guarantee that the interpretation is correct, but we can be 

certain that a failure of the model indicates a gap in our knowledge. 

In general, models do not seek to describe a system completely. They 

attempt to isolate those factors that affect a particular property or process. 

Assumptions are made that simplify the computation necessary, and users 

should be aware of the consequences. Thus, one should not use a model to 

address a problem that it was not intended for, unless the effects have been 

carefully examined. Since the models are applicable in different 

circumstances, we can rest assured that each type of modeling will continue 

to have a role in the future. 
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Atomistic Models 

Atomistic models represent the closest approximation to a generally 

applicable model. With a realistic potential, it is possible to study structure 

and morphology development, calorimetry, and surface tension effects like 

boundary migration. Atomistic models may also explore stages in a chemical 

reaction. This is done to see if the reaction path is thermodynamically 

"down hill", and thus, favored, or to determine if the reaction is impeded by 

the presence of other nearby atoms. 

Some features of atomistic methods are common to all computer 

models. Experimental starting conditions are guaranteed to be identical if 

such a case is desired. There is no question of minor varriations in 

preparation. The ability to consider internal features without damaging the 

sample is also an advantage over experimental analysis inherent in 

computer models. 

The application of atomistic modeling methods to the structure of 

complex molecules has become so effective that "you hardly need to do the 

experiment any more!"162 This, however, does not hold true for structures 

on surfaces. The difficulties can, for the most part, be attributed to our lack 

of knowledge about surface charge transfer, a subject that can expect much 

future attention due to its roles in corrosion, battery technology, and solar 

cells. These computer models are particularly effective for static structure 

modeling because they focus on a steady state. The dynamic nature of 

reaction processes, particularly when covalent bonding is involved, require a 



much more intimate knowledge of the potential, and considerably more 

time. 
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The limitations in accuracy of the potential and in time necessary for 

computation trade off against each other, often making it impossible to 

study a process as completely as one might wish. For reaction studies, 

thermodynamic favorability does not insure that the reaction of interest will 

take place. Reaction kinetics are not well integrated into modeling at this 

point. The presence of another, faster, reaction will often prevent a slower 

one. 

Further difficulties are imposed on material studies by the sheer 

volume of data generated. Somehow data on the locations of hundreds, or 

thousands of particles, must be reduced to manageable chunks that can be 

realistically compared to results observed in actual materials. The 

assumptions made to speed computation, or make data usable, often limit 

the otherwise general nature of these models. 

Ultimately such models might determine the deposition conditions 

most suited to a material, but, for the present, simulations of this type 

often require substantially more time than it would take to design, deposit, 

and characterize the actual coating, with unreliable results. For the present, 

their real benefit is primarily as a measure of our understanding. 
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Structure Zone Models 

While not successfully applied to CVD films, over the years structure 

zone models have proven to be among the most reliable and respected tools 

of thin film researchers. Atomistic methods163 have reproduced many of 

their speculations about zones 1,2 and T; yet the true value is in their 

simplicity and wide spread applicability. They have been shown to predict 

broad microstructure trends for metallic, amorphous semiconductor and 

dielectric filmst. A map showing how morphology changes with the 

variables of temperature, and incedent ion energy/working gas pressure can 

be produced with the know lege of only two parameters, the melting point of 

the material, and some idea of whether ion bombardment of the film is 

occurring. 

Evolutionary Models 

Evolutionary models provide statistical data about the size and 

number of facets on nucleation cells or columns. This is typical of the two

dimensional growth to impingement model described above. 

Since the location of boundaries between cells is computed by these 

models, routines calculating these distributions can be swift and efficient. In 

contrast, obtaining experimental data for comparison can be laborious. 

There is the question of how to determine the size of a cell, made somewhat 

difficult if the cell is faceted. A non-faceted cell is usually circular, making 

t All materials that can be described with a Lennard-Jones potentials, none 
that are covalently bonded. 
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the diameter the obvious parameter for statistical examination. With 

faceted cells the parameter of choice is not so obvious. One option considers 

the largest possible diameter encompassing the cell, and the largest 

diameter encompassed within the cell, and uses the mean as the diameter 

measured. 

The problem is further magnified if the cells are not of the same 

general shape. For example, a film might contain triangular cells and highly 

elongated rectangles. The presence of secondary nucleation, and twinned 

crystals, can pose additional problems in determining which cells to include 

in distributions. 

Evolutionary models are also applied to the development of columns 

in polycrystalline films. Van der Drift's original paper on lead monoxide is a 

good example of the kind of understanding that can be achieved with this 

technique. It is generally employed on films where we observe a preferential 

crystallite orientation. In this context, its advocates "reverse engineer" a 

crystal. The direction of fastest growth is determined on the basis of crystal 

orientation normal to the surface. If the analysis is correct, one can infer 

aspects of the crystal growth process; the object being to identify and 

characterize the relative importance of the several aspects of adsorption and 

desorption. 
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Continuum Models 

Continuum models provide statistical data similar to those produced 

by evolutionary models. They have been most effective in simulating the 

earliest stages of columnar growth where development is controlled by gas 

phase transport of reaction products, and where the film and substrate 

materials are the same. Some information about the shape of columns is 

derived, but is, at later stages, suspect. 

Statistical Modeling 

Statistical modeling is either another type of modeling, or another 

way of interpreting those models, depending on one's viewpoint. Any of the 

previous models may be interpreted as a series of independent events. In 

the case of the atomistic model, we may consider the chance of an adatom 

adsorbing at any point on the surface. In the continuum models, it may be a 

question of how far the surface advances, in a given time unit, along any 

normal to the surface. Results are given as a distribution that describes a 

property of the surface produced by the model. We compare the statistical 

distributions produced by the models and those observed in samples. A 

strong correlation with a model will reenforce the importance of the 

mechanisms ephasized in the model. 
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MODELING CVD SYSTEMS 

The silicon industry relies heavily on chemical vapor deposition for 

the production of solar cells, detectors, and especially microelectronics. 

Silicon's microstructural dependence on deposition parameters is well 

characterized and, for the most part, understood 164, but this information 

was painstakingly acquired in a piecemeal fashion. There are no predictive 

models for microstructure development in CVD systems that can be 

generally applied. Attempts have been made to fit data to existing models, 

and a few models exist that were designed specifically for CVD systems, but 

Bales' characterization of a collection of "experimental folklore" is, for the 

most part, accuratel65. Concerns of this sort are not limited to CVD 

processing alone. Sheppard and Nakahara166 have recently indicated some 

of the same concerns with regard to the microstructure of films produced by 

electroplating, or "electrodeposition". 

4.1 PAST MODELING OF CVD SYSTEMS 

Successful models tend to focus on specific aspects of the process 

considered. 

Greene167 published a series of articles that examined the 

microstructural effects of energy transfer to adsorbed species. He was 

primarily concerned with low energy ion bombardment, but some 

consideration was given to photo-induced reactions. Pan et ai. 16B studied 

SiNx deposition, from a SiH4, NH3' Ar mixture, in a thermally activated 

CVD process. They concentrated on the transfer of energy between optically 
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excited vibrational modes and states of high kinetic energy corresponding to 

the thermal conditions initiating deposition. 

In a more ambitious attempt, Coltrin, Kee, and Miller169 produced a 

model for the thermal decomposition of silane that takes into account gas 

transport in two dimensions, boundary layer effects, and the chemical 

kinetics of twenty reactions simultaneously occurring in the gas phase. Gas 

phase reactions were the focus of the study, and possible alternative surface 

reaction paths were not considered. The model predicted chemical species' 

concentration profiles, decomposition rates, as well as temperature and 

velocity profiles. Deposition rates were also predicted, and the authors 

particularly noted the influence of gas phase reactions on that rate at low 

temperatures, where surface reactions had previously been thought to play 

a more important role. However, the rate computed is not a function of 

substrate position, and gives no morphological information. I infer that, 

even if surface reactions had been included, the focus would have remained 

on reaction rates, gas phase concentration profiles, and net transfer of Si 

from a gaseous to a solid state; no attempt to address microstructure 

development would have been considered. 

Those models that do not focus on a specific aspect suffer from 

another failing. Often, they make broad predictions about structure without 

making a systematic comparison to existing experimental data. Such 

examinations are vital to determining strengths and failings of the model. 
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The continuum models ofMullinst , and those that followed him, are specific 

examples. Mullins predicted that low spatial frequency deviations from a 

flat substrate would continue to be present in later growth, but beyond some 

cut-off frequency, these periodic substrate errors would be filled by growth 

and smoothed. There is some effort made to specify the cases where it is 

likely to be observed; the restriction to isotropic surface energy narrows 

things down. However, authors have not provided a list of likely materials 

and deposition conditions. 

In some cases, the failure to supply comparative experimental 

information is not a problem. Frost et al. * clearly outline the parameters 

that affect the results of their work. If experimental statistical distributions 

of column size and shape differ from those produced by the model, one of 

these parameters must be at fault. It may not be simple to measure the 

corresponding quantities in a real system, but at least you have an idea 

which properties may be at fault in the failure. 

Others oversimplify an explanation of morphological phenomena, 

providing no real IImodel ll at all. Cheng et al. 170 looked for morphology 

transitions in chemical vapor deposited titanium carbonitrides. The 

deposited structure varies with gas and substrate temperature, pressure, 

and gas species distribution. This study varied substrate temperature and 

t See 3.4 CONTINUUM MODELS. 

* See 3.3 EVOLUTIONARY SELECTION. 
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source gas composition, then measured the relative C to N concentration of 

the resulting deposits. 

The microstructure variation begs comparison to the Structure Zone 

Model of Movchan and Demchishin. The results were displayed in a form 

that followed Thornton'st data, and carefully classified the observed 

structures. However, the trends in this diagram bear little resemblance to 

PVD results, and no relationship between structure changes and melting 

points is observed. The shift from fine grain, to platelet, to multiply-twinned 

crystals is attributed entirely to increased mobility of adsorbed species. 

While this is present, and certainly plays a role, it by no means accounts for 

all structural developments. 
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Figure 4-1 Ti(C,N) microstructure map -
after Cheng et al. 170 

t See 3.2 STRUCTURE ZONE MODELS. 
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Why, for instance, is preferential orientation observed in the 

crystallites? If it is due to evolutionary selection, what factors influence the 

preferential growth of one crystallographic direction over another? Why is 

the formation of multiple twins prevalent at higher temperatures when no 

such twinning is observed in the platelet structures? Most importantly, how 

can we predict such structural changes in other materials without the 

inefficient process of growing a huge numbers of films under a wide variety 

of conditions? The data published is certainly important, but the structure 

map does not answer our need for a more generalized predictive model. 

4.2 THE FUTURE OF THIN FILM MODELING 

The direction that future morphology modeling will take is a subject 

of ongoing discussion between current and former members of our research 

group. Angus Macleod, having observed enormous advances of computing 

technology in only the latter part of his lifetime, holds great hope for the 

application of atomistic methods. The limitations of computing speed will be 

overcome in time, he proposes, and it will one day be possible to simulate 

the structural, mirostructural, and optical properties of a thin film stack. 

Furthermore, it should be possible to do this accurately, in less time than it 

takes to actually produce the film. In contrast Robert Sargent, having faced 

the difficulties of modeling a few atomic layers over a period of many hours, 

has little confidence in the eventual applicability of the technique. 
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I am inclined to a more "middle of the road" approach. Existing 

limitations have not prevented atomistic confirmation of microstructure 

trends predicted with Structure Zone Models, particularly for materials that 

are well described by Lennard-Jones potentials. For this reason I think L-J 

materials, materials with simple potentials and no anisotropy, have a bright 

future in atomistic modeling. 

In contrast, studies of covalently bonded materials, those with more 

complex potentials, require more computation, several orders of magnitude 

more. Barring the kind of advances recently made in superconductor 

technology, I see the gains in processing power diminishing as time passes. 

To date, increases in processor speed have been achieved with further 

miniaturization. These devices are now reaching the point where quantum 

boundary effects influence their reactions. Further advances will require an 

entirely new method of logical processing, which has yet to emerge. 

It should be possible to confirm the predictions of other models using 

atomistic methods, but if our goal is to provide insight into morphological 

trends, I believe we will have to look elsewhere. To develop a microstructure 

map by atomistic modeling of the system under all reasonable deposition 

conditions is, for the forseable future, at least as impractical as performing 

the depositions themselves, and less reliable as well. 

When we make a coating we have some platonic ideal of what the 

microstructure should be like. If it is an optical interference coating, then 

we might want a smooth flat coating with no microstructure at all. In 
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chemical engineering, we might desire a catalytic surface, which would 

benefit from a morphology with a high effective surface area, permitting 

sufficient gas transport through a columnar structure. From an applied 

standpoint, we would like to choose conditions for deposition that produce a 

morphology to suit our needs. We want a model that produces a map of 

possible structures, according to the parameters available. 

Sheppard and Nakahara166 point out that to have such a map we 

need a systematic way to classify the different structures we observe. They 

review existing classification systems and, presumably, are considering a 

more complete, unified, system. They also note that the only models 

currently producing maps of morphology are Structure Zone Models. 

The great advantage of these maps is their concern with the locations 

of boundaries between zones rather than with the structures between them. 

If we could, for instance, predict the locations of all the boundaries involved 

in a given deposition process, and knew the sources of those boundaries, 

then one film from each region would be representative of the 

microstrucutre found there. With those films, and an idea of the dominant 

processes, we should be able to at least estimate the region of interest. 

Other models, by contrast, are concerned with producing quantifiable 

statistical data equated to specific deposition conditions, or with detailed 

examinations of the processes involved. 
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4.3 CLARIFYING THE STRUCTURE ZONE MODEL 

Historical Development of the Model 

In spite of their long history, Structure Zone Models are not 

particularly well defined. What Movchan and Demchishin t created was a 

true, predictive, model for the physical vapor deposition of a limited class of 

materials. Knowing the temperature of the substrate, and the melting point 

of the material, one can predict the general aspects of the microstructure. 

The M&D SZM predicted dome topped, inverted cones in zone 1, parallel 

sided columns with smooth tops in zone 2, and randomly oriented equiaxed 

crystals in zone 3. 

Thornton introduced sputtering and a new zone, one that was not 

explained by surface mobility, or bulk self-diffusion. There was no 

explanation, save that it had something to do with the introduction of 

limited mobility at the low mobility edge of the first boundary. The new 

zone boundary was present in films that were previously described by the 

M&D SZM, but only when sputtering or ion bombardment played a role. 

The temperature of the zone 1 to zone T transition was a function of the 

working gas pressure, but no clear relationship was observed. The existing 

model could predict neither the shape nor the location of this transition 

boundary. Messier et al. 139 regained some of the lost predictability by 

showing that the boundary was linear with incident ion energy. 

t See 3.2 STRUCTURE ZONE MODELS. 
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Curiously, in the same paper, Messier et al. state that, "the 

microstructure is independent of the particular method of vapor deposition 

used to prepare the film", while elsewhere citing work demonstrating a 

"significant effect" observed when hydrogen is added to the sputtering gas 

for some depositions. They preface the latter statement by indicating that 

all physical structure is related to the mobility of the adatoms. In a case 

where the microstructure cannot be explained by surface mobility or bulk 

diffusion, they attribute the effect to "chemically induced mobility". 

So, while explaining the zone 1 - zone T boundary, they point out 

another predictive deficiency. They admit that the effect of hydrogen has 

not been considered in terms of a SZM, citing a lack of experimental data, 

the complexity of the surface chemistry, and the "difficulty in conceiving of a 

linear relateable parameter". Or, more simply, they couldn't explain it. 

In spite of this predictive failure of the SZM, Yehoda and Messierl71 

later state that, "Perhaps the most interesting feature of these various 

models is their universal application to apparently all film materials and 

deposition processes." This statement appears to have derived from a series 

of photos published concurrently143 and reproduced here in figure 3-3. The 

series shows a pyrolytic graphite film that conforms to both the columnar 

shape and self similar nature of zone 1 in the M&D model. This in spite of 

the fact that graphitic bonding is highly anisotropic. 
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This idea caught on, and even Thornton 163 implied universal 

applicability. This may have been what prompted Cheng et al. 170 to look for 

SZM type transitions in their Ti(C,N) studies. 

When first attending diamond conferences and short courses, around 

1988, I observed a deluge of papers related to the microstructure of CVD 

deposited diamond. Many of these authors stated that they had looked for 

transitions near the Movchan & Demchishin transition pointst. All verbally 

reported that no transition was observed; none published this observation. 

Only recently has a published connection been made between SZMs 

and diamond deposition. Zhu, Messier, and Badzian172 took data from their 

studies of morphology changes with substrate temperature, carbon content, 

and gas flow rate in a CHiH2 microwave plasma assisted CVD system 173. 

This data was put into the form of a microstructure map, much like that 

produced by Cheng, and advocated by Sheppard. Approximate transition 

zones were indicated, and some attempt was made to explain the source of 

those transitions, but the result was clearly not a predictive model. They 

seem to have recognized this inconsistency, and back away from earlier 

statements on universal applicability. They state, "Such approaches of zone 

modeling to the thin film morphology have been used successfully in 

studying morphological phenomena of physical vapor deposited thin films."* 

t Scaled according to the sublimation temperature of graphite/diamond. 

* My italics. 



Redefining the Model 

So what is a Structure Zone Model, and how can it be applied to 

diamond and other products ofCVD deposition? 
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As you may have guessed by now, I consider predictability essential 

to a model. That is: Can you set up a process with untried parameters and predict, 

fairly accurately, what the results will be? Movchan and Demchishin's model did 

this; all of the transition zones, for a fairly wide range of materials, conform 

to the transition temperatures expected. But the model, which includes the 

specific definition of transition temperatures, can hardly be called universal. 

There is no such model for any CVD process, and a model that does not 

provide a mechanism for computing where transitions occur, is better 

termed a map. 

This is not to say that the work done in producing these morphology 

maps has, in any way, been irrelevant. On the contrary, without them we 

would have no idea of the trends that must ultimately result from our 

models. 

What does appear common to all processes is Sanders' idea t that 

morphology is dominated by different phenomena under different 

conditions. In the M&D model the transitions occur solely as a function of 

the properties of the deposited material. As Thornton 138 points out, the 

activation energy for surface mobility and bulk diffusion are both related to 

the melting point of the material. In diamond deposition, researchers have 

t See 3.2 STRUCTURE ZONE MODELS. 
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yet to eliminate hydrogen from the process, indicating that it is necessary. 

Clearly, the reaction processes of importance depend on the interaction of 

hydrogen with carbon, and are not just a function of carbon's properties. In 

retrospect, it seems naive to expect microstructure changes at M&D 

transition points determined from the melting/sublimation point of carbon. 

So, models that have been called SZMs in the past won't apply to 

electroplating, reactive, or chemical deposition. Each has some reaction 

occurring that is independent of the properties of the final material, 

whether it involves a component, a carrier, or. charge transfer. A truly 

"universal" SZM would take into account the activation energy, or presence 

of each process that plays a role, and place the transition zones accordingly. 

Some of these forces, such as surface energy anisotropy, will be 

present under any set of process parameters. In evaporated materials, and 

other materials governed by Lennard-Jones potentials, this will be 

irrelevant. In contrast, covalent crystal structures should be strongly 

influenced. Still, the pyrolytic graphite films of Messier et al. 143 (figure 3-3) 

show that shadowing effects can dominate this too. We must now consider 

under what conditions this can occur. 

Gas transport mechanisms will always be present, but their relevance 

will also be measured in terms of the relative importance of other 

parameters influencing microstructure. High rates of reaction at the 

surface, that outpace the rate of material delivery to the surface, will insure 

that gas phase transport limits the rate of growth. Differences in the local 
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rate of transport to the surface will result in varying growth rates and 

microstructure development. Surface mobility can replace gas transport to 

some extent, depending on the length of the mean free path across the 

surface. 

For processes that change rapidly with the parameters, knowledge of 

the activation energy will likely be sufficient, since their effect will be 

quickly seen. More slowly changing quantities, will require attention to the 

rate of change, since the transition zone will acquire some width that is 

dependent on that rate. For example: if surface mobility dominates 

microstructure formation, and becomes infinite once activated, then there 

will be a sharp morphology transition with temperature between M&D 

zones 1 and 2. In contrast, if surface mobility slowly increases with 

temperature, then a broad transition zone will be observed. 

Some properties that can playa role are: 

• Gas phase transport of reactants 

• Surface and bulk diffusion 

• The kinetics of adsorption and desorption reactions 

• Gas phase transport of reaction bypro ducts 

• Durface energy 

• Surface structure 

• Twinning 

• Nucleation 
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In short, everything that can affect the rate of growth on the global scale, 

can affect localized growth, and in so doing, create microstructure. The trick 

is narrowing the list down to the processes that dominate the CVD reaction 

of interest. We want to locate the boundaries between zones, in terms of the 

dominant parameters. 

In a very real sense, microstructure development parallels economic 

models, the trade off of supply and demand. Uniform growth requires 

uniform rates of reaction across the surface, and uniform delivery of 

material. Localized changes in either will generate deviations from the 

"ideal" flat surface. Surface energy anisotropy affects this supply and 

demand through the sticking coefficient and variations in surface transport 

rates. 

There is one model, developed for CVD diamond by Vandenbulcke, 

Bou, and Moreau174, that seems headed in the right direction. Still, no 

association with the SZM was drawn, and some of the details are hazy. This 

model will be considered in detail in the next chapter. 

Identifying Universal Structural Forms 

While the existing models are not universal in the sense of the 

location of boundaries between zones, they may very well be universal in 

terms of structural forms that can be observed. Microstructure can be 

related to certain dominant factors of the deposition process. In the M&D 

model inverted cones with domed tops are characteristic of a lack of surface 
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mobility and of shadowing. Columns with parallel sides are indicative of 

higher surface mobility, but a continuing absence of bulk diffusion 

processes. Yet, inherent in these classifications is the assumption that the 

motion of atoms is govered by a spherically symmetric potiential. What 

happens to these structures when an asymmetric potential is present? How 

are they affected when reaction rates restrict growth? If there are universal 

structures they will be a function of the mechanisms involved, and of their 

relative importance. 

In diamond deposition, surface energy anisotropy and structural 

differences between facets have very strong effects that are not observed in 

the M&D model. In many morphology studies the sides of the diamond 

columns, as well as the tops, are highly faceted (Figure 4-2). Under other 

conditions, such as those used by Clausing et al. 175, the columns have 

faceted tops but rough sides. Are these structures related to those observed 

in M&D materials? If so, then to what extent? We have no systematic 

observations of the effects of potential anisotropy on microstructure, and we 

do not know what their effect will be when they occur in conjunction with 

the simple M&D forms that we already understand. 

When the substrate temperature is higher than the zone 2-3 

transition temperaturet no equiaxed crystals are observed. In the majority 

of studies, temperatures beyond 10500 C produce deposits that are 

predominantly graphitic. At lower temperatures, down to 600oC, well 

t As predicted when the M&D model is applied to diamond. 
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defined crystallographic structure is observed, but growth rates are low113, 

Few results below this point have been reported, but even at temperatures 

as low as 450oC, well defined crystalline structures have been seen with no 

evidence of the cone-shaped, dome topped, structures observed in the M&D 

zone 1176, 

Figure 4-2 Diamond film showing columns 
with faceted sides 

The one exception to this state of affairs, that I have observed, is a 

micrograph produced by Ravi et al,177 (Figure 4-3) which has somehow 

acquired the characteristic dome-topped cone shape, while retaining a 



strong tendency toward faceting, and the characteristic Raman line of 

diamond. 

Figure 4-3 Expanding columnar structure 
in flame deposited diamond film - courtesy of 
K.V. Ravi177 

177 

Consider, though, that all polycrystalline films develop larger 

crystallite sizes as the film thickens. This may only be a case of slow 

nucleation, and lack of competition, not shadowing. The Ravi example does 

not exhibit the self similar structure generally observed in zone 1 of the 

M&D model t . That is, the same general form is not observed at different 

orders of magnification. Flame grown films that I have produced at low 

temperatures do show this tendancy (Figure 4-4). It is also worth noting 

that they retain crystalline forms, even when their microstructure seems to 

t See 3.2 STRUCTURE ZONE MODELS. 



indicate the low mobility associated with shadowing. Morrish 178 has 

produced similar films, at low substrate temperatures in a hot filament 

deposition system. Column orientation has, in certain cases179, also been 

shown to follow the direction of source gas incidence. This too implies a 

shadowing effect, similar to that in M&D zone 1. 

Figure 4-4 Large and small scale 
crystallinity shown in micrographs of 
diamond films grown at 5000 C 

These results seem to promise that certain dominant processes, or 

groups of such processes, will be always be associated with specific 

structural features. Lack of surface mobility and high surface energy 

anisotropy should be associated with dendritic growth, unless some other 

178 
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process dominates the formation of microstructure. Those features might, in 

turn, differ for two sub-cases, such as reaction rate limited growth and gas 

transport limited growth. It remains for us to isolate examples of each 

possible combination of these parameters and associate structural features 

with them. It also remains for us to determine the conditions which bring a 

given property to prominence. 

4.4 UNIQUE MORPHOLOGICAL PROBLEMS OF DIAMOND 

The generation of a SZM should be a straightforward exercise. 

Determine which processes are present, under what conditions, and to what 

extent they control growth, and the problem is solved. Unfortunately CVD 

diamond growth does not provide us with an ideal, or even favorable, case. 

The development of a SZM would be simple, if this were a simple system. It 

is not. Too many things happen at the same time. 

• Diamond deposition, with a poorly understood reaction path. 

• Graphitic carbon deposition, with a similar lack of 
understanding. 

• Side reactions at the substrate, unrelated to deposition. 

• Gas phase species are highly reactive radicals. Determining 
accurate concentration profiles is difficult, and 
numerous side reactions, unrelated to deposition, occur 
in the gas phase. 

• Side reactions at the source and reactor walls 

• Precursor reactions to generate the species necessary for 
diamond growth. 
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Essentially, we do not know the reaction patht . These complex 

interactions result in an extremely complicated analysis. Some of the data 

related to diamond microstructure development will be reviewed here, and 

considered in depth in the following chapter. Occaisionally we refer to a 

paper by the name of the first author only. The papers concerned are from 

this section, and should be identifiable. 

Changes in Dominant Facet 

A number of workers have studied changes in morphology as a 

function of process parameters in their diamond deposition systems. 

Substrate temperature, percentage by volume of hydrocarbon gas used, and 

power coupled to the plasma are all commonly considered. One of the 

changes observed in these studies is a shift from [111] faceting to [100] 

faceting. From the standpoint of an individual crystal's history, we can 

appeal to the concept of "growth to extinction" for an understanding of this. 

The facets observed depend on the relative rate of growth of the 

crystal in different directions (Figure 4-5). If the direction of slowest growth 

is the (111) direction, then the crystal will be dominated by triangular [111] 

faces. If the (100) direction is slowest, then square [100] facets are observed. 

t Though some authors express a great deal of confidence in their own 
solutions to this problem, none is generally accepted80,85. Partly, 
this is because authors often focus on the solution under a fixed 
set of conditions which optimize deposition rates for their own 
chamber. 
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These statements assume that there are significant differences in the 

relative rates of growth. Recall, from growth to extinction, that the slowest 

growing face imposes geometrical restrictions on the maximum rate of 

growth in other directions. The extreme pyramidal and cubic forms are only 

observed when the rates of growth in fast directions meet or exceed this 

geometrical limit. When the relative growth rates of the (100) and (Ill) 

directions do not exceed those limits the intermediate "cubohedral" forms 

will be observed. 

0.87 0.8 0.7 0.6 

Figure 4-5 Ratio of growth rates 
(100)/(111), influence on crystal morphology 
- after Clausing et al.175 

It is generally observed that, when the percentage of hydrocarbon 

gases increase, there is a shift from pyramidal [111] dominant, or 

intermediate cubohedral forms, to cubic [100] dominant forms. 180 

Shifts as a result of substrate temperature change are not so clear. 

Papers by Matsumoto et aI., and Spitsyn et aI.181 have presented evidence of 

a shift from [111] to [100] faceting as temperature increases, while Clausing 
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et al., Farabaugh et al., Haubner et al., and Zhu et al. l82 have all reported the 

reverse. This inconsistency complicates microstructure modeling. 

Preferential Orientation Effects 

A number of authors also observe that crystals with [111] facets tend 

to grow with a (110) orientation, and that [100] faceted films form with a 

(100) orientation. That is to say, those directions are normal to the 

substrate surface. 

Kobashi et al. 183 reported these orientational changes, in association 

with the [111] to [100] shift in dominant facet, when the percentage of 

methane in their microwave assisted system was increased. They noted that 

the facet shift was observed in a narrow range about the 0.4% v/v level but 

that the change from a (110) to (100) orientation seemed to lag behind, only 

becoming evident at higher methane concentrations. Also, while [111] 

faceting was observed at the lowest levels of methane concentration, the 

(110) dominant orientation only seemed to develop when the concentration 

was increased. At lower levels a random orientation was observed. 

Cubohedral intermediate forms also had (110) dominant orientation. 

Clausing's research groupl84 reported shifts in orientation from (100) 

to (110), corresponding to [100] and [111] facet dominance, when the 

substrate temperature in their hot filament system was increased. Later, 

they examined the development of films with each preferred orientation in 

terms of evolutionary selection. 
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Zhu et aI.172 noted the same thermal trend in their microwave system, 

and their study of increasing methane concentration confirmed the results 

of Kobashi. 

Wild et aI.185 considered the historical development of a single film, 

with a strong orientation, in terms of evolutionary selection. They also 

speculated on some of the possible causes of the (110) dominance, in light of 

their assertion that this should not have been the most rapidly growing 

crystallographic direction. 

Spitsyn et aI.186 and Sato & Kamol87 gave conditions that produced 

(110) and (100) oriented films, respectively, though no transitions to other 

orientations were reported. One wonders, in the case of Spitsyn et aI., if they 

would have observed the thermal trend in orientation as well as faceting. 

Deviations from the earlier statement, regarding a linkage between 

facets and orientation, do exist. Geis l88 has grown (111) oriented films from 

[111] faceted seed crystals sprayed on polished silicon wafers. 

Twin Fonnation 

Innumerable authors have pointed out a tendency for diamond to 

form twins along [111] planes. Made up offive crystals with [111] faceting, 

joined along [111] planes, five-fold twins can dominate the microstructure of 

diamond films. Pairs of twinned particles and twenty-fold twins are also 

commonly observed. 
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According to Ichiro Sunagawa 189, multiple twin formation is 

characteristic of metastable growth, though there seems little 

understanding why twinning, let alone multiple twinning, occurs at all. 

Trends in diamond twin formation, like the thermal changes in crystalline 

faceting, display some disconcerting inconsistencies. 

Figure 4-6 Twinned crystals: a) a five-fold 
twin with several two-fold twins b) a 
twenty-fold twin twinned with a two-fold 
twin - Courtesy of K. Snail 

Zhu et al. 190 reported increased twinning with increased methane 

concentration. This is consistent with the assertions of Badzian et al. 191 that 

twinning should increase with an increase in supersaturation t, a view 

t See 3.5 SURFACE ENERGY INFLUENCES: Surface Roughness. 



confirmed by Spitsyn et aI.181. Yet, Williams et aI.192, as well as Sato and 

Kamol87 have seen reduced twinning with increased methane 

concentration. 
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The Matsumotol80, Farabaugh 113, and Clausing88 papers indicate 

that the number of twins increases with increasing temperature t. There 

seems to be little argument on this point until you consider that twinning 

should increase with increasing supersaturation, and supersaturation 

should increase with decreasing temperaturel89. This, presumably, occurs 

because decreasing the temperature leads to a lower kinetic rate for the 

incorporation reaction, and a lower demand with the same rate of supply 

leads to an increased supersaturation. An exception to this would be a case 

where growth is limited by the rate of supply in the first place. Here 

reducing the reaction rate will have little effect, until the rate slows to the 

point of becoming the limiting factor. This might seem plausible, until you 

consider that the shift in orientation with temperature is observed, and that 

this simple explanation will not do. 

The one trend that does seem consistent is a relationship between 

twinning and the dominant facet. Twinning only seems to occur when [111] 

facets appear in the films. When there is twinning at low temperature, [111] 

facets are also observed, with [100] faceting occurring at higher 

t We note that this is also consistent with Cheng's studies ofTi(C,N) 
deposition. 
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temperatures, and the converse. The same appears to be true for changes in 

faceting associated with the amount of methane present. 

Curiously, Spitsyn et ai. ISI found that no twinning occured when they 

used natural diamond as a seed material, though the crystals eventually 

conforms to the same faceting as those nucleating on a non-diamond 

substrate. One wonders ifhe explored a range of deposition conditions 

including those that usually produce heavy twinning. 

Figure 4-7 Twin formation at a surface: 
repeated twinning on parallel planes, 
indicative of twinning long after nucleation. 

Spitsyn et al. also indicated that the regular form of many of the 

multiple twins is evidence of twinning at the early stages of nucleation. 

Narayan et al. 193 and Williams et al. 192 produced HREM micrographs 
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showing the centers of five-fold twins, including one that reveals low angle 

grain boundaries that compensate for the misfit between the structure of 

diamond and the ideal five-fold twin. Spitsyn et al. state that there is further 

evidence for twinning at later times in addition to that which occurs during 

nucleation. Presumably they refer to twins that form on well developed 

growth surfaces, where there is no evidence of new crystallite formation. 



TOWARD A STRUCTURE ZONE MODEL 
FOR CVD DIAMOND 

5.1 ONE MORE MODEL: Vandenbulcke et ale 
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There is one diamond deposition model that I include here because it 

fits my interpretation of a Structure Zone Model, though the authors did not 

classify it as such. Vandenbulcke, Bou, and Moreau174 considered a 

simplified system; competition between four diamond and graphite 

deposition and etching reactions. Diamond and graphite are each deposited 

from an arbitrary hydrocarbon gas, CHx, at a rate governed by an equation 

of general form. R gives the rate of reaction where k is the rate constant and 

the superscript, and q is the order of a reaction with partial pressure of 

CHx,PCHx: 

Rdiamond = kd PCHx q Rgraphite = kg PCHx U 

R' k' r diamond = d PH R' . -k' v graphIte - g PH 

The primed rates and constants govern the reverse reactions. 

Using this system, and the assumption that we are predominantly 

interested in cases where diamond deposition is more rapid than graphite, 

predictions are made on the basis of the relative rates and orders of the 

reactions. Relative partial pressures of hydrogen and CHx are also 

considered. 
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Because graphite and diamond have different structures, and the 

carbon is subject to different kinds of bonding in the two materials, the 

equilibrium partial pressure of CHx over the two materials will differ. Thus, 

though the partial pressure of CHx is constant over the surface, the 

supersaturation over the two materials is not the same, and can be found to 

be a function of the partial pressure of the hydrogen in the system. 

5 
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Figure 5-1 Supersaturation of CHx over 
diamond (solid) and graphite (dashed) - after 
Vandenbulcke et at. 

4 

Several conclusions are drawn from this data. Clearly the highest 

diamond growth rate, without contamination, can be achieved near the 

onset of graphite growth. That rate will be higher if the CHx partial 
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pressure is higher. The authors conclude that this can be the case under a 

higher II partial pressure, and hence a higher total pressure. They further 

conclude that nucleation is more likely in such high pressure systems, and 

that while scratching or seeding may be needed at lower pressures it is not 

necessary in systems that operate at several hundred Torr or a few 

atmospheres. 

We can reasonably expect that changes in the percentage of sp2 

bonded carbon being co-deposited with the diamond will affect the 

microstructure of the film in some way. This can involve the generation of 

graphitic nucleation sites and the "pinning" of advancing steps, requiring 

them to gain several monolayers, or several tenths of a millimeter, of height 

before they overcome the impediment and proceed. These are, however, just 

possibilities. Clearly, there are three zones in Figure 5-1: one where solely 

diamond grows, one where sp2 material grows, but diamond grows faster, 

and a third where the reverse is true. 

The authors note that deposits dominated by [100] facets tend to have 

a higher fault density than films dominated by [111] facets. Combining this 

information with the idea that the [111] faceted octohedral crystals are the 

ones with the lowest surface energy, and the greatest stability, they 

conclude that octohedral films occur in the first zone. Square faceted [100] 

films emerge in the transition between the first and second zones, "ball-like" 

deposits can be found in the second zone, and graphitic material appears in 

the third. 
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This model is important because it points out some of the difficulties 

associated with complicated chemical systems. I am inclined to favor some 

of its conclusions, particularly those associated with the benefits of higher 

pressure gas deposition. Others, however, are problematic. 

The transition between the second and third zones, for instance, 

always occurs at a hydrogen partial pressure of one Torr. This has not been 

observed and appears to be an artifact of the decision to consider only one 

growth species for each of the two types of deposits. There is nothing to 

restrict graphite, or even diamond growth, to one source gas at this point. 

The two materials may well derive from different precursor species or may 

each have multiple pecursors. This should not completely invalidate the 

conclusions, but we have not reached the point where we can predict the 

locations of the boundaries between these zones either. 

From my perspective, the assignment of different facets to different 

zones is also premature. Contradicting this model, Zhu172 reports that the 

fault density increases as the structure shifts form [100] to [111] dominant 

faceting. Clausing88, who observes a shift toward [111] faceting with 

increasing temperature, reports that both [100] and [111] faceted 

crystallites are "relatively defect free" if we disregard the defects at 

boundaries between themt . They also note, however, that [100] faceted 

crystallites seem to have an increased number of point defects, while the 

[111] faceted crystallites, in addition to twinning, are subject to dislocations. 

t Including twin defects, which constitute boundaries themselves. 



One might be tempted to tie the higher fault density to increasing 

substrate temperature. That temptation is dampened since a higher 

supersaturation should occur at lower temperatures t and higher growth 

rates usually lead to a higher fault density155. 
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Other problems occur as well. Vandenbulcke et al. place the [100] 

faceting on the boundary between two zones. This would make the width of 

the [100] zone a function of the angle between the two supersaturation 

curves; a larger angle would narrow the zone. Since this angle is a function 

of the overall pressure in the system, we should see a dramatic change in 

the width, but not the location of the zone, with that parameter. Kobashi et 

al. 's morphology vs. methane content data indicate a broad range in which 

[100] faceted films can be grown, at approximately forty Torr, which is 

consistent with the idea that low pressures should correspond to low angles, 

but Zhu et al. 173 found only a weak dependence of morphology on pressure. 

To be sure, the onset of mixed deposition, and the rate of change of 

these growth rates with different parameters will affect microstructure, but 

by themselves they are insufficient. Surface mobility, boundary migration, 

and surface energy anisotropy must be taken into account as well. The 

distinction between gas transport limited reactions and kinetic rate limited 

reactions must be considered as well. 

t See 3.1 SINGLE CRYSTAL GROWTH: Supersaturation Driven Growth. 
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5.2 TURBULENCE STUDIES 

How and Why the Experiment Was Done 

Upon my arrival at the Naval Research Labt I was encouraged to do 

several things. One was to grow some films, and get used to working with 

flame deposition. Another was to bear in mind that my group was 

particularly interested in freestanding diamond films, which could be 

studied to reveal the optical properties of CVD diamond, but had to be of a 

larger diameter than those previously produced to be characterized by NRL 

instruments. 

Larger, half-inch diameter substrates were available, and I was 

encouraged to use them. One of the first things I found was that the smaller 

diameter torch orifices tended to produce films with diamond at the center 

and graphitic material in a circle about it. 

To cope with this I tried a torch tip with a larger diameter and re

discovered, firsthand, a phenomenon I had been introduced to in my high 

school shop class, "flashback". By increasing the diameter of the tip orifice, 

without increasing the volume of gas flowing, the velocity of the gas is 

reduced. The flame front is only stable when the flow rate of the gas is the 

same as the rate at which the flame front burns in the opposite direction*. 

When the velocity of the gas is decreased, the flame is not stable, but moves 

t NRL 

* See 2.4 FLAME GROWN DIAMOND AT NRL: Growth Conditions. 
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back along the path of the gas supply. If the flame continues all the way to 

the supply tanks, the resulting explosion may cause significant damage. 

Flashback protectors are available to prevent this. We recommend them. 

The reverse case, where the velocity of the source gas exceeds the 

burning velocity, is also possible. In this case the flame front moves away 

from the gas source. As the fuel gas becomes more diluted with air, it burns 

more slowly, driving the flame front away from the source until the flame is 

extinguished from lack of fuel. This is known as "blow off'. The limits of 

flame stability have been studied, and are found to follow the form offigure 

5-2. 

.~ 
.~ 

'V Turbulent Flame 
region 

Burner Diameter -.. 

Figure 5-2 Limits of flame stability, 
generalized diagram 
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One other feature of this diagram is the limit between turbulent, and 

laminar flow. Note that, for large orifices, only turbulent flow is possible. So, 

when I switched to a large orifice, in order to grow larger films without 

having to resort to a flat flame burner194, I switched, from a laminar to a 

turbulent flame. 

Why is this interesting? From an engineering aspect there is a great 

deal of concern about the growth rate of diamond crystals. Who cares that 

scientists can grow perfect crystals, if it takes then a year to grow one? 

Thus, if it is possible to increase growth rates without adversely affecting 

the resulting film, the economics of production improve dramaticly. 

Growth rates are directly related to the rate of the incorporation 

reaction. This rate can be limited in one of two ways, either through the 

reaction rate itself, or through the rate of reactant supply and byproduct 

removal. If the rate itself is the limiting factor, then it can generally be 

increased by increasing the temperature of the substrate. If the gas 

transport rate is the limiting factor, then the growth rate can only be 

increased by increasing the transport rate to, and away from, the surface. 

Under circumstances of extremely low pressure, or long mean free 

path, the transport rate is limited by the rate at which source material is 

introduced to the system. This is known as the molecular flow regime, and 

under these circumstances, gas phase atoms generally do not interact. At 

pressures where the atoms interact, laminar viscous flow is observed. Here, 

gas follows stream lines smoothly around obstructions and irregularities in 
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its path. It is under these circumstances that the boundary layers develop t. 

Between these two situations there is a region of transition flow. 

III Stagnation Layer 

• Gas Flow 

• Substrate 

[J Nozzle 

Figure 5-3 Formation of a stagnation layer 
under conditions of combustion vapor 
deposition. 

Since we are considering increasing the rate of reaction by increasing 

the rate of supply, boundary layers will eventually develop. Transport 

through these layers proceeds by the slow process of diffusion, and it is this 

that limits the growth rate. To deal with this limitation we must make the 

boundary layer thinner by stirring up the gases; this can be done by shifting 

from the smooth laminar viscous regime to the turbulent regime. 

t See 2.2 FUNDAMENTALS OF FILM AND CRYSTAL GROWTH: 
Transport of Reactants and Byproducts. 
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If the growth rate is limited by the rate of transport, we can increase 

it by introducing turbulence and breaking up the stagnation layer, 

effectively making it thinner. If the growth rate increases with increased 

turbulence, then the rate of the reaction that produces diamond is controlled 

by gas phase transport, otherwise it is controlled by chemical kinetics. 

If it is the former, then uniform gas distribution will minimize the 

development of microstructure. If the latter, then the growth rate, at points 

across the surface, will differ with the local reaction rate. I was also able to 

grow a particularly clear and uniform film using this type offlame, much 

more so than past films produced by NRL. This naturally interested us. 

Turbulence and Turbulent Flames 

If possible, I would like to dissuade the reader from attempting to 

gain a quantitative knowlege of turbulence. Turbulent flow is a subfield of 

physics that has, can, and will continue to consume lifetimes of study195. 

Only those with a penchant for unsolvable problems should consider 

quantitative study of this field. A qualitative understanding, acquired 

through experience, should be sufficient under most circumstances. 

For those who feel it necessary, there are some numbers associated 

with turbulent flow. Most of these were developed for the quantification of 

gas transport rates, and are very effective in the computation of things like 

pump-down times in vacuum systems. The Reynolds' number, R, the most 

common of these, is a dimensionless number defined for cylindrical pipes. It 



is given in terms of the density of the gas, p, the gas viscosity, 11, the mean 

stream velocity, (U), and the diameter of the pipe, d. 

R = (U)pd/11 
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When this number is between 1200 and 2200, flow is smooth and behaves in 

accordance to the equations of laminar flow. In the molecular flow regime, 

the number has no meaning because the viscosity can no longer be defined. 

The Knudsen number, given by the mean free path divided by pipe 

diameter, is a better description of molecular flow, and of the transition to 

laminar flow from the molecular regime196. 

In fact, the number 2200 represents a lower limit for the onset of 

turbulent flow, not an upper limit for viscous flow. In highly polished 

nozzles, Reynolds' numbers as high as 40,000 have been achieved while 

maintaining laminar flow197. In addition, the scale is not applicable to the 

brazing tip because it is a converging nozzle which opens to free expansion, 

rather than the cylindrical tube shape for which the scale was devised. It is 

true that the diameter of the "line" is larger after free expansion, if we 

consider the new "diameter" as the near stationary room air surrounding 

the gas leaving the nozzle. This larger diameter, however, does not 

necessarily trigger turbulence, since it is counteracted by reduced gas 

velocity, density, and perhaps increased viscosity due to the combustion. 

With simple gas flow, each new nozzle shape must be considered 

separately, and the addition of combustion pushes the problem into the 

insolvable regime. Yet, some try to deal with the insolvable anyway. There 
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are a large number of papers dealing with the shape of the flame front, 

chemical concentrations, and the substantially increased volume associated 

with turbulence. The application of numerical methods is inefficient, and 

Reynolds' number calculations are useless in these circumstances, so in 

practice, it is flame shape and audibility that indicate the onset of 

turbulence. 

To briefly describe the experimental circumstances, we wanted to 

explore the effect of turbulence on growth rate and on film "quality", more 

precisely, diamond purity as measured by sp2 content. Other parameters, 

substrate temperature, oxygen/acetylene ratio, growth time, etc. were to be 

kept as close to constant as possible. Turbulence would be introduced by 

changing the diameter of the torch orifice. 

Ideally, we would find a flow rate and mix that would allow us to use 

several tip diameters, introducing varying amounts of turbulence, without 

encountering the blow off or flashback limits. In practice, this proved 

difficult. Getting two standard brazing tips, of consecutive diameters, to 

produce stable flames was' simple enough. Three was near impossible. 

Flames repeatedly blew out, or started machine-gun-like repeated flashback 

sequences. In addition, three consecutive diameters provided very little 

variability in the type of flow achieved. Either the flow was entirely 

laminar, entirely turbulent, or too close to the transition for any significant 

distinction between the flame structures. 
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Figure 5-4 Constant parameter contours on 
the generalized flame stability diagram: 
constant volume flow rate and constant 
mean gas velocity at the tip 
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The solution to this problem can be seen in the diagram shown 

earlier. From the form of a line of constant volume flow, it was clear that 

only a very small range of diameters would provide stable flames. It was 

also obvious that the range about the laminar-turbulent transition line, 

whether at 2200 or 40000, was doomed to be small. Clearly the only way to 

get a wide range of turbulence was to follow a horizontal, or constant 

velocity, path across the diagram. 

The decision to follow this contour has other consequences. To keep 

the velocity constant, the gas flow rate is increased for larger diameter 

orifices. The oxygen to fuel ratio is kept constant. This increase in volume 

means that more fuel is consumed, making the substrate hotter, and 
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imposing more difficult thermal control problems. As a result, a fairly high, 

but more easily maintained, substrate temperature was chosen. 

With a constant gas velocity, and a constant Rolf, we might hope that 

the burning velocity will be the same for each of these flames, resulting in 

similar gas chemistry. In fact, this is not the case, since the flow rates were 

computed in terms of an incompressible fluid with a constant average 

velocity at the orifice. Since the nozzles have a variety of shapes, and 

properties like viscosity are strongly temperature dependent, it would be 

difficult, if not impossible, to insure an identical velocity profile at the flame 

front for each tip. 

Fortunately, with the linear velocity chosen at approximately 76.5 

m/sec, the high flow prevents much transfer of heat from the hot torch tip to 

the gas prior to combustion. Of more concern is the temperature of the air 

surrounding the tip, and entrained in the flow prior to combustion. A 

measure of success in choosing to follow this contour, is that we could 

maintain stable flames over a wide range of tip diameters, and a wide range 

of turbulence levels. 

Figure 5-5 shows the primary fronts of flames used in this study. The 

secondary fronts do not show up in the photographs but are present, and 

observable with the protected eye. Magnification is adjusted for simple 

comparison of the shape. The length of the primary cone varies from 3.5 mm 

for the lowest flow laminar flame, to 11 mm for the highest flow turbulent 

flame. Rolf -1.085 was used. 
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Figure 5-5 Transition to a turbulent flame 

For the sake of argument we calculated some Reynolds' numbers to 

represent this flow (Table 5-1). For this we have to compute the viscosity of 

the gas mixture, which is given by: 

Xi"li 
TJmix = Li -----------

Lj Xi<I>ij 



where: 

<1> .. = 
IJ 

and 

1 

-VB 

Xi = Mole fraction of the ith gas 
lli = the viscosity of a pure gas i 

Mi = mass of ith molecule 

i andj are each of the gas components present. In this case they are 

summed over two values, those for 0z, and those for CzHz. Room 

temperature viscosity, and density values were used. Flow velocities were 
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computed by assuming that the measured volume flowing through the 

orifice at a uniform velocity. Again, the high flow prevents a temperature 

rise in the hot tip. Even if thermal expansion did change the density of the 

gas, that affect would be cancelled by the resulting increase in velocity at 

the tip, because of our assumption of incompressibility. 

Following the progression of the photos, note that, initially, the 

parabolic shape of the flame front broadens and flattens, presenting a 

flatter reaction zone at the tip as turbulence is introduced. This mirrors the 

gas velocity profile 198 , since the burning velocity is equal to the flow velocity 

at the flame front. The reaction zone, which is narrow and continuous for 

the laminar flame, becomes broad and discontinuous, or blurred, for the 

turbulent flame. Small globules of gas often pass through the reaction zone 
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without igniting, only to burn in the high temperature region immediately 

following. In a sense, the flame front becomes "wrinkled"199, giving it 

microstructure. The turbulent flame front acquires significantly more 

surface area for chemical reactions. Thus, turbulent flames are hotter than 

laminar flames as well. It is worth noting from these shapes that the onset 

of turbulence is gradual; not an abrupt occurrence. 

In the turbulent flames, it is difficult to distinguish the location of the 

primary flame front. There is clearly a point when the flame is brighter 

than the secondary cone, but beyond that, closer to the source, there is a 

point where it is brighter still. It becomes uniformly intense beyond this 

point. This second transition that marks the zero position in the turbulent 

flames. The substrate was often at, or beyond, the first transition. 

Turbulent flames are also easily distinguished audibly. They are loud. 

For any prolonged exposure, ear protection is a must. There is probably a 

shift in the audio frequency spectrum as well, though we found no reference 

to this, and did not investigate it. Pope has written a review article on the 

subject200. 

Table 5-1 also gives gives the flow rates, the size of the MKS mass 

flow controller used for each gas, and orifice diameters used, as well as the 

film thicknesses. The temperature of the substrate was 1000±20oC, and the 

distance from the flame front one mm. Growth times were one hour, and 

substrates were diamond polished, sintered (polycrystalline) molybdenum 

compacts. 



Tip # Diameter 
(mm) 

0 0.89 

1 1.02 

2 1.17 

3 1.52 

4 1.85 

5 2.26 

6 2.69 

Acetylene Max Flow Oxy~en Max Flow Reynolds # 
Flow (SIM) Acel. (Slm) Flow Slm) Oxy (Slm) 

1.365 5 1.482 2 
1.785 5 1.936 2 
2.360 5 2.560 2 
2.92 10 3.08 20 

5.94 10 6.44 20 
8.84 20 9.59 10 

12.52 20 13.58 20 

Table 5-1 Turbulent flame film 
parameters flow rates, orifice diameter used, 
max flow of controller used, thickness, 
reynolds numbers 

5424 
6226 
7138 
9273 

11286 
13788 
16411 
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Film 
Thickness 

0.350 

1.902 
0.911, 0.813 

1.140 0.339 

0.922 
0.237 

It should also be noted that using larger and larger diameter torch 

orifices inevitably leads to a turbulent flame, and to thermal control 

problems as more gas is consumed. This does not, however, mean that one 

must use a turbulent flame to grow a large film. Flat flame burners194 can 

provide a uniform laminar flame over a large area, but they too suffer from 

high gas consumption and the associated thermal problems. This can be 

alleviated to some degree by diluting the fuel/oxygen mixture with a noble 

gas. 

Discussion 

The film thicknesses given in Table 5-1 show the growth rates 

observed were lower than those of previous studies201, probably the result 

of a leaner flame. There is no consistent increase in the growth rate with 

turbulence, which leads one to believe that the reaction is controlled by the 

reaction rate. However, since the time of these studies, Snail et al. 202 have 

taken Schlieren micrographs203 during growth, and looked for changes in 



the thickness of the boundary layer. They observed none. Thus, it seems 

that the turbulence is present only above the boundary layer, and that this 

study was unable to accomplish its goal. 
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As for the particularly clear and uniform film of interest, Raman 

spectra did confirm the lack of any sp2 signal. In addition, each of the films, 

with varying degrees of turbulence present, had a 1332 cm-1 peak that was 

narrower than the resolution of the spectrometer. 

When I first grew these films, I was just trying things out, getting 

used to the equipment. Later I was able to grow a film, just as clear and 

uniform, using a laminar flame. The clarity was due to the position of the 

substrate, one millimeter from the tip of the flame front. Previous workers 

in the lab had only examined substrate positions that were 3.5 to 9 mm 

away. Having the flame very lean also helped, though it contributed to the 

low growth rate. 

One curious feature does appear in the Raman spectra of these films. 

As the amount of turbulence increased, the slope of the background signal, 

usually due to photoluminescence at vacancies and interstitials, increased 

as well. Since a turbulent flame would entrain more air than a laminar 

flame, nitrogen seems the most likely cause of this feature. However, 

transmission spectra of a film grown in a turbulent flame show a sharp 
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absorption edge at -222 nm, which indicates an absence of the defect center 

normally associated with substitutional nitrogent ,33. 
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Figure 5-6 Heimispherical transmittance of 
a freestanding diamond film deposited under 
a turbulent flame. 

230 

2500 

Low temperature photoluminescence spectra of films deposited under 

similar, turbulent flame conditions also show no evidence of vacancy or 

nitrogen related complexes. Periodic features seen from 1.4-1.7 eV can be 

attributed to interference effects, and features at 1.85 and 2.05 eVare 

t The inconsistency of front surface and back surface measurements can be 
attributed to total internal reflection off the highly faceted front 
surface. 



artifacts of the spectrometer used. The broad band may be the result of 

recombination of extended defects. Since the larger diameter flames 
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consume more gas, thermal control is more difficult. One can expect a larger 

temperature gradiant from the growth surface to the cooling block. This 

may allow self diffusion at the surface, resulting in the effect. 

6K Film Temperature 
488.0 nm Pump Wavelength 
20 m W Pump Power 

2.4 2.2 2.0 1.8 1.6 1.4 
e V Frequency Shift 

Figure 5-7 Photoluminescence Spectra of a 
freestanding diamond film deposited under a 
turbulent flame. 

5.3 PROCESS STUDIES 

The collection of data reviewed at the end of the last chapter deserves 

some consideration and comment. What follows is not the result of an 

original experiment, but an evaluation of this previously published data. 
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Misconceptions 

There is much misinformation about, and misuse of, morphological 

theories. Among these theories is the implication that the periodic bond 

chain theoryt is some sort of scripture that must be adhered to, and cannot 

be wrong. In fact, it is more analogous to the oracle at Delphi, making vague 

predictions. All the PBC theory really provides is the minimum surface 

energy structure. This prediction is good for a crystal grown at near 

equilibrium conditions, in a homogeneous medium, where the crystal can 

grow uniformly in all directions. Since thin films are often grown under 

conditions far from equilibrium, and are inherently unidirectional in 

growth, it can have very little relevance, except to explain why low index 

facets are observed and high index facets are not. 

Another common misconception is that evolutionary selection 

predicts an orientation where the fastest growing crystalline direction is 

normal to the plane of the substrate. This is not the case. Rather, it is the 

crystal with the fastest growth rate normal to the substrate that survives, an 

important distinction. 

Several studies have examined early growth stages of oriented films, 

by various means, and concluded that crystallites are, initially, randomly 

oriented. (100) orientations normal to the substrate can develop from this. 

So, under the conditions that produced the film, it has often been concluded, 

incorrectly, that this is the fastest growing crystallographic direction. 

t See 3.6 SINGLE CRYSTAL GROWTH: Periodic Bond Chain Theon). 



This conclusion contradicts the principle of growth to extinction, a 

well established crystallographic phenomena. The [100] facets do not 

disappear, and the corners of the facets are farther away from the Wulff 

point than the centers of the facets, hence, they represent a faster growth 

direction. For both evolutionary selection and growth to extinction to be 

correct, not facets but points of crystallites must be oriented normal to the 

substrate. 
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The flaw in this statement lies in the assumption that growth rates 

and directions are measured from a Wulff point that is located at the point 

of initial nucleation, on the substrate. Within this assumption, for the grain 

to survive, it must have its direction of fastest growth normal to the 

substrate and that direction will, because of growth to extinction, lead to a 

point. 

In addition, if a facet is formed parallel to the substrate, and the 

grain continues to grow without expansion or contraction of the facet, then 

the crystallographic direction of fastest growth is changing with time. This 

makes little sense. Since the deposition parameters remain unchanged, it 

seems unlikely that the direction of fastest growth will change after the 

influence of the substrate is reduced by growth. 

To explain, we must keep in mind that the Wulff point was originally 

conceived in terms of a crystal located in a homogeneous environment that 

allowed it to grow in all directions, without bound. This is not the case in 

thin film growth. The crystal is free to grow in a direction normal to the 



surface, and, to the extent that it does not encounter other crystals, in 

directions parallel to the surface. However, since the [100] facets are 

expanding, or at the very least not growing to extinction, it is evident that 

growth in the direction normal to the surface is negligible compared to 

growth rates in plane. 

Figure 5-8 Projected growth rate and 
changing direction of fastest growth, given a 
Wulff point on the substrate. 
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In a sense, there exists a thin film analog to the Wulff point, and this 

point is in motion, with the surface, as the film grows. Thus, for growth 

where a square facet is parallel to the substrate, we might decide that the 

Wulff point lies in the plane of growth. The fastest growth is then in the 

directions determined by vectors from the center of a facet to its corners, 

(110). This growth vector would have no projection on the direction of 

growth normal to the substrate, and thus, little effect on the growth to 

extinction competition. 
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For films that do not grow with planes parallel to the substrate, it 

makes sense to retain the three dimensional nature of the point. Keep the 

point in motion, but rather than letting it lie on the surface, it makes more 

sense for it to be placed a fixed distance below the surface of the film. Since 

the film surface was at that point, below the surface, at some time, the 

distance between that point and the surface becomes a function of time 

frame that it is considered in. If we consider the nucleation point and the 

farthest point on the crystal, then the direction of fastest growth will be 

constantly changing. Ifwe consider "the direction from the center of the 

column surface five minutes ago, to the farthest point on the present 

surface", then it will remain constant, or very nearly so. In this construct 

the [100] faceted films seem to have (111) , or a direction near it, as the 

fastest direction of growth. 

The Wulff point is an arbitrary construct, but wherever you decide to 

locate it, a corner of the crystal will always be farther than the center of the 

farthest facet. Thus growth to extinction will continue to stand. 

(110) is also the fastest projected growth direction in [111] faceted and 

cubohedral films, but is it the fastest growth direction? From the standpoint 

of growth to extinction it appears not. [111] faceted films have points in the 

(100) directions, making it appear as if that is the direction of fastest growth 

under those conditions. For cubo-octohedrons it will be some intermediate 

direction determined by a mutually shared corner of one square and two 

triangular facets, one triangular and two square facets, or two of each, 

depending on relative growth rates (Figure 4-5). 
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If, in fact, the crystallites did have random orientations in the early 

stages of growth, why didn't (110), or (111) become the dominant orientation 

in [100] faceted films? Crystallites oriented with these directions normal to 

the surface should have had the larger rate of growth in the direction 

normal to the surface. The same question must be asked for the (100) 

orientation in [111] faceted films. Keeping in mind that by changing 

deposition conditions you can often switch from (100) orientation to (110) 

orientation, perhaps a better question is, "What explanations can we come 

up for (100), and (110) dominance that are consistent with the faceting 

observed, and the existence of a transition from one to the other?" 

Hamartia 

Before continuing with idle speculation about the ways that diamond 

crystals grow, it is important to point out that it is speculation. Almost all of 

the temperature variation data, cited at the end of the last chapter, suffer 

from some kind of a fatal flaw. Most of the workers in question are aware of 

their individual failing, though none seem aware of the collective one. 

Angus, Wang, and Sunkara204 attribute mixed thermal results to a 

theory put forward by Sommer205, and advocated by Anthony206. The 

theory notes that the solubility of carbon in hydrogen reaches a minimum in 

the range of the highest diamond growth rates observed. Presumably 

moving to a lower solubility on one side should lead to one set of faceting 

changes, and moving to the other leads to the reverse. I fail to see the 

connection implied, but point out here that it is not necessary. 
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The work of Zhu et al. 173, for instance, uses a microwave plasma to 

generate reactive species and heat the substrate. Thus a change in 

substrate temperature, through power coupled to the plasma, is associated 

with a change in the concentrations of gas phase components present. The 

ClausingB8 and Farabaugh 113 groups have similar difficulties in their hot 

filament systems. Substrate heating here is radiative, and the filament 

temperature governs that of the substrate. 

Spitsyn186, though he observed opposing thermal trends, is no better. 

His system uses a flow of hydrogen gas over a solid graphite source and a 

substrate. These lie in an RF coil which heats both substrate and carbon, 

and generates a hydrogen plasma. Reactive hydrogen carries carbon from 

the graphite to the substrate. Once again the temperature and the 

distribution of gas phase species are interlinked. 

Among the few exceptions is Harker, who produces (110) oriented 

films, in a plasma system, downstream from the plasma baU207. He, 

however, does not observe a shift in preferred orientation from (110) to 

(100). 

I would like to focus on this transition between (100) orientation with 

[100] faceting, and (110) orientation with [111] or cubohedral faceting. The 

transition between these structures with methane concentration appears 

sharp, and might be easily tracked to its source. Whatever conclusions are 

drawn, we must continue to recognize that the existing data are unreliable, 

and consider it in that light. 
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These statements imply a linkage between faceting and orientation 

that other data dispute. Kobashi 183 notes that the shift in orientation with 

increasing methane content lags behind the shift in faceting from cubo

octohedral to cubic. This might be interpreted as disconnecting these issues. 

Yet, we must take into account that increasing the methane content 

increases the growth rate, and that evolutionary selection is enhanced by 

increased film thickness. For an unbiased comparison of orientation effects, 

films of equal thickness must be considered. Since the more strongly 

oriented films occur at higher growth rates, I think it is safe to assume that 

the two transitions are related. 

Note that this also explains why the purely [111] faceted crystals, 

observed at low methane concentration, had random orientations. The films 

had simply not developed enough thickness for the orientation effect to be 

observed. 

Minor Growth Direction Dominance 

Stating the problem once again, for both types of commonly observed 

oriented diamond films, it appears that the direction offastest growth is not 

the crystallographic direction that gives the highest projected growth 

normal to the substrate. In spite of an initial random orientation that had 

crystals with fast orientations normal to the substrate, these do not 

overgrow those with slow crystallographic directions oriented the same way. 

Consider the two dimensional crystals on a substrate in figure 5-9. 

Because of growth to extinction, the (II) growth must be faster than (10) 
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growth if the square shape is to be retained. Once that shape is attained, 

the growth rates will be proportional, according to the geometry of the 

crystal; otherwise the shape would change. If this case is to be analogous to 

that described above, and evolutionary selection is to be retained, we must 

find some way to have growth on crystal B faster in the (10) direction than 

crystal A grows in the (11) direction t . 

Figure 5-9 2D crystals: Given two crystals 
with the same shape (square), but different 
orientations, how can the shape be retained, 
while allowing the (10) growth rate to exceed 
the (11) growth rate? If we can do this, then 
evolutionary selection will allow the crystal 
with a facet parallel to the substate to 
dominate the film. 

One option is to have the proportion between the growth rates remain 

the same on each crystal, but to have one crystal grow faster than the other. 

On crystal B, as on crystal A, the (10) growth rate is slower than that of the 

(11) direction, but it is faster than the corresponding (11) growth rate on 

crystal A. One crystal must have the advantage over another as a result of 

t The projection has been dropped here because the directions of interest 
are oriented normal to the substrate. 
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orientation alone. There is no difference in the mechanism. The reaction 

path that controls diamond growth on the two crystals is the same. 

Van der Drift142 supplied such a circumstance in terms of a crystal 

growing by gas transport limited reaction (figure 5-10). Both crystals receive 

the same number of adatoms per projected unit area t per second, but, even 

if both crystals have the same projected unit area, the number of adatoms 

delivered per unit area will be larger on the second crystal, because there is 

less actual area per unit projected area for growth to occur on. Note that the 

plane of projection is normal to the direction that the source material comes 

from. 

-£--, 
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Figure 5-10 Projected area effect: with less 
actual area per unit projected area, the 
second crystal will recieve more adatoms per 
unit area, and will grow faster 

Initially this appears to be the only way that a randomly oriented 

polycrystalline film can grow into a film where a slower crystallographic 

direction dominates. Wild et al. 208, however, have come up with another 

t Length in 2-D. 



scheme. It may depend on the fact that crystals in a homogeneous 

environment do not grow in all directions at the same time, as the Wulff 

description of growth to extinction would have you believe. 
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Wild et al.208 considered [111] faceted diamond crystals growing in a 

gas transport limited environment. Ifwe accept growth to extinction, (100) 

is the fastest growing direction, but it is not the preferred orientation of the 

crystallites in the film. They examined the Van der Drift argument and 

found that the ratio of actual growth area to projected area of a crystal with 

a (110) orientation did not give the crystal a (110) growth rate greater than 

the (100) growth rate of a crystal with a (100) orientation. The projected 

area argument was insufficient to explain the preferred orientation 

observed. 

Two possibilities are present in the (110) oriented film considered by 

Wild. Either (110) has the highest growth rate period, or, (110) has the 

highest projected growth rate, and the absolute (100) growth rate is larger. 

There are problems with each possibility. If the former, then we must 

explain the existence of (100) points on these [111] faceted crystals, and 

discard growth to extinction. An unpleasant option. In the latter case, we 

must explain why crystals with the (lID) orientation grow significantly 

faster than those with a (100) orientation. Because the preference must be 

solely on the basis of orientation, and the only known orientation effect was 

already discounted, a new mechanism was needed. 
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They noted that a high degree of twinning was observed in these 

[111] faceted films. When the initial crystal is (100) oriented, all eight 

possible twins will have a (122) orientation. Twins of a (110) oriented crystal 

will have two possible orientations. Four will have (144) orientations, and 

the remaining four will have (110) orientations. Thus, with heavy twinning, 

we see a statistical tendency that favors the (110) orientation. 

Furthermore, Wild states that structures having a high number of 

(110) edges and a low number of (100) points are observed to be more stable 

with respect to twinning than those with (100) points (Figure 4-11). This 

also increases the likelihood that (110) orientations will be present. It is 

speculated that twinning, the formation of an incorrectly stacked 

monolayer, is initialized by edges and points bounding the surface, and that 

the sharper (100) point is more likely to trigger the fault because it 

represents a greater deviation from the ideal structure. 

Figure 5-11 Partial twenty fold twin - after 
Wild208 
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Wild et al. 208 propose that this statistical favoritism stacks the deck in 

favor of (110) oriented crystals. Even though they still grow at a slower rate, 

there are so few (100) oriented crystals remaining that they cannot 

dominate through growth to impingement. But is this sufficient? Given a 

long enough time, those few remaining (100) oriented crystals would still 

take over the film eventually. The question then becomes, "Can the (100) 

oriented crystals survive without twinning long enough to do so, or is there 

some other reason that they do not dominate the film?" 

Ifwe consider a cubic crystal where growth is on [100] facets, and two 

dimensional, there would be an initial nucleation stage where a step or 

island is created. Then the boundaries of that step migrate toward the edges 

of the crystal. Growth stops when the step reaches the edge of the crystal 

unless a new nucleus has formed. 

In this instance, growth does not occur in the (111) direction, except 

as a cumulative result of nucleation on the [100] plane, and growth in the 

(100) direction and in other directions parallel to the [100] facet. The (111) 

growth rate is a result of, and geometrical function of, growth in other 

directions. In contrast, if growth along the (110) direction is fastest, its 

growth is limited by the rate of growth in the (100) direction and the extent 

of the crystal. In that sense, (111) growth is limited as well. In any case, the 

cubic structure is retained, and the (111) "growth rate" is faster than the 

(110) due to the geometrical limitation. 
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By preventing, or slowing, the rate of growth on a given [100] facet, 

we slow the rate of growth in the (Ill) direction on adjacent points. This is 

what is done in the geometrical situation discussed by Van der Drift. By 

orienting a face at other than right angles to the flow of adatoms, and 

limiting diffusion so that adatoms cannot migrate off the face of 

physisorption, we slow its growth rate, and the growth rate of adjacent 

corners and edges. As noted, this by itself could not explain the orientation 

observed in [111] faceted films, giving (110) as the highest projected rate of 

growth. 

Consider, again, the case of a cubic crystal where we somehow 

prevent growth on all of the facets but one, where we "poison" them. We 

retain (Ill) corners, (110) edges, and [100] facets, but the fastest direction 

is changing, moving from (Ill) toward (100). (Ill) growth is slowed. 

The formation of a twin on a facet, in effect, poisons it. At this 

junction between two growing crystals, no face exists for the collection of 

adatoms, so it no longer contributes to the growth of adjacent corners and 

edges. The formation of twins not only reduces the number of (100) oriented 

crystals, but reduces the rate of growth in that direction as well. 

For the case considered by Wild et ai., the formation of twins on 

adjacent [111] facets causes the direction of fastest growth to shift toward 

the (110) direction. The situation with an octohedron, however, is not so 

clean as in the case of a cube. The (100) point is not retained unless some of 



the adatoms migrate off the [111] and on to the [211] facets produced 

through [111] growth. 

[100] Plane 
Parallel toExisting 

[1001 Plane 

Growth Normal 
to [1001 Facets 

[211] Planes 
19° 28' from [1111 

Planes 

Growth Normal 
to [1111 Facets 

Figure 5-12 Comparison of growth on cube 
facets and octohedron facets 
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Rather than try to prove, or disprove, that this mechanism affects the 

absolute relative growth rates for different orientations, we merely point out 

that twinning may play another role in causing (110) dominance for 

octohedral and cubo-octohedral films. 

For the case of [100] faceted crystals the matter is simplified greatly. 

No twinning is observed, and the orientation is consistent with the case of 

gas transport limited growth, where diffusion is limited to the facet142. 

There is a range of angles that the facets have about the normal that can be 

explained by the spread in angles of incidence about the normal. Adatoms 

striking the surface at high angles of incidence have a reduced probability of 

chemisorption. This will also have a slight effect on the angle of the facet 

relative to source of adatoms. 



The reduced adsorption probability is attributable to kinetic energy 

transfer. At high angles less is transferred to the lattice in the form of a 

phonon, and the result is a high energy physisorbed state and short 

residence time on the surface. 

Possible Growth Mechanisms 

223 

Some general growth mechanisms can be considered without making 

any specific decisions about the species contributing to growth. Once initial 

nucleation of the crystal on the substrate has occurred, the options for 

continued growth are somewhat limited. A two step process includes the 

formation of a stable nucleus on the surface of the crystal, followed by the 

attachment of adatoms to the step formed. Spiral growth, which eliminates 

the need for nucleation, is another option. It occurs at a lower 

supersaturations than step growth t. 

Clausing et al.88 and Zhu et al. 173 both reported well defined 

crystalline facets with no evidence of steps or spirals present. We consider 

here how such a thing can occur. 

One possibility involves step growth. If nucleation is a relatively rare 

phenomenon, and growth is extremely rapid once the step is formed, then 

the chance of observing a continuous series of steps would be small. Another 

possibility would be the continuous attachment of single adatoms to sites 

over the entire surface. Conditions that favor this scenario, however, would 

t See 3.6 SINGLE CRYSTAL GROWTH: Supersaturation Driven Growth. 
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be more favorable to nucleation of new layers and step growth. The stability 

of clusters of atoms are well known to vary with size, with large clusters 

being, inherently, more stable. 

Spiral growth, of course, never reaches completion since it is a 

continuous process. Thus, if present, it should be observable. Smooth 

faceted crystals are by far the most commonly observed, but examples of 

spirals and steps do exist in diamond. It is likely, given this evidence, that 

smooth faceted crystals have been grown with each mechanism. If only 

monatomic steps or spirals are present, the surfaces will appear smooth 

under conventional Secondary Electron Microscopy. If present, these steps 

can be revealed by applying a light coating of gold or platinum, less than a 

monolayer, which selectively adsorbs at these high energy sites. Secondary 

electron emission is material dependent, so the adsorbed gold contrasts 

strongly against the substrate, revealing the underlying pattern of 

nucleation sites. No effort has been made using this decoration technique or 

atomic force microscopy to resolve them. 

Larger steps and spirals, such as those shown by Lux and 

Haubner209, or in Farabaugh's growth of diamond on silicon carbide1l3, can 

be explained through the pinning of advancing steps by contaminants or, 

more probably, by sp2 bonded carbon clusters. This pinning allows the steps 

to increase in size, and slows the rate of advancement. To my knowledge, 

the has been no systematic study attempting to correlate step height and 

width with sp2 carbon content. Films grown at the Naval Research 

Laboratory by Snail210 on diamond substrates show a variety of step scales. 



While these flame grown films were very clear, small quantities of sp2 

bonded carbon were found. 

Figure 5-13 Step growth on diamond from 
combustion growth on [100] diamond 
substates at 1140 oC and 1250 oC, with bars 
representing 15 and 100 urn respectively. -
courtesy of K. Snail210 
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Which of these growth mechanisms plays a predominant role in 

diamond growth? A great deal of effort has been expended to identify "the" 

diamond growth mechanism with mixed results85. Part of the problem, as I 

see it, is that there may be more than one mechanism operating. Consider 

again the established mechanisms of crystal growth t. Kuroda's model of 

t See 3.6 SINGLE CRYSTAL GROWTH: Supersaturation Driven Growth. 



concurrently operating systems, where only the fastest growth mode 

determines surface structure, works well for growth on a single facet161. 

Why not a model where different growth mechanisms operate on different 

facets in competition? 
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It seems that square faceted films are produced under conditions of 

gas transport limited reaction, and octahedral films are the result of a 

reaction rate limited process. Various pieces of information support this. 

Increased hydrocarbon concentration levels consistently cause a transition 

from [111] faceted to [100] faceted morphologies. Intermediate cubo

octohedral structures can be interpreted as a transition zone between the 

two dominant processes, where neither is growing significantly faster than 

the other. Further support for gas transport limited growth on the [100] 

facets is given by the orientation of the crystals, which develops out of an 

initially random distribution of orientations. No twinning is present under 

conditions that produce [100] faceted films, and no other mechanism has 

been proposed that to account for the development of a minor growth axis 

preferred orientation. 

Decreasing temperature is associated with increasing 

supersaturation, which, given this model, would favor [100] faceted films at 

lower, and [111] facets at higher temperatures. This is reenforced by the 

relationship of the reaction rate to temperature. The [111], reaction limited 

crystals, should grow faster as temperature and the reaction rate increase. 

If the [100] growth mechanism has already advanced to the nucleation and 

step growth stage when it comes to dominate [111] growth, then it will 
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encourage this trend as well. At low temperatures, smaller nuclei become 

more stable, allowing the facet to gather less material before a stable step is 

formed. Thus, growth is again faster at lower temperatures on [100] facets. 

The only explanation for observations of the opposite thermal trend is the 

interaction of gas excitation and substrate heating. Such interactions could 

well be responsible for reductions in supersaturation with decreasing 

substrate temperature. 

The orientation of the [100] faceted films also tells us something 

about mobility of the ad-species. Without twinning, the minority growth 

direction can only become dominant under a limited set of conditions. If 

there is infinite surface diffusion on a crystal, then those crystallites with 

fast orientations normal to the substrate will survive. The minority 

orientation only dominates if diffusion is restricted to the facet of 

adsorption. 

There may be some value in trying to resolve this data with the data 

from the turbulence experiments. If this model is correct then stirring up 

the boundary layer would increase the growth rate by the [100] facets 

mechanism, without affecting the rate on the [111] facet mechanism. This 

would tend to make the structure shift from [111], or mixed, faceting toward 

a [100] faceted film. In fact, a cursory examination of the films from this 

experiment shows mixed faceting on all films, with no clear shift in 

microstructure. Of course, as we noted, it appears that we were not 

successful in breaking up the boundary layer, and if this is true, then 

similar faceting would be expected on all of the films. 
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The value of trying to reconcile this data is questionable. Information 

on the orientation shift forms a consistent set of observables in many 

systems. Though some of the authors observed only one of the two 

structures, it is reasonable to assume that a little experimentation could 

produce the other. Flame grown diamond, by contrast, has never produced 

these oriented films, let alone the shift in orientation. It would be a mistake 

to draw too close a connection without evidence, though the lack may simply 

be the result of not growing thick enough films. 

Twinning 

Twin planes are planes of mirror symmetry, present in a crystal 

where none should be. There are many, many examples of them in the 

crystal and thin film growth literature. To date, I have seen only one 

attempt to explain how they form. That explanation depends on a fault 

forming during the nucleation stage, and propagating on through continued 

growth t. Yet, even the author of that remark notes that there is evidence for 

twin formation in later stages of growth. 

We can simplify matters by removing some of the contradictory 

testimony cited in the last chapter. As noted, the one consistent bit of 

evidence is that twins only form on [111] facets. Where investigators report 

a decrease in twinning with increasing methane concentration, there is a 

transition to [100] faceting at higher hydroccarbon levels. Since this 

t See 4.4 UNIQUE MORPHOLOGICAL PROBLEMS OF DIAMOND: Twin 
Formation. 
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transition eliminates twinning all together, it is still possible that twinning 

increases with supersaturation until the transition is reached. In all such 

cases, where we restrict the study of twinning density to conditions 

producing octohedrons and cubo-octohedrons, we find that the information 

becomes reconcilable. 

Ifwe accept that twinning is more likely to occur as supersaturation 

increases, and also accept the model proposed in the previous section, where 

growth on [111] is surfaces is reaction rate limited, then a picture begins to 

form. The spiral, or nucleation/step, mechanism is functioning as quickly as 

possible on the [111] surface. More adatoms are arriving at the surface than 

can possibly be chemisorbed, or incorporated into the lattice. Physisorption 

occurs much more quickly than the incorporation reaction. One can, 

therefore, picture a sea of loosely bound adatoms that float just above the 

surface, a layer that almost completely covers the [111] facet. These atoms 

are, as it were, in a holding pattern, waiting for clearance to land. 

The atoms are confined to a plane, a constant distance from the 

surface. They constitute a two dimensional gas, which is subject to an in

plane equivalent of pressure. Adatoms will be physisorbed into this layer, 

and many will be desorbed prior to incorporation, but the density in the 

layer will increase with the concentration of precursor molecules. The 

higher the supersaturation of adatoms over the surface, the higher 

"pressure" becomes. When this happens, nucleation occurs. A sufficient 

number of adatoms collects to form a stable two dimensional cluster. This 

then provides a collection point for other atoms still in the "gas" phase, 
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much like the three dimensional condensation of water molecules into 

raindrops. When a sufficiently large layer has formed, it attaches itself to 

the surface leaving the physisorption layer empty, and able to receive more 

adatoms. A model of this sort was proposed by Steele and is detailed by 

Lewis and Anderson211. 

So why doesn't this layer form as graphite t? There is more than one 

answer to this question, but they all can be traced back to the same source. 

The surface influences the structure of the condensing layer. Perhaps the 

layer, after coalescing, but before joining the bulk, is graphitic, but converts 

to a diamond structure as it is chemisorbed. To me, however, another 

possibility seems more likely. 

The gas is compressed into this narrow layer by the influence of the 

surface, but that surface is not flat. The [111] diamond surface is composed 

of buckled hexagonal carbon rings, and there is a periodic variation in the 

distance of the layer from the surface. For the atoms in that layer, this 

wrinkling makes sp3 coordination more stable than sp2. Twinned layer 

faults are less energetically stable than a correctly oriented layer, but it 

seems likely that this energy difference becomes smaller in the physisorbed 

layer, and could easily be a function of the number density of adatoms in the 

layer. 

t Buncha freewheelin' loose carbon atoms out on the town and gettin' 
together, you'd think they would. 
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This mechanism also favors complete layers with little evidence of 

steps. It will take time for these layers to condense in the gas phase. In that 

time, steps on the surface could progress until they encounter the edge, 

assuming that the layer was not complete when chemisorbed in the first 

place. 

I will grant that this proposal contains a lot of speculation. At present 

there is no evidence that this growth mechanism occurs, for twinning or any 

other type of crystal growth. Measurement of adatoms in the physisorbed, 

"two dimensional" gas state will be difficult at best. As a single monolayer, 

the areal density of signal sources is very, very small. Furthermore the 

adatoms in this layer still contribute to spiral and step growth, making it 

necessary to differentiate between the processes. 

This model is one reason why I have mixed feelings toward the use of 

the term "metastable" in reference to crystal growth. The term is chosen 

based on the existence of a more stable bulk form . Yet, the production of any 

crystal is a non-equilibrium process, and it would seem that any step which 

ends the process is "stable". 

The initial state of the source material is a higher energy state than 

either of the potential final states. When it condenses to the higher of the 

two states, it might lose, or never get the energy necessary to overcome the 

activation energy for transition from the metastable to the stable state. Or 

the conditions at the surface during deposition could increase the activation 

energy between the two possible final states. 
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Another case would consider that the thermodynamic conditions 

governing the bulk crystal do not necessarily reflect the situation at the 

surface. Through control of gas concentrations over the surface, control of 

the energetic state of incident atoms, and the influence of the surface itself, 

may make it possible for diamond to be the stable state at the surface. The 

bulk crystal need not have, and indeed, cannot have the same state as the 

surface. Diamond may remain metastable in the bulk, while becoming 

stable at the surface. 

Radical 
Gas State 

Bulk Diamond 

Bulk Graphite 

Radical 
Gas State 

Surface Graphite 

Surface Diamond 

Figure 5-14 Possible state change at the 
surface: a) bulk at deposition temperature 
and pressure in vacuum b) surface under 
actual deposition conditions 

In either case, when the deposition is complete, diamond is left and 

graphite is not. Thus, under the conditions of deposition, diamond is the 

stable form of carbon. How that stability is imposed, whether a function of 

the gas phase conditions or proximity to the surface, is open to question. In 

any case, it seems that "metastable growth" falls into the category of 

oxymoron. 
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5.4 STATISTICAL STUDIES 

Why? 

Sometimes a process will have a distinct effect on the measured 

statistical distribution of an observable. If the shape of the curve reflecting 

the observable is the same as the predicted shape, it is considered strong 

evidence that the process is present. Examples of this sort of experiment 

include spectral predictions and the search for rare phenomena like proton 

decay. 

In this case, Henry Hoff and I had learned about nucleation cell size 

distributions from Pande and Dantsker212, who had previously studied such 

distributions in polycrystalline metals following quenching. In these 

materials grain size distributions follow a "lognormal" distribution only 

when some grains grow preferentially over others. As we have already 

noted, the preferential growth of one grain over another as a function of 

orientation can lead to a film oriented with a minor growth axis normal to 

the substrate. Thus, the growth of one grain preferentially, or at the 

expense of another, through intercrystal surface mobility, can have drastic 

effects on the morphology. 

Growth is an additive process. In a series of time steps, the diameter 

increases by some random amount for each step. If that amount is subject to 

the same probability law, regardless of particle size, orientation, or other 

properties, then the central limit theorem predicts a gaussian 

distribution 213. 
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The lognormal distribution is derived in a similar manner, but there 

is a change in the nature of the diameter increase. The amount of increase 

in a given time step is proportional to the size of the existing ce1l214. 

We set out to measure the grain size distribution in a series of films 

grown for different time periods, to see how that distribution developed 

during growth. The number of adatoms incident per unit projected area is 

constant over the surface. A larger growth cell incorporates the same 

number of incident adatoms per unit area unless there is an orientational 

effect. Such an orientational effect would either increase the ratio of actual 

to projected area, or have a higher chemisorption rate--a greater sticking 

coefficient as a function of facet. The presence of a lognormal distribution in 

cell size supports the presence of such an effect. 

Experimental Information 

A series of films were grown, over deposition times ranging from 

thirty to one hundred and fifty minutes, using flame deposition. The 

temperature was fixed at 900±50oC with an oxygen/acetylene ratio of 1.08, 

and torch tip diameter of 0.046" (#2 brazing). These films were grown using 

Matheson acetylene meeting the specifications given in chapter 2. Acetone 

was detected at a 0.01-0.02% level. When the 90 minute film was grown, 

only a less sensitive detection tube was available. In this case, acetone was 

detected at approximately 0.07%. An additional film, grown by W. 

Carrington, was also used. This film was deposited at 800±50oC at an 

oxygen/acetylene ratio of 1.03. This film is marked by a (W) in the data. 
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Micrographs of the growth and nucleation surfaces were taken with a 

Hitachi S 800 scanning electron microscope. The magnification was such 

that approximately three hundred growth cells can be seen in each image. 

Cells were compared to a circle template in order to approximate diameter. 

At least twelve diameter "bins" were available filling the range of diameters 

observed in each micrograph. These were then normalized such that the 

most common cell diameter was set at one. 

60p---------------------------------~ 

0.0 

All Grains, cr = 0.508 + 
-[111] Oriented Grains, (j = 0.526 Il 
-[110] Oriented Grains, cr = 0.470 0 
-[100] Oriented Grains, cr = 0.557 • 

1.0 2.0 3.0 4.0 

Grain Diameter (Normalized to Peak) 

Figure 5-15 Grain diameter distribution for 
30 minute combustion deposited film, 
normalized to peak diameter. Lognormal 
curves are fitted to the data for each of the 
approximate grain orientations, and for all 
of the grains independent of orientation. 
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The, well known, normal distribution about Xo with a variance of cr2 is 

given by: 

The corresponding lognormal distribution is given by: 

(C<>"x)(21tcr2)-1I2 exp -{[In(xnor)-cr2j212cr2} 

Here, the smallest possible value x can have is zero, and xnor is the value of 

x normalized so that the most common x observed has a value of one. Co is a 

constant, and sigma is still the variance. The form of the idealized curve is 

shown by the solid lines in figure 5-15. 

Results and Discussion 

The distributions of cell sizes are then fitted to normal and lognormal 

distributions by minimizing the sum of the squares of deviations from the 

ideal curve (:ER2). Table 5-2 gives :ER2 for the curve fit, and cr for that curve, 

along with some additional data for the films. 

The grains on the growth surface, whether segregated by orientation 

or examined collectively, consistently display a better fit with the lognormal 

form (Table 5-2). 

Unfortunately, the growth of these grains in films is not as simple as 

it was originally made out to be. Frost and Thompson's work on lateral 

growth to impingement215 shows several additional circumstances that can 

lead to a lognormal distribution of cell areas. Thus, the resulting 
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distribution is not as closely related to a specific mode of growth as we had 

originally thought. 

Growth 
Time (min) 

150 

122 

90 

60 

60 

(W) 

30 

Film Surface Type (}:R') Peak 
Thickness (um) Diameter (um) 

-17 G n(231) 4.99 

1(111) 4.28 

N n(159) 1.06 

1(110) 0.913 

-9 G n(342) 1.79 

1(109) 1.72 

N 11(130) 0.325 

1(43.0) 0.287 

-18 G 11(262) 4.31 

1(99.4) 3.45 

N n(17.1) 1.27 

1(226) 1.15 

-5 G n(122) 1.29 

1(99.4) 1.07 

11(98.0) 1.03 

1(167) 0.925 

-18 G tt(1881) 2.00 

1(532) 1.76 

n(153) 0.717 

1(107) 0.691 

-7 G n(219) 1.46 

1(73.1) 1.24 

N n(242) 0.478 

11(694) 0.421 

Table 5-2 Fitting of curves, normal (n) 
and lognormal (1), to cell diameter data on 
nucleation (N) and growth (G) surfaces 

(J 

0.521 

0.514 

0.459 

0.445 

1.11 

0.633 

0.416 

0.421 

0.699 

0.566 

0.380 

0.385 

0.65 

0.573 

0.386 

0.402 

0.448 

0.445 

0.217 

0.222 

0.542 

0.508 

0.411 

0.427 



238 

Note that this is always a hazard of drawing conclusions from 

statistical data. Ifwe have a model, and data conforms to our expectations, 

then it does not guarantee that the model is correct. It only increases the 

probability. Clearly, however, future morphology models for diamond should 

produce a lognormal distribution of cell diameters. Again the caveat applies, 

this is only necessary under the limited set of conditions that we considered; 

gaussian distributions may well be observed in other cases. 

5.5 CASUAL OBSERVATIONS 

During the course of these studies we noticed a number of other 

interesting occurrences that we did not have the time, or funding, to 

examine rigorously. 

Gases 

Most importantly, a switch from Linde to Matheson acetylene 

produced changes in the length and shape of the flame front and 

consequently in the distribution of the radical species involved in the 

reaction. Conditions were easily reproducible between bottles of a given 

brand. Similar films could be produced, but not with the same ratio of 

oxygen to acetylene. Both gases were 99.6% pure by volume, with the major 

contaminant being acetone, which was removed as indicated in chapter 2. 

Several possible conclusions may be drawn. Some contaminant other 

than acetone may be present, but undetected. Alternately, the amount of 
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acetone present may vary from brand to brand as a function of 

manufacturing processes, or the design and construction of the matrix 

within the bottle. The Kitagawa tubes used have a nonlinear response and 

are least reliable at low concentrations. We observed acetone levels that 

were, in all cases, near the limits of reliable measurement. 

The presence and effect of acetone at low levels is supported by the 

situation observed when the charcoal is replaced. The shape of the flame 

front changes dramatically over the first half hour following the change. 

This may be a result of residual air in the charcoal that needs to be purged, 

or of excessive acetone loading. Fresh activated charcoal is very efficient at 

removing acetone, but this effectiveness appears to change rapidly. When 

the initial effectiveness is reduced, acetone continues to be removed at a 

more stable rate, but less efficiently than before. 

This problem needs to be investigated if flame grown diamond is to be 

produced consistently. Note that this problem is unique to deposition 

methods that use acetylene as the carbon source. Simpler gases can be 

produced and stored at much higher purity levels. 

Growth Rates 

Using the flame growth technique, film growth begins rapidly but 

appears to drop off after the first half hour or so. Even deposition times as 

long as six hours produced films that were on the order of one micron in 

thickness. A thickness comparable to those grown for only half an hour. 
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Grain sizes do seem to increase, but we have not found any explanation for 

this suspension of growth. 

Low Mobility Diamond Growth 

Some of the features normally associated with the low mobility 

Movchan-Demchishin zone t are occasionally observed in diamond*. Efforts 

should be made to determine if low carbon mobility is responsible, or to find 

other causes for these phenomena. 

5.6 SOME CONCLUSIONS AND PROPOSALS 

Specific conclusions, and associated speculation, have already been 

considered, with the related data. Conclusions drawn here will, for the most 

part, be of a more general nature; they are intended to influence the 

direction of future research in this field. The direction I favor most is 

simplification. 

Simplification of the Gas Phase 

If only one statement could be made regarding the vapor diamond 

growth systems studied to date, it would have to be that these systems are 

complex. Too complex. 

t Zone 1. 

* See 4.3 CLARIFYING THE STRUCTURE ZONE MODEL: IdentifiJing 
Universal Structural Forms. 
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The gas phase reflects this in the concentration distribution of 

species. A number of techniques have been applied to measuring, and 

modeling this distribution, including mass spectroscopy216, laser absorption 

spectroscopy217, and Coherent Anti-stokes Raman Spectroscopy218. 

Some simplification of these systems has been achieved by Harris and 

Martin101. They injected the carbon carrying species downstream from a 

hydrogen plasma, allowing carbon radical excitation to occur only through 

chemical reaction. The results favored methyl radicals as a growth species, 

and Harris219 subsequently published models showing how growth on [100] 

and [111] surfaces could be energetically favorable. 

Unfortunately, this work considers deposition only under a limited 

set of conditions. Substrate temperature, hydrocarbon to hydrogen ratio, 

and plasma power are all fixed. While a methyl radical may be the preferred 

species under these conditions, the same may not be true under other 

circumstances. Harris and Martin101 are aware of this. They make mention 

of the problem in their introduction. 

If Harris and Martin are correct, then the next step is to isolate 

methyl radicals and use them to grow diamond. There has been little, if any, 

work done along these lines, though evidence for the preferential production 

of methyl radicals exists220. The high reactivity and short lifetime of radical 

species makes them difficult to create reproducibly, and this may account 

for the void. In addition, the scheme needed to produce, and isolate, each 

new radical will be different, making investment in each new experiment 

somewhat costly. In favor of the development of this technology, we can 
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compare the work of high energy physics, which spends billions each year to 

produce a cacophony of muons, pions, and kayons, each with comparably 

short lifetimes. We by contrast, need only to produce such radicals for the 

purpose of clarification, after which they can be produced in the company of 

other reactions, at substantially reduced costs, for industrial purposes. 

Simplification of the Surface 

Almost every paper on surface reactions contains the phrase, "well 

defined surface". A surface, with a well understood structure, that has been 

prepared in a repeatable fashion, is critical to studies that focus on 

adsorption mechanisms. With such a surface, the orientation of, and 

reaction paths followed by, adatoms can be much more easily determined. 

Little attention has been paid to this important aspect of research in 

homoepitaxial diamond growth. Efforts have concentrated on finding an 

inexpensive substrate that will allow heteroepitaxial diamond growth. This 

direction is understandable in light of the cost of natural substrates, and it 

may make easier the study of epitaxial growth in the long run. Homoepitaxy 

poses its own problems, since it is often difficult to distinguish the adlayer 

from the substrate. 

This problem is further compounded by, what surface scientists call, 

the pressure gap problem. The tools most commonly used for the 

characterization of surfaces and adsorbed species operate best in mtra-High 



Vacuum, while the deposition reactions operate at near atmospheric 

pressures. Thus, very little in-situ characterization can be done. 
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Prior to the current groundswell of interest in vapor deposited 

diamond, there was interest in the interaction of hydrogen with diamond 

surfaces t . When hydrogen became the dominant component of the gas 

mixture used, CVD diamond growth was reduced from a two step to a 

continuous process. Research groups have been replacing hydrogen with 

halogens221, and argon222 in CVD diamond deposition systems. They have 

continued to successfully produce diamond, however, no one has completely 

eliminated hydrogen from the system. 

We know that the diamond surface can assume two different 

structures, given the presence, or absence, of adsorbed hydrogen. With the 

hydrogen present, the structure of the diamond is maintained, without it, 

the [111] surface is believed to assume the 1t back-bonded structure modeled 

by Pandey223. We do not, however, know which of these two structures is 

present during diamond deposition. The assumption to date has been, 

"diamond is good, not diamond is bad." The Pandey structure, while not at 

all like graphite, contains sp2 bonding, so, the surface is often referred to as 

"graphitized". This seems to imply that graphite will preferentially nucleate 

and grow on this surface, though we have no proof that this is the case. 

t See 2.3 CONVENTIONAL WISDOM OF VAPOR DIAMOND 
DEPOSITION: Hydrogen and the Diamond Surface. 
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Figure 5-16 [111] Diamond surface: 
hydrogenated and restructured 

My own inclination is to believe that at least one growth mechanism 

requires the presence of a dangling bond for the addition of a carbon atom, 

but that the diamond structure still needs to be maintained. A diamond 

surface with a partial monolayer of hydrogen covering it suits this condition. 

One might, for instance, picture a surface where every other bond 

terminates in a hydrogen atom, and the alternating bonds are 
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unresolved-left in a highly reactive state. The hydrogen would provide 

stability for the surface, while the dangling bonds would provide a reaction 

path. 

A more realistic picture considers the dynamic nature of adsorption. 

Hydrogen is constantly being adsorbed and desorbed during the diamond 

deposition process. Crude calculations have been made estimating the 

number of times that dangling bonds will be filled with carbon, relative to 

the number of times they are filled with hydrogen. They range from one in 

five thousand204 to one time in fifty thousand206. If this is the case, then 

diamond growth does not occur on one surface or the other, but on a 

transitional state between the two. The dynamic circumstances make it 

difficult to produce a "well defined surface". 

This model is consistent with the data showing growth rate vs. 

temperature224. These show that diamond growth increases with 

temperature, and peaks near 10000 C. Diamond growth is reported to go to 

zero above approximately 12000 C225, and graphite growth rises as 

temperature increases beyond the point of peak diamond growth. The 

implication is that hydrogen desorption is the rate-controlling step in 

growth. 

Below the activation energy for hydrogen desorption, hydrogen is only 

removed through abstraction by gas phase monatomic hydrogen, so growth 

rates will be low. The activation energy for hydrogen desorption lies in the 

temperature range near 10000 C109. As the temperature rises toward this, 

the number of dangling bonds available at any given time increases, 
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followed by the growth rate. At still higher temperatures the small amount 

of hydrogen remaining can no longer maintain the diamond structure, and 

the surface collapses to the restructured state. Without dangling bonds, 

graphite nucleation and growth increases. 

This view is also reenforced by homo epitaxial studies made by 

Snail210 with an oxy-acetylene torch. In this system, which has a higher 

partial pressure of monatomic hydrogen than plasma and filament systems, 

it is possible to grow diamond at temperatures as high as 1500oC. This 

higher partial pressure could be keeping a partial hydrogen monolayer on 

the surface even at elevated temperatures. Growth rate would be largely 

unaffected since it depends on the exchange rate of dangling bonds and 

carbon termination, which would, for the most part, remain the same. 

Recall that we previously considered the formation of a two 

dimensional layer by adatoms in the physisorbed sate. This layer would 

then be adsorbed as a unit during growth. This theory need not be 

inconsistent with the idea that growth, by at least one mechanism, is 

dependent on the presence of a partially hydrogenated, partially dangling 

bond filled, diamond surface. The adsorbing layer might begin by taking 

advantage of dangling bonds, and then force the remaining hydrogen to 

diffuse through the layer, or take up interstitial positions. Indeed the data 

from Temperature Programmed Desorption t experiments indicates that 

these interstitial sites are easily assumed by hydrogen227. 

t TPD 
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To test this hypothesis there would have to be a way to control the 

rate of hydrogen desorption in an independent manner. Optical bond 

dissociation seems ideal. With the substrate below the hydrogen desorption 

threshold, tune a laser to resonate with the hydrogen-diamond bond on the 

surface. As the irradiance is increased, the number of dangling bonds per 

unit area will increase. In a diamond growth environment, the growth rate 

vs. irradiance profile should follow the same path as the temperature vs. 

growth rate curve. Growth rate would increase as more dangling bonds 

became available, and ultimately begin to drop off as the surface began to 

restructure. 

The substrate would have to be downstream from the plasma227, and 

heated independently. Initially it should be just below the desorption 

threshold, in case carbon mobility is required. Ultimately the deposition 

could be done at a much lower temperature to minimize stress in the 

coatings and improve adhesion. If the laser desorption scheme works, 

growth rates can be kept at peak rates, while maintaining a low deposition 

temperatures. 

Until we have determined that this mechanism works, and growth is 

dependent on the presence of dangling bonds, we must prevent interaction 

between the laser and the gas phase precursors. The C-H bonds on the 

surface and in the gas phase will have similar absorption band wavelengths, 

but the band width of the surface bond will be broadened. This is the result 

of its proximity to the periodic structure of the bulk diamond, which 

produces electronic band structures in the ideal infinite crystal case. The 
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quasi-periodic nature of the boundary imparts the additional width. We can 

take advantage of this width by tuning the laser to an off resonance 

condition, outside of the gas phase absorption band, but within the surface 

band. It's inefficient but surface selective. 

The remaining problem is the availability of a laser source. According 

to Okabe228 the absorption bands for C-H covalent bonds lies in the UV 

portion of the spectrum near 145 nm, a region where source availability is 

very much a problem. So it would seem that this idea is impractical, unless 

of course the location of the absorption band could be shifted. If hydrogen 

can be replaced in the experiment by a larger atom, a halogen in all 

probability, then the electronic and vibration frequencies of the surface bond 

would be lower. The shift in the electronic absorbtion bands is not great. 

The' absorption edge for dissociation will be near 225 nm29, still well within 

the UV and not much of an improvement, but it does offer another option. 

Optical dissociation is also possible with multiple photon excitation of 

vibrational bands230, where tunable monochromatic sources are available. 

The drawback with this approach is our inability to dissociate surface C-H 

or carbon-halogen bonds selectively, leaving the gas phase unaffected; the 

vibrational bands are not broadened as the electronic bands are. 

Recent work from Kamo et al. 229 supports the idea of optical 

dissociation to some degree. They studied crystals grown in a microwave 

plasma CVD system at substrate temperatures of 300, 400, and 500oC. 

These were compared to crystals exposed to a UV lamp radiating in the 230-

580 nm range at a fixed irradiance, and grown under the same conditions. 



The UV exposure did increase growth rates, and from the shapes of the 

crystals it appears that this increase was on growth in the (100) direction. 

This would make the crystals tend toward octohedral structures, the 

reaction which, in the proposed model, is thought to be rate limitedt. 
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Additionaly, at the lower temperatures the growth tended to degrade 

from the single crystal epitaxial growth observed at 500oC. The 4000 C 

growth showed enhanced sp2 growth with UV exposure. Raman spectra 

were not taken on the 3000C films, as there was too little growth. 

Simplified Choice of System 

Leaving diamond behind for the moment, and concentrating on the 

development of a more generally applicable structure zone model, we could 

certainly do better than diamond deposition as a basis for development. 

Ideally we should study reactions which add factors affecting morphology 

one at a time. 

A metalorganic decomposition system would perhaps be comparable 

to the Movchan-Demchishin metals, with only the reaction itself as an 

additional influence. A system suitable for adatom mobility studies would 

also be useful. Relationships between substrate temperature and bulk 

melting point have been used to characterize structure, but no concrete 

relationship has been developed that ties morphology to activation energy or 

mean free path along the surface. Reactions that are well 

t See 5.3 PROCESS STUDIES: Possible Growth Mechanisms 
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understood--clearly kinetically or transport limited-should be used. We 

should consider the effect on morphology from reactions that can be shifted 

from one to the other by controlling the rate of reactant supply, or substrate 

temperature. 

Microstructure plays so many important chemical, mechanical, and 

electronic roles that development of a general predictive model will 

eventually become a necessity. The rising importance oflow cost, high 

volume, CVD methods makes it important to include these techniques in 

that model. 
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AMORPHOUS DIAMOND 

AB spectacular as the properties of diamond are, they do not suit the 

needs of all people. Though materials IIdesigned ll to suit specific needs are 

limited by what nature will allow, we can at least broaden the range of 

possibilities within those limitations. To a certain extent, properties can be 

controlled by limiting the range of crystalline order allowed. These 

amorphous analogs to diamond offer something to those who desire one 

property without others that commonly accompany it. 

6.1 SEMANTICS AND OXYMORONS 

The nature of lIamorphous ll
, or IIvitreous" materials is not so much 

"defined" as it is "alluded to". They are classified not by what they are, but 

rather by what they are not. Which is to say, they are "not crystalline". Any 

periodicity in the structure is to be displayed only on the scale of clusters of 

atoms. These must be small enough that the material does not bridge the 

gap between "amorphous II and "polycrystalline". A gap that is poorly defined 

at best. 

Consider the two dimensional solids shown in figure 6-1. It should be 

clear that the second, vitreous state, while not as ordered as the crystalline 

one, is not random either. The position of one group of atoms in the vitreous 

lattice will not allow you to find all others, as the crystalline lattice permits. 

This lack of long range order does not prevent the existence of a high degree 

oflocal correlation. Each atom in the figure remains three-fold coordinated, 

and bond length is little changed, while the bond angle distribution 



broadens. Thus the nearest neighbors are fairly easily located, while the 

locations of second, and subsequent nearest neighbors are not so certain. 

Figure 6-1 Two solids: a) crystalline and b) 
Covalent Random Network amorphous. 

252 

In sharp contrast, The word "diamond" refers to a specific crystalline 

allotrope of carbon. It defines the three dimensional, periodic lattice 

structure that crystalline, tetrahedrally bonded, materials form. When the 

single crystal silicon wafer was being developedt, it was an extended 

"diamond" structure that they wanted to achieve. 

Despite the contradiction inherent in the designation "amorphous 

diamond", it currently finds wide application in the literature and 

t In truth, no more than a gleam in the eye of the scientific community. 
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conference presentations of the carbon research community. While a more 

appropriate phrase might be: "amorphous analog to diamond", it is the 

recurring reference to such a material that drove me to ask just what was 

being referred to. In the absence of such a definition, I began to ask myself 

what I would like it to mean, if it was even possible to produce it, and why 

anyone would want to. 

6.2 APPLICATIONS 

The removal of lattice periodicity drastically changes electron 

behavior. The removal of symmetry allows absorption bands that were 

previously prohibited, as selection rules governing optical transitions 

become weaker, and dipoles form. Conduction band states become localized 

on the scale of the short range order. An electron excited to the conduction 

band is free to move within the ordered region but will be subject to an 

additional activation energy if it is to move from one microcrystalline region 

to another. Properties of this type make it possible for unusual electro

optical devices and electro-magnetic sensors to be developed. 

Other applications lie in the thermal mismatch problems associated 

with thin film coating. The resulting stress of an expansion coefficient 

difference can cause crystalline coatings to cleave, and will introduce 

cracking and delamination. Amorphous materials, that do not have localized 

planes of high internal energy, will not be subject to cleaving, and will be 

less likely to crack under strain. 



In a fundamental sense, those properties solely associated with the 

type of bonding present will be unaffected, while those that depend on 

structure and symmetry will be removed or weakened. 
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A final application of "amorphous diamond" has more to do with 

socio-economics than technology and basic science. At a certain stage in the 

development of diamond vapor deposition techniques, it looked as if any 

method of generating a hydrocarbon plasma would be sufficient to deposit 

diamond. Not all of the methods tried were successful. I do not doubt that at 

least some of the people who chose to apply the label of "amorphous 

diamond", did so as a means of salvaging some respectability for a technique 

that was intended to produce diamondt. 

My major disappointment in this regard is not with the researchers 

themselves, but rather with a system that propagates such behavior. To 

grant only short term funding requests, to fail to recognize that writing 

proposals takes time, to ignore the reality that equipment does not always 

function as desired, creates an environment where scientists cannot report 

negative results without putting themselves and others out of ajob. 

t II IIf it had grown up,' [Alice] said to herself, lit would have made a 
dreadfully ugly child: but it makes a rather handsome pig, I 
think. I " - Lewis Carroll 
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6.3 CHARACTERIZATION 

When amorphous materials are examined with x-ray or electron 

diffraction a blurred, rather than sharp pattern is observed. This is evidence 

of a lack of long range order, but it tells one little about the nature of short 

range order. 

Radial Distribution Function 

One tool for measuring the degree of order present in a solid is the 

Radial Distribution Function. Based on an annulus, of infinitesimal width, 

centered on an atom of the lattice, it is a plot of the number of atoms falling 

on it versus the radius. For a crystalline material, each time we encounter a 

neighbor we also encounter a number of other neighbors at that spacing. 

Thus the RDF for a crystalline material is an effectively infinite series of 

well defined spikes. Since the circumference is ever increasing, the 

magnitude of these spikes will also increase in proportion to the 

circumference of the annulus. To correct this we scale by 1I(21t·radius). In 

three dimensions a spherical shell is used, and we divide by the surface area 

of the sphere. To be properly representative, the value of the RDF should be 

computed by averaging over its value at a large number of central atoms. 

When applied to vitreous materials, the nearest neighbor peak 

generally remains unchanged. This reflects the observed tendency of bond 

lengths to vary by only about one percent231. Second nearest neighbor 

peaks, and those associated with an intermediate radius are smeared out, 



while at a large radius the function approaches a constant value that 

reflects the lack of long range order and is proportional to its density. 
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Figure 6-2 Calculation of the RDF: a) 
annulus on a crystal b) corresponding radial 
distribution function 
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The RDF can be measured by applying Fourier transform techniques 

to X-ray or neutron diffraction data. One must, however, be cautious. 

Failure to collect well resolved data over a sufficient range can give 

misleading resuIts232. Furthermore, even if accurately determined, as a tool 

for characterization the RDF is of dubious use. 

It is understood that amorphous silicon exists, not only as a network 

of deformed tetrahedral sites, but also as a more complex network including 

dangling bonds and sites with larger numbers of bonds. This makes it 

possible to imagine a material with almost any radial distribution function 



you desire233. The function may, however, be used as a qualitative tool for 

comparison if these limitations are recognized. 
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Figure 6-3 Radial Distribution Functions: 
a) crystalline b) amorphous 

The order parameter represents a more simplified, "one number", 
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measure of the lattice periodicity. For a given atom in the lattice we can 

take the dot product of its instantaneous position vector and an ideal 

reciprocal lattice vector. If the atom is in an ideal lattice position, the dot 

product will be 21t. The order parameter is the average value of the absolute 

value of this cosine, computed over all of the atoms in the lattice. It has a 

value between zero and one, where one denotes perfect crystallinity and 

zero denotes a complete lack of order. 
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Like the RDF, the order parameter is vague in its description of the 

lattice; a wide variety of lattices can produce the same result. In one regard, 

the order parameter carries less information. The RDF permits simple 

observation of the degree of short and long range order, while the order 

parameter does not. 

There are, in fact, three order parameters, involving each of the three 

reciprocal lattice vectors. For our purposes one is sufficient. We have yet to 

succeed in the kind of highly orientational thermal transfer needed to make 

a material crystalline in one dimension while lacking order in another. 

Bonding 

The nature of the bonding present, the ratio of sp2 to sp3 coordinated 

sites, has become a subject of some controversy. Given that there are only 

two types of bonding present, the ratio can be determined by measuring the 

RDF and applying some judicious curve fitting to the nearest neighbor 

peak232. Accurate results, however, require a exceptionally monochromatic 

source, not generally available. 

McKenzie234 advocates the use of a technique that uses the C(ls)K 

absorption edge in the electron energy loss spectra (EELS). The area under 

the curve in the 285-290 eV range is proportional to the number of 

transitions between ground and anti-bonding 1t* type states. Above 290 eV 

the transitions correspond to 0* states. These signals allow one to derive the 

ratio sp3/(sp2+sp3). 
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Other techniques, including Raman scattering, and x-ray 

photoelectron spectroscopy have been applied to the problem and reviewed 

in this context235. Unfortunately, no technique gives information about the 

spatial distribution of the different types of bonds present. 

6.4 FORMATION OF AMORPHOUS PHASES 

Amorphous phases are formed when the material is able to traverse 

the temperature range from above the freezing point Tf to below the glass 

transition temperature T g with little or no nucleation and subsequent 

crystallization (Figure 6-4). Solidification to a glassy state is a question of 

time scales. A relaxation time measures how quickly atoms can settle into 

crystalline sites. If the system can cross the temperature gap in less than 

the relaxation time, the solid will be amorphous. The rate of temperature 

change required varies widely, from something on the order of 10-5 Klsec for 

silicates, to 108 Klsec for some metallic glasses. The latter is accomplished 

by "splat-quenching" the liquid metal on a cold rotor with a rim velocity on 

the order of 1 kmlmin. Less order will be introduced as cooling proceeds at 

higher rates. 

Water and other materials having a strong tendency toward 

crystallization present additional problems. Their own thermal conductivity 

in the liquid state prevents the removal of heat at a sufficient rate for glass 

formation. Materials in this category must traverse the Tg-Tf gap even more 

quickly than cooling from the melt will permit. In the case of silicon "laser 
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glazing" can be used to produce an amorphous analog. Optical heating of 

isolated regions near the surface confines a relatively small amount of 

energy to a volume of small thermal mass for a short period of time. The 

local energy density is high enough to cause melting of the surface region 

where symmetry is low. Strong bonding in the adjacent bulk region provides 

good thermal transfer properties that disperse the energy very quickly. 

Estimates based on this technique indicate a cooling rate of approximately 

1010 to 1012 Kelvin/sec is sufficient to produce amorphous silicon. 
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Figure 6-4 Volume vs. Temperature at two 
different cooling rates. a) the slower cooling 
rate shows discrete phase changes, leading 
to a crystalline state, while b), the fast 
cooling rate, leads to amorphous 
solidification. 
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Another technique, condensation from the gas phase, allows the 

dissipation of large amounts of energy in small quantum units as atoms, or 

clusters of atoms, are adsorbed. Excess energy of the gas precursor is 

carried away on adsorption by phonon excitation. These techniques are 

applied, quite effectively, with silicon, germanium, water, and metals. 

Crystalline diamond's high thermal transfer rate make this type of cooling a 

viable means for producing an amorphous form. Fortunately, the CVD 

processes currently applied to diamond production are ideally suited to this 

mechanism. Cooling is particularly efficient if very thin layers are deposited 

on diamond substrates. Thick layers of amorphous material would have a 

lower thermal conductivity, due to the lack of symmetry. Thick amorphous 

diamond analogs are, for this reason, much less likely to be observed. 

Evidence suggests that all materials have amorphous analogs, subject 

only to the ability to remove large amounts of energy on a time scale 

comparable to the relaxation time of the solid.231 

6.5 MODELING "AMORPHOUS DIAMOND" 

One way to limit long range order is the random introduction of small 

numbers of sp2t bonded carbon atoms in a diamond lattice. It has been 

argued that this results in an unstable structure. The basis of this 

argument is that the deformation of sp3 bond angles, required for 

t Referring back to the discussion of the nature of bonding in 1.2 
BONDING we note that one does not really introduce atoms 
"with an sp2 coorination"; cab on atoms are introduced into a 
position and with an energy state that allows sp2 bonds to form. 



accommodation, is associated with sufficient energy to activate additional 

changes to sp2 coordination. Following this line of reasoning, Tamor236 

concludes that the resulting structure will at most contain only 25% sp3 

carbon, with a more likely upper limit of about 10%. 
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As noted, when the crystallinity and symmetry of a material are 

removed, properties associated with those factors are weakened; only those 

properties dependent upon the nature of the bonding remain unaltered. 

Diamond is characterized by its structure and by the presence of only sp3 

bonding. Ifwe remove the crystallinity, as required for a vitreous material, 

we are left with only the sp3 bonding as a means of relating our amorphous 

analog to its crystalline counterpart. This structure that contains only 25% 

sp3 bonding does not seem to fit this description, and is, accordingly, named 

the Defected Graphite model. 

There is some question as to whether this limit is, in fact, observed. 

Cuomo, Pappas, Doyle, and Saenger, of IBM, have produced amorphous 

coatings with as much as 85% sp3 bonded carbon237, with their 

characterization based on EELS measurements of the carbon Ka absorption 

edge235. If observations of high sp3 content prove to be well founded, 

Tamor's interpretation is not necessarily disproved. The stability of this 

mixture may be owed to the inherently non-equilibrium nature of vapor 

deposition. It is possible that isolated atoms could be constrained in a 

metastable, non-periodic state if they are adsorbed under conditions of 

extremely limited surface mobility. 
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The IBM group also indicated that samples grown on substrates at 77 

K do not have a higher sp3 content than those grown on substrates at room 

temperature. This would support the contention that the state of the gas 

phase precursor species dominated the coordination of the atoms in the film. 

The lower substrate temperature would not be expected to affect the degree 

of amorphicity. Since room temperature was below the glass transition 

temperature, T g' and cooling beyond that point serves no purpose if 

coordination is unaffected. 

Another sp2 bound alternative is a collection of diamond crystallites 

with graphitized surfaces, stability being imposed on the structure when the 

sp2 carbon forms complete shells around each sp3 grain. At larger grain 

sizes this fits the designation of "micro-crystalline diamond"3. Such a 

sample could have order within the crystal itself, and might not require the 

surface sp2 layer if random orientation of small crystallites is sufficient to 

destroy long range order. As the crystals become smaller the stability of 

diamond regions within sp2 shell is threatened by deformation, and thicker 

non-diamond surface layers can form. The ratio of sp2/sp3 bonding becomes 

unfavorable. 

Note that there is no way to distinguish samples that are bound by 

sp2 at the surface from samples with a smattering of sp2 bonds distributed 

throughout the bulk. Both the EELS and RDF techniques give an idea of 

how many sp2 bonds are present but fail to account for their distribution. 

While no vitreous carbon produced to date has been entirely sp3 

bound, such a phase does exist for silicon and is modeled as a "Continuous 



264 

Random Network"231. The model's earliest incarnation was the work of 

Zacharias en in 1932238. In the model, certain aspects of the crystalline state 

are retained. Applied to silicon, each atom is four-fold coordinated, with no 

dangling bonds, and bond lengths are fixed. However, if one were to trace a 

path along the bonds of a crystal from an atom back to itself, with no bond 

retraced and no ring divisible into smaller complete rings, the rings traced 

out would always contain six atoms. The CRN model allows the existence of 

both larger and smaller rings. This was illustrated in figure 6-1 for a two 

dimensional solid. 

Figure 6-5 Effect of bond angle variation on 
the Radial Distribution Function for second 
and third nearest neighbors. 

The lack of long range order in the CRN structure can be attributed 

to the variation of bond angle introduced with the spread in ring size. 

Figure 6-5 shows how the second and third nearest neighbor distances can 

vary greatly, while the nearest neighbor distance remains fixed. Thus, the 

correlation between the position of the primary atom and that of its nearest 

neighbor is perfectt , while it becomes successively weaker as more distant 

t Or nearly perfect, if you allow some stretch vibration. 



neighbors are considered or the spread in possible bond angles becomes 

larger. 

Atomistic Implementation Difficulties 
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Atomistic models of amorphous materials suffer problems 

diametrically opposed to those of the actual materials. Where 

experimentalists have difficulties cooling materials quickly enough to create 

amorphous structures, those developing molecular dynamics models cannot 

cool their samples slowly enough crystallize them. At 106 K/sec, an 

experimentally high cooling rate, my simple model would have had to run 

for more than 10 thousand years to traverse the temperature range from 

liquid to below the glass point! 

Alternate solutions follow a consistent plan. An amorphous solid is 

created by cooling a model liquid at rates higher than experimentally 

obtainable. The model solid is then heated, more slowly, to the point of 

melting. The change in potential energy, or total energy, is compared to 

calorimetry from experiments. Comparable observations support the model, 

albeit indirectly. The solution is not equivalent to the cooling over time, but 

it is an alternative. 

The Model Used 

When I started thinking about amorphous diamond, I was unaware of 

the CRN model. The model I considered was obvious, and would have 

duplicated Zachariasen's efforts had it not been for one small condition that 
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he imposed. He insisted that the atoms oscillate about "definite equilibrium 

positions". From figure 6-1 it should be clear that enlarging the ring size 

will increase the mean bond angle for any given ring. This change is stable, 

or more precisely metastable, since the addition of an aditional bond and 

atom puts an activation energy in place. This activation energy must be 

overcome, ejecting the aditional atom, before the ring can relax to the 

smaller mean bond angle state of the six atom ring. 

Having spent the previous year thinking about the inherently non

equilibrium nature of CVD deposition processes, the lack of such a condition 

did not bother me. If we fix the ring size at six atoms, as in the crystalline 

state, but retain the distribution of bond angles, the long range order will 

still be removed, but the structure will no longer be stable. The nearest 

neighbor distance remains well defined, while the second, and subsequent 

nearest neighbor distances can vary widely. True, the positions of the atoms 

in the lowest energy state are those of the crystalline form, but if the 

distorted system is rapidly cooled, a metastable state with no long range 

order may occur. 

Bending modes have lower frequencies than stretch vibrations, and 

consequently, angles between bonds inherently vary to a greater degree 

than bond lengths. The instantaneous positions of a heated lattice are 

equivalent to an amorphous state, even when no bonds are broken and no 

variation of ring size is introduced. Figure 6-6 represents an instantaneous 

snapshot of just such a two dimensional material. In such a case there are 

no "definite equilibrium positions" for the oscillators. The equilibrium 
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positions are in motion as well. The loss of long range order is apparent as 

the diagram is superimposed over the corresponding crystalline lattice. 

'/ \ / r-

Figure 6-6 Heated 2-D crystalline solid 
showing loss of long range order compared to 
cold underlying crystalline solid (dotted). 

If we cool this heated solid rapidly some of the disorder will be 

retained. To be certain, the solid will eventually relax to a crystalline state. 

The question is, "how much time it will take?" If on the order of weeks, 

years, or centuries, then the material is effectively amorphous rather than 

crystalline. We will refer to this type of amorphi city as "Bending Mode 



Induced Amorphicity", or BMIA, for want of a more descriptive name, or 

catchier acronym. 

The Implementation 
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To examine this effect, the simplest possible computational 

implementation of the cubic diamond structure was used, a mass and spring 

arrangement with fixed four-fold coordination. Of the five independent 

bending modes associated with a given tetrahedron, only the most rigid is 

included with the stretch vibrational modes. The forces are linearly related 

to the displacement from an ideal tetrahedron. Force constants can be 

chosen as appropriate for diamond, silicon, or germanium239; silicon was 

the first examined, since an amorphous analog exists, and is well studied. 

A simulation cell of 512 particles was used. Initially the particles 

were located at the lattice points of a system of sixteen unit cells in a cubic 

arrangement. Forces were applied according to a Maxwell-Boltzman 

distribution for two degrees Kelvin. The particles were then permitted to 

move in that time, according to Newton's equations of motion, with the 

forces recomputed every 10-15 seconds. Only the four particles bonded to a 

given particle, and the next nearest neighbors involved in bending modes, 

directly influenced the motion of a given particle. For the sake of simplicity, 

the bending mode in the plane of the bonds connecting any three atoms was 

the only one considered. The particles were allowed to move without outside 

influences at 2 K for 10-10 seconds prior to further experimentation. 
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Since the properties we wished to examine were temperature, and 

temperature rate of change dependent, we had to control of the system 

temperature. If nothing had been done to the system after the random 

displacement was introduced, then the system whould have been adiabatic, 

no energy would have been interchanged with the surroundings of the 

simulation cell, and we would have observed the temperature fluctuating in 

an oscillatory manner as energy was interchanged between the kinetic and 

potential forms. 

Since total system kinetic energy is proportional to temperature, we 

scaled the kinetic energy of each particle proportionally to acquire the 

desired total240. With the individual kinetic energy proportional to the 

square of velocity, the velocity was scaled by .y(TdesireiTactual)' The scaling 

was applied at each 10-15 second step. When heating and cooling, Tdesired 

was changed in uniform increments from step to step, with the change from 

step to step determined on the basis of temperature rate of change desired. 

Note that thermal control is imposed throughout the system 

simultaneously in this model. The distribution of energy is maintained, but 

the ammount in the system is varied according to the needs of thermal 

control. Since the results depend strongly on thermal transfer, this 

assumption is very important. Other models exist for controlling 

temperature, and these may give different results. One method controls 

temperature through the introduction of collisions, with particles at random 

in the system, to introduce or remove energy from the system241. It is also 
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possible to alter the form of the interaction potential of each pair of atoms so 

that the system is constrained to a fixed total kinetic energy242. 

Consequences 

The BMIA model displays certain advantages and disadvantages, as 

well as effects that are neither beneficial or detrimental, but should be 

recognized. 

Foremost among these is the satisfaction of the requirements placed 

on amorphous materials: 

• No long range order. 

• Bond lengtht varies only slightly. 

• Coordination number is unchanged. 

In combination, these latter two conditions require that the 

fundamental nature of the sp3 bond remain unchanged. In addition, the 

restriction that all atoms be bonded to four atoms eliminates the possibility 

of dangling bonds and vacancies, restricting us to an idealized model of the 

"perfect" amorphous substance. It should also be noted that the eRN model 

also satisfies these requirements, making it the most commonly accepted 

model for idealized covalent amorphous materials. 

The stronger the bonds the more rapidly they will relax to a 

crystalline state. This provided much of the motivation for this study. A 

BMIA analog to diamond would rapidly relax, while silicon maintains an 

t Or first nearest neighbor distance. 
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amorphous state for a longer time, due to the weaker force constants. This 

might help to account for the small number of credible claimants to the 

production of sp3 bonded amorphous carbon234,243. 

Further, there is nothing to prevent the use of this model in 

conjunction with the CRN model. Atoms are in motion in both models, and 

some degree of amorphicity could be attributed to each component. In such 

a case, annealing at a temperature too low to provide activation for bond 

breakage would hasten the removal of BMIA while leaving the CRN 

amorphi city unaffected. 

The material will retain more of its amorphous character if the 

material is cooled more rapidly. Instantaneous cooling to a classical zero 

kelvin results in a material that retains all of the amorphous character 

present. At slower cooling rates the structure will relax toward a crystalline 

state, loosing amorphicity. 

There are additional difficulties associated with exceptionally high 

rates of cooling. Instantaneous injection and removal of large amounts of 

energy occur when the temperature is scaled. Thus, artificial delays could 

be imposed on the time it takes for potential energy to be removed from the 

system during cooling. The delay, however, only lasts for one quarter of an 

oscillation. 
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Figure 6-7 Temperature scaling imposes a 
delay on the atom reaching it's eqilibrium 
position. As the atom moves toward 
equilibrium, temperature scaling lowers the 
kinetic energy, but does so at the expense of 
restoring lost potential energy. 
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Computationally, the decision to fix the coordination of the atoms, 

and use linear force constants, implies that a solid to liquid phase transition 

cannot be observed. Since T g is described, above, in terms of the time it 

takes for atoms to order themselves during the liquid to solid transition, the 

term makes no sense within the context of the present model. Furthermore, 

in the context of BMIA, it is not even necessary to raise the solid to a 

temperature above the melting point to induce amorphicity. Heating to a 

point just below the melting point and then applying rapid cooling is 

sufficient. These points indicate that this model is incapable of describing 

the observed properties of amorphous materials unless it is used in 

conjunction with the CRN model. 
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EFFECTS OF THE BMIA MODEL 
AND THE CHOICE OF COMPUTATION METHODS 

o It meets all requirements previously set forth for amorphous materials 

o Materials with stronger bonds, or higher spring constants will relax to 
the crystalline state more quickly and be much less likely to form 
an amorphous state. 

o It can be used in conjunction with the CRN model where all amorphi city 
is due to the range of angles allowed, but some bond distortion is 
stabilized by the variation in ring size. 

o If annealed at a temperature below the threshold for bond breakage, 
BMIA will be removed more rapidly than at lower temperatures, 
and only amorphi city of the CRN type will remain. 

o The more rapidly the material is cooled, the less crystalline it will be. 

• Since forces only increase as bonds are distorted, no phase transitions 
will be observed in this model. 

ao In this model there is no explanation for the existence of T G the 
glassification temperature. 

• If remaining vibrational modes are included then the structure will be 
made more rigid and the time required to relax to a crystalline 
state will be shorter. 

a If remaining vibrational modes are included then the rate of temperature 
change needed to attain an amorphous state will be higher due to 
increased rigidity. 

• Rate of relaxation will depend on the choice of thermal control 
mechanism in the model 

Table 6-1 Effects of model and 
implementation decisions. White markers 
indicate effects inherent in the model, black 
markers denote effects of choices made in 
the simulation. 
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In addition, the failure to include the remaining bending modes in the 

model has several consequences. The additional rigidity imposed on the 

structure by including these modes would require more rapid cooling rates 

to maintain an amorphous state, and the time needed for the solid to relax 

to a crystalline state is reduced. On the favorable side, computation time is 

greatly reduced; a point of great practical importance. These effects and 

others are summarized in table 6-1. 

Experiment and Analysis 

After the system has come to equilibrium at 2 K, we raise the 

temperature at a rate of 1013 K/sec to produce systems at 300, 1000, and 

2200 K. These systems are allowed to relax to equilibrium for 10-11 seconds. 

The 2200 K system is beyond the melting point, but has not melted. It is a 

superheated solid that retains its four-fold coordination. 

The RDFs of these systems show their crystalline, and amorphous 

nature, respectively (figure 6-8). Comparison to published data, both 

measured and modeled, emphasizes the strong similarity between RDF's 

produced by this and other methods244. 

The order parameter reflects the loss of long range order as well. It 

decreases, in a nearly linear fashion, with temperature (figure 6-9). No 

drastic drop is observed at the melting point since melting does not occur. 

The system settles into a quasi-liquid/amorphous state at high 
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temperatures. The loss of order indicates that, in some measure, all crystals 

at high temperatures have some amorphicity. 
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Figure 6-8 Radial Distribution Functions of 
silicon, from this model at: a) 300 K b) 1000 
K and c) 2200 K 

It should be noted here that the loss of order is still quite small. It 

could be argued that the heated crystal is not, in fact, in an amorphous 

state. While the RDF peaks do broaden at higher temperatures, the atoms 

may continue to oscillate about the same mean positions. One way to tell is 

to examine the RDF at an extremely large atomic spacing. It should, 

ultimately, approach a constant value. Unfortunately, these simulations 

7 
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must be done with a small cell, containing a fixed number of atoms, making 

a long range calculation of the RDF impossible. 
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Figure 6-9 Order parameter vs 
temperature in a four-fold coordinated 
silicon system restricted to angular 
deformation 

In favor of the claim that the system is amorphous we can cite two 

pieces of evidence. In our instantaneous snapshot of a 2-D system (figure 6-

6) the rings at either end of the structure have no correlation. Also, the part 

of the RDF we have been able to compute is remarkably similar to 

previously published RDF's for amorphous silicon, both measured and 

modeled. 

We next cool the 2200 K sample to 300 K, at 1017 Klsec, an 

extraordinarily high cooling rate from the experimental standpoint. Cooling 

rates of 108 Klsec are the largest used successfully in cooling from the melt, 
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and in spite of an increase of nine orders of magnitude, a large degree of 

crystallinity is still regained in the cooling process. (figure 6-10 a) At 

equilibrium, the 300 K order parameter has a mean value of 0.971. After the 

cooling cycle, we track the order parameter, and consider how quickly it 

returns to the 300 K mean value (figure 6-10 b). 

Not quite all of the crystallinity, however, is regained. By applying a 

least squares fit of a line to the order parameter data, we show that the data 

has a gentle upward slope and a mean value slightly less than the 300K 

steady state value eventually obtained. The fit line intersects with the 300 

K mean 3x10-11 seconds after we have reached room temperature. The 

actual time needed will be less due to the variance in values observed, and 

the more rigid lattice present when additional vibrational modes are 

included. 

Hindsight being much stronger, the short time needed to come to 

equilibrium could have been easily predicted. If this form of amorphicity 

played a larger role, a gentle curve should have been observed at the foot of 

a crystallization phase change shown in figure 6-4 t. The BMIA contribution 

is more negligible in the case of diamond than in the case of silicon, due to 

its more rigid structure. 

t Though the degree of curvature observed would be dependent on the rate 
of cooling. 
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It should be noted that this work examines a bulk material. The time 

needed to reach equilibrium will be extended when there is less symmetry. 

A surface or the presence of vacancies and faults can provide such a 
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situation. If it were possible to provide this rapid cooling, and measure the 

rate of change in order parameter, in an order parameter so close to the 

equilibrium value, this might provide a useful tool to measure defect 

densities in nearly perfect crystalline layers. The application would, 

however, be limited to thin films and by the need for high rates of cooling. 

Unfortunately, the features that would make this effect more 

detectable, a weak non-linear bending mode and lack of symmetry, run 

counter to the need for highly linear forces and the high symmetry needed 

for efficient thermal transfer*. In addition, while the asymmetry of a 

boundary lengthens the time the model would take to come to equilibrium, 

real boundaries often act as nucleation sites. Under these circumstances, it 

seems unlikely that this effect will ever be observed. 

6.6 CONCLUSIONS AND PROPOSALS 

The "Real" Substrate Temperature 

Thin-film coating and surface chemistry workers point out, time and 

again, that we do not know what the "real" substrate temperature is. We 

can attach a thermocouple to the substrate, but it is usually attached to the 

back, and even if it were on the growth surface, its presence would affect the 

observed value. Surface effects between the thermocouple and the surface 

being measured would also need to be considered. Optical methods make 

* See 1.3 PROPERTIES OF DIAMOND: Thermal Properties. 
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assumptions about the emissivity, or the change in emissivity between two 

wavelengths, and emitted photons come from within the substrate, not the 

surface. All of these techniques serve to provide reproducibility, but really 

tell us nothing about the surface itself. 

The problem stems from the inherently IIbulkll nature of temperature, 

and the problem of defining a surface. Is a surface the first atomic layer? 

The first five layers? The first twenty-five layers? It all depends on which 

property you are observing. A thin metal film might acquire the conduction 

band properties at one thickness, the property of ductility at another, and 

high reflectivity at yet another245. How do we define temperature for a 

surface? 

In the bulk, it is a function of the average kinetic energy of the atoms. 

Should we then consider the average kinetic energy of surface atoms? The 

value will certainly vary with the number oflayers considered, the surface 

structure, and the bulk temperature. In this sense the temperature is 

descriptive of the surface of the substrate itself. Who cares?! Once again it 

might provide reproducibility, but really tells us nothing about what is 

occurring at the interface during gas/surface interactions, which are our 

main interest. 

Earlier we considered how adatoms of high kinetic energy are 

adsorbed. The impact with the surface excites a lattice phonon, which 

removes the kinetic energy normal to the surface, and allows a bond to 

form. Likewise, desorption can be thought to occur because a phonon 
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encounters a surface atom with which it is in phase, causing the energy to 

be removed from the lattice, rather than internally reflecting at the surface 

and continuing on its path within the crystal. 

A more practical definition of surface temperature would depend on 

two parameters, the ability of the surface to remove energy from incident 

atoms, and the ability to deliver energy to atoms already adsorbed. The 

number of phonons striking the surface per unit area, per unit time, and the 

average energies of those phonons will be relevant. Phonons of sufficient 

energy can force desorption, whether in phase or not. Weaker phonons must 

play games reminiscent of the Tacoma Narrows Bridge, perhaps requiring 

several phonons to excite surface bond vibrations, before the atom can 

desorb. 

Such a model would not be independent of morphology and structure, 

or even of the type of bonding. The more linear the bonding, the more 

symmetry present, the more efficiently energy could be removed from, or 

delivered to the surface. The question of phonon transfer between the highly 

symmetrical bulk crystal, and the inherently less symmetrical surface 

region will affect phonon transfer rates, and hence, phonon population. 

Morphologies with small dendrites will cause localized areas of high phonon 

density "hot spots" that can either enhance or prevent growth, or cause 

other reactions to occur. 

Overall gas pressure will also affect the "temperature" of the surface. 

At low pressures, with fewer impacts, the phonon density in the near 
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surface region would be lower, making energy removal more efficient; while 

high pressures would produce the converse. 

The development of such a model would be of great use in the 

modeling of amorphous material formation from the gas phase, as well as in 

studies of morphology development. An understanding of the consequences 

of this type of model points out the need for a series of experiments 

discussed in the next section. 

The Future of Amorphous Diamond Analogs 

While some workers have produced amorphous materials of high sp3 

content, I remain unconvinced that an amorphous analog to diamond has 

been produced. It is possible that the sample consists of an amorphous sp3 

bonded center surrounded by an sp2 bonded outer shell, but since there is, 

as yet, no way to determine spatial distribution of bonding types, the 

"contamination" may be distributed throughout the film. So, I await a 

sample that is solely sp3 bonded. 

I find it curious that no one has yet applied the relatively new 

isotopically pure diamond substrates to this problem. The higher linearity of 

the bonds between the atoms in these substrates provides more efficient 

thermal transfer. Higher gas to solid "cooling rates" could be obtained by 

applying very thin layers to them at low pressures. To me this seems the 

most promising approach to the study of amorphous diamond. True, the 

strong bonding of diamond may make the surface act as a nucleation site, 

but ifit does work, then perhaps a study using substrates with varying 
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thermal conductivity would be in order. A study involving gas pressure and 

energy might tell us something about how phonon density is influenced by 

gas impacts on the substrate. 
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CONCLUSIONS 

The goals of this dissertation were to consider the microstructural 

development of CVD diamond thin films, to examine the mechanisms 

responsible for, and to suggest a model suited to predictive modeling of 

those structures. In a broader, more general sense, an effort was also made 

to consider the modeling of microstructure development in generalized CVD 

and electrodeposition systems. Systems which have, to date, eluded those 

modeling them. 

7.1 GENERALIZED CVD MODEL DEVELOPMENT 

In an effort to accomplish the latter goal, we have reviewed 

microstructure models in general, and outlined the development of the 

Structure Zone model in particular. A model which most suits the task of 

predicting microstructure under a wide range of deposition conditions, with 

minimal computation. We have considered this class of models in a 

predictive context, in contrast to the work of Sheppard and Nakahara who 

considered SZMs in the context of representative maps. Their work focused 

on developing a classification system that allowed effective representation of 

actual films within such maps. 

Development of a predictive model hinges on the interaction of 

growth processes which affect microstructure. In the original Movchan & 

Demchishin model three zones evolved from the consideration of two types 

ofmobiIity, surface and bulk diffusion. Thornton's model introduced a third 



type, a limited mobility that allowed the collapse of dendritic structures, 

transferring material to nearby regions without allowing material to 

migrate to more distant regions of the film. 
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In each zone of the parameter map, a different mobility process 

dominates the development of microstructure. Within a given zone the 

morphology is consistent, varying only in scale. Near the boundaries there is 

no dominant process and interaction makes the structure less predictable. 

Application of SZMs to CVD and electrodeposition systems will 

require the ability to include other processes which may, or may not, 

dominate structural development. Processes which will include, but not be 

limited to: 

• Transport mechanisms 

• Kinetics of the reactions leading to or following deposition 

• Anisotropic surface energy effects 

• Twinning 

• The absence or presence of external energy sources, either 
optical, electrical, or mechanical (eg. ion bombardment) 

• And the presence or absence of competitive reaction paths 

Critical will be the prediction, not of the microstructure, but of the 

location of boundaries between regions dominated by different processes. 

Given the location of these boundaries, a single film may be produced in 

each zone that is fairly representative of the structure within that zone. 

Also of interest is the width of the boundary zones, the range of parameters 

over which a transition from one dominant process to another is observed. 
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Activation energies for these processes may be used to relate them to 

parameters such as substrate and gas temperature, and ion bombardment 

energy. It will not, however, be sufficient to determine when the process 

begins to occur. We must concentrate on when the process comes to 

dominate the microstructural development, or when it is dominated by 

another process, transition points that will be unique to each system 

considered. 

Universal structural types will probably emerge from combinations of 

processes frequently observed. Initially included will be the morphologies 

observed by Movchan and Demchishin, and Thornton. We may add to that 

list similar structures but with surface tension anisotropy superimposed, a 

different type for each crystallographic point group. The catalogue is thus 

large to begin with, and can only be expected to expand. Some evidence for 

the existence of these universal structural types was presented in the form 

of micrographs showing diamond films with collumnar structures 

conforming to M&D classifications. 

Twinning has caused particular difficulties for the development of 

microstructural models. While it is clear that twinning can result from 

propagation of faults occurring at nucleation there is evidence of twinning 

at later stages of crystal growth. A model for twinning at extended surfaces 

was presented, though it is clear that testing of this model will prove 

difficult at best. 
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Over all, our ability to develop these models will be dependent on our 

consideration of simplified systems, systems that consider only a small 

number of competing processes. Simplified gas phases will prevent 

competing reactions and wide ranges of incident adatom energies. When 

considering reactions involving radicals, we should pursue controlled beams 

with a known, and possibly variable, radical distribution, preferably 

isolating the radical of interest. Simplified surfaces can also be produced 

through the use of well characterized surfaces whether produced in UHV or 

tightly controlled liquid chemical environments. 

7.2 EXPERIMENTAL RESULTS 

CVD diamond does not fall into the category of a simplified system, 

though an experiment was described that would simplify it to some degree. 

It does not provide the environment needed to develop the generalized 

model we desire. We have, none the less, performed some experiments to 

narrow down the list of dominant processes, and examine some of the effects 

on morphology produced. 

Diamond films grown in flames showed no corresponding increase in 

growth rate as the ammount of turbulence in the flame was increased. This 

would have indicated that the dominant growth reaction was kinetically, 

rather than transport limited, however, subsequent Schlieren studies 

indicate that turbulence was not introduced at the growth surface. 
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Statistical analysis showed the evolution of a lognormal distribution 

of grain diameters. We had initially thought this distribution indicative of a 

specific class of growth mechanisms, but later discovered several 

mechanisms that would lead to this distribution. This does, however, 

require that any model reproduce the form of the distribution, at least 

under the limited set of deposition parameters considered. 

Analysis of previously published data, points to the presence of two 

competing growth modes. Studies offilms with preferred crystallite 

orientation indicate that a shift between <100> and <110> orientations can 

be attributed to a change in the dominant growth reaction. That is, under 

conditions that produce one orientation, or another, one reaction produces a 

higher growth rate than the other. That higher growth rate reaction 

determines the orientation of the crystallites. As substrate temperature, gas 

pressure, and other parameters change, the rate of one reaction is 

suppressed while the other is enhanced, changing the crystalline axis of 

fastest growth. Alternatively both reaction rates could be enhanced, or 

suppressed, but one to a lesser extent than the other. Either way, the axis of 

fastest growth changes. 

The one possible flaw in this logic lies in the assumption that the 

reaction producing the fastest growth rate will dominate the microstructure. 

However, this assumption has been applied to single crystal growth in the 

past, and has yet to be disproved in that case. 
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Unrelated to the morphological studies was the examination of a 

model for amorphicity that could be applied to diamond. The model differs 

from the Continuous Random Network model only in its lack of a stability 

requirement. It is assumed that the lattice in this model will eventually 

relax to the crystalline state. The question was how long it would take to 

accomplish this relaxation. If the time was on the order of weeks or months 

then the material could be considered amorphous. 

A molecular dynamic model was applied to silicon, because it has a 

well characterized amorphous state. The results show that the atoms relax 

to the crystalline state too quickly to be observed in real systems. Stronger 

bonds in diamond would result in an even more rapid relaxation. Several 

points are, however, worth noting. The properties that allow high rates of 

thermal transfer (ie. strong covalent bonding and a high degree of 

symmetry) are the opposites of those that lead to longer relaxation times. 

Thin films of amorphous material may be produced because of the inherent 

lack of symmetry at planar boundaries, and the high rate of thermal 

transfer possible in the direction normal to the plane of the film. The latter 

is especially possible where the substrate has a high degree of symmetry 

and strong covalent bonding. That is to say, on a single crystal diamond 

substrate. While I retain some doubts about the amorphous analogs to 

diamond produced to date, I believe that thin coatings on diamond 

substrates hold great promise in producing "amorphous diamond". 
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7.3 PHILOSOPHICAL CONCLUSIONS 

Vital to the future of diamond will be the development of substrates 

for heteroepitaxial diamond growth. The work of Prins and Gaigher246 

shows promise in this regard. They used ion implantation to embed carbon 

atoms in single crystal copper substrates. Subsequent annealing of the 

sample allows the reconstruction of the copper's crystalline surface, and 

forces the migration of carbon to the surface. Preliminary TEM analysis 

indicates that lattice symmetry and periodicity allow the carbon to then 

form a thin diamond layer on the surface of the copper crystal. Such a film 

might then provide a very thin, large area, single crystal diamond 

substrate. 

Also of great importance, particularly in the development of a 

predictive model for diamond, is the substitution of a halogen or heavier 

atom for hydrogen in the deposition process. The selective control this would 

afford through optical excitation would be an invaluable tool in the 

development of CVD diamond technology. 

I am heartened by a study that we did at NRL. In various stages of 

flame deposition on a diamond substrate with a <110> orientation, we 

examined the crystal's morphology. 

We observed the rapid development of a hopper structure t from the 

flat circular crystal. Such structures have been maintained in other 

t See 3.6 SINGLE CRYSTAL GROWTH 
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materials and used to draw long boules. AB the growth continued, the sides 

of the hopper structure developed a greater slope, and after some time, 

rapidly devolved into polycrystalline growth on the surface. This led to a 

sort of mushroom shaped polycrystalline head on the top of the single 

crystal substrate. 

This growth demonstrates what happens when the slope of the 

stepped surface becomes too great, allowing excessively efficient radiative 

heat loss. The temperature non-uniformity and large numbers of nucleation 

sites trigger this unstable growth. If that hopper surface can be stabilized, 

and the crystal drawn, then we will have achieved what we set out to do. 

My opinion, and I emphasize the latter of those two words, is that 

diamond has been excessively promoted. Too many people have promised 

too much, in too short a time. Large area single crystal diamond wafers will 

be developed, but it will take time, patience, and possibly the examination 

of some unrelated systems, before we understand how to do it efficiently. 
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APPENDIX A: SUBSTRATE PREPARATION 

Sintered Molybdenum substrates were polished on a Buehler polisher 

with a variable speed rotating platten and a fixed speed rotating substrate 

holder. The substrate holder could be co-rotating or counter-rotating, and 

the center of rotation was offset approximately 3 inches from that of the 

platten. The applied force could be set between 0 and 60 pounds. 

The substrate holder was a half inch thick stainless steel disk with 94 

holes arrayed periodically about it. The holes were slightly larger than the 

outside diameter of the substrate threads. The holder was suspended 

approximately 1/Bth of an inch over a table, and the substrates were 

dropped through the holes. The substrates were then held in place with a 

cyano-acrylate t. 

At this point the surfaces of the substrates were not parallel. Rapid 

removal of the high points became our first task. A coarse 60 grit SiC paper 

was applied at 60 lbs. of pressure with continuous water flow for cooling. 

The substrate holder was co-rotating. The paper was changed every 15 

minutes. The platten rotated at 50 rpm. 

Mter a few hours some uniformity was obtained, but the substate 

holder has been distorted by the high pressure applied. The proceedure was 

then repeated for two hours at 30 lbs. pressure, and two more hours at 20 

lbs. 

t Superglue 
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We then switched to a finer grit. It is venJ important, throughout the 

proceedure, that the coarse grits not contaminate the process at later 

stages. A seperate soft brush must be dedicated to cleaning at each stage. 

Plattens used for fine grits should be stored above those used for coarse 

grits and out of contact. 

After rinsing in running water and scrubbing gently with the 60 grit 

brush, a finer 180 grit SiC paper was applied for one hour at 15 lbs. with 

contiuously running water. Again, the paper was changed every 15 minutes, 

though this time the substrate holder was switched to counter-rotating. 

The substrates were again rinsed in running water and gently 

scrubbed with a 180 grit brush to remove any grit caught in the threads. 

The substrate holder was placed in an ultrasonic cleaner for half an hour to 

knock loose any remaining grit, then rinsed again. 

The proceedure used for 180 grit was then repeated for 240 grit SiC 

paper. 

Following the 240 grit cycle we switched to a series of metal alloy 

plattens offered by Buehler. The softer alloys were used first followed by 

harder plattens, the final one being ceramic. We began with the "Metlap 10" 

platten and moved toward the harder ones. We used these softer plattens 

because they were available. I suspect that we removed more platten than 

substrate in these early stages and would have used harder plattens had 

they been available. 
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Diamond slurry, also from Buehler, was pumped on to the plattens by 

an automatic feed system, with 2 seconds of on time for every 3 minutes. 

The 240 grit SiC was followed by the Metlap 10 platten with a 30 /-lIll 

slurry for 1 hour, still at 50 rpm, still counter-rotating, at 151bs. offorce. 

This was once again followed by a rinse, two ultrasonic cleaning/rinse 

cycles, and a rinse with iso-propyl alchohol. 

We then used the Metlap 6 platten and a 6 Ilm diamond slurry for 

two hours at 15 lbs, followed by the same cleaning process. Other 

parameters and the cleaning process were maintained. 

The substrates were then polished on a Buehler Texmet cloth charged 

with 1 Ilm diamond slurry. 

The substrates were then removed from the holder by soaking in 

warm acetone which softens but does not dissolve the cyano-acrylate. 

Repeated cycles of soaking and scraping removed it from the threads of the 

substrate. 

The substrates, then screwed into a block that held six, were polished 

on the 1 Ilm charged Texmet, held by hand, with the platten turning at 50 

rpm for 5 minutes. 

They were then cleaned and polished a final time on a Buehler cloth 

with a nap, charged with 0.1 f..lm diamond slurry, for 1 minute and blown 

dry with dry nitrogen. No final cleaning step was used. A micrograph of the 

final substrate is shown in figure A-I. 



Figure A-I Substrate following preparation: 
note the voids that result from the sintering 
process. They make the surface rougher than 
the polished surface. The bright spots are 
the remaining diamond grit. 
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