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1. INTRODUCTION

The research was directed towards understanding the relationship of the
properties of the dense ""diamond-like" hydrocarbon films to the structure and
composition of the films. All of the films sﬁudied were grown at the NASA
Lewis Research Center by direct low energy ion beam deposition or by radio
frequency self bias glow discharge deposition. The work at Case Western
Reserve University was solely concerned with characterizing the films with
particular attention paid to developing simple, direct means for categorizing
the films of different composition and structure grown by a variety of

techniques.

2. DESCRIPTION OF RESEARCH
2.1 Experimental Work

The experimental characterization of the films is described in previously
published papefs in the open literature and is not repeated here. ‘See Section

3 of this report for a listing of the relevant publications and reports.

2.2 Categorization of "Diamond-like" Hydrocarbon Films

A simple, unambiguous method of categorizing the "diamond-like"
hydrocarbon films was desired. The method should involve only simple,
unambiguous measurements and should be of sufficient generality to use with
solids with very different overall compositions and structures.

The most striking empirical fact about the "diamond like" hydrocarbon

films is their anomalously high mass density. For example, a typical film




with atomic fraction of carbon of 0.67 will have a mass density of around 1.8
g/cma. Films containing up to 50 atomic percént hydrogen will have mass
densities greater than 1.5 g/cms. There are no other hydrocarbon phases with
densities this high. For example, polyacetylene, (CH:CH)n. has a mass dens{ty
of only 1.16 g/cms.

The contrast is even more striking when the atomic number density rather
than the mass density is used as the basis for comparision. Figure 1 shows
the atom number density, PN in gatoms/cm3 versus atom fraction hydrogen, XH'
for several classes of hydrocarbons. Several facts are immediately evident
from the plot. First, solids with the same basic structure, e.g., the
alkanes, fall in clusters on the Py —XH field. Second, the diamondlike films,
indicated by open circles, fall in the region between diamond and adamantane
at number densities far greater than conventional hydrocarbons with the same
elemental composition.

It is clear from Figure 1 that the "diamond-like" hydrocarbon films may
be considered as an entirely new class of hydrocarbon solid. It is further
suggested that the term "dense hydrocarbon" is a more appropriate descriptor-
for these materials than the other common terms, e.g., a-C:H or i-C.

Further details of the categorization of hydrocarbon solids by the
methods described above are given in the appendix to this report which is a '

paper submitted to the journal Thin Solid Films.
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3. PUBLICATIONS

Several publications based on the work duriﬁg the reporting period were
submitted. These include:

1. J.C. Angus, J.E. Stultz, P.J. Shiller, J.R. MacDonald, M.J. Mirtich
and S. Domitz. "Composition and Properties of the So-called 'Diamond-like’
Amorphous Carbon Films,” Thin Solid Films 118(3), 311-20 (1984)

2. J.C. Angus, P. Koidl and S. Domitz, "Dense Carbonaceous Films with
‘Diamond—-1like’ Properties” in "Plasma Deposition of Thin Films,” J. Mort and
F. Jansen, Editors, CRC Press, Boca Raton, FL, in press.

| 3. J.C. Angus, "Empirical Categorization and Naming of ‘Diamondlike’

Carbon Films," accepted for publication in Thin Solid Films.

4. PERSONNEL

The research was directed by Professor John C. Angus of the Chemical
Engineering ﬁepartment. Case Western Reserve University. All ion deposited
films were grown by Mr. Michael J. Mirtich of the NASA Lewis Research Center.
All films deposited by radio frequency self bias glow discharge were grown by
Mr. Stanley Domitz, also of the NASA Lewis Research Center. Ms. Janet Stultz
and Mr. Paul Shiller performed the bulk of the characterization work.‘ Nuclear
reaétion analyses of the films was provided by Dr. Jack R. MacDonald of the

University of Guelph, Guelph, Ontario, Canada.

5. COONCLUSIONS

A simple, unambiguous method for the empirical categorization of solid
phases of differing structure and composition based on their atom number
density and elemental composition has been developed. The "diamond-like"
h&drocarbons are found to beiong to a completely new class of hydrocarbon
solids. The categorization method may find utility in categorizing other

classes of solids, e.g., amorphous hydrogenated silicon.
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Hydrocarbon eolide can be empiricaily categorised by their atosic number
denetity, Py’ end stomic fraction of hydrogen, x“. Solide vith eimilar molecular
structure fall {n clusters on the o - Xy field. “Dismondlike” films formed by
fon beams dopoottton; RP discharge or sputtering have values of Py STeater than
other carbonaceous solids or hydrocarbon polymers. They fall {n the region bdet-
veen dismond and sdsasntane at values of °n >'0.2 gatoa/cn’. It s prop;lcd

that the terms dense carbon and dense hydrocarbon be used for these solids.
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t. (NTRODUCTION .
“Dismondlike” filams formed from electrical discharges fn hydrocarbon gases

vere reported throughout thie eontury'. Study of the films for their own sske

started vith cthe vork of Alsenberg and Chabdot™ who produced hard carbdonsceous

filas from carbon fons extracted from s cardon-argon src. Subsequent confir-
mation by Spcncér3 led to explosive growth in the field. Representative studies
and revievs are given in references &4 through 10, '

A large nusber of plasas discharge and ién bean processes have been
employed to produce films with "diamondlike” properties. The high impact
energy, over 100 eV, is a common feature of all of these processes. The films
can be deposited on many substrates including wmetals, cefanica, ionic solids

and semiconductors. They are more dense, harder and more chemically inert than

other solid hydrocarbons or carbonaceous polymers. These properties may be
caused by an unusually large number of tetrshedral (sp3) carbon—-carbon

bondsll_lb. Details of the film structure must, however, still be considered an

open question.

The carbonaceous films can contain significant amounts of hydrogen and
in some ways appear Analogous to amorphous, hydrogenated silicon (a-Si:H). They
differ, however, in that carbon readily forms double and triple bonds. The

possible bonding networks for the carbon based films are therefore far more

complex than for silicon.
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.8« SLENENTAL CONPOSITION AND OENSITY . : ;-

3.1 BSlemesntsl Cospositien

Nuserous studies have confirmed that the "dismondlike” films can contain

large smounts of hydrogen, up to 30 etomic pcrcont"'z’. There te slso evi-

dence, although less cosmpelling, that perhaps one-third to onc-hil! of the

hydrogen is not chemically bonded to clrbonz"z5'26.

Significant smounts of oxygen, up to 6,7 stomic percent, were reported by

Craig end ﬁarding". Angunza

gen in films grown by ion beam deposition and RF discharge in CH‘/Ar. " Oxygen

and thal6 found much less oxygen and some nitro-

and nitrogen almost certainly srise from residual fmpurity gases in the deposi-

tion chamber.

The inert carrier gas, e.g., Ar, may be incorporated into films during

either ion beam or glow discharge processes2 o Inert gases may be a source of

the high densities sometimes observed and also may be the source of anomalous x-

ray reflectionsza'zg.

2.2 Denlity

Overall, macroscopic densities of the “diamondlike” carbonaceous films have

been determined by direct measurement of volume and mass or by a sink-float

technique using halogenated hydrocarbon liquids. Most of the dense hydrocarbon

films (hydrogen atomic fractions ranging from 0.25 to 0.5) have mass densities

in the range 1.50 to 2.0 g/cm3.

Significantly higher mass densities, in the range from 2.0 to 3.4 g/cm3,

7,8,30,31

have been reported for films with lower hydrogen content °’ For

example, Hiyazawa32 reported a carbon film with a number density close to that

~ of diamond. thal6 has reported films with densities ranging from 2.0 to 2.67

4
: s/cm3 with H/C atomic ratios near 1/3. The films of Jansenl are of interest
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because they .have s somewhst lover density than the other dense filss. These

files vere made by sputtering and have relatively lese cp’ bonding.

3. DXPIRICAL CATEOORIZATION OF TEE FILNS
3.1 Categorisation by Elementsl Composition snd Density

It {s proposed that the films be grouped accocding to their stos nuabder
dcnuttiio. Py and atomic composition. The gram stom number density, L) fe

just the total nuaber of gras atoms per unit voluse.

P
- —4——
11
vhere Py is the mass density, 11 the atom fraction and A1 the atomic mass of
element 1.

In Figure 1 p“-is plotted versus atom fraction hydrogen for a variety of

hydrocarbons. The different classes of hydrocarbons fall into distinct

groupings on the Py = XH field. Also, within a single grouping, the hydrocar-

bons follow a remarkably consistent pattern. See, for‘example, the data for the

28 linear alkanes shown in Figure 1. Also note the high number densities of
adamantane and diadamantane compared to the other hydrocarbons. Adamantane

(C., H _) and diadamantane (c16H20) are hydrogen saturated microcrystals of

1016
diasond.

In Figure 2 some of the data of Figure 1 is re-plotted along with data
reported for "diamondlike™ carbon films, "plasma polymerized™ hydrocarbon films
and other solid carbon phases. Note that the “diamondlike” phases, denoted by

numbers 1 through 6 in squares, all fall between diamond and adamantane at

number densities greater than 0.2 gatom/cm3.




The position of eéq?onttonnl “plesas polymerised”- hydrocarbon (ilme (PP) (o
aleo of interest, 1hoi appear to have ¢ greater numdber density than conven-
tionsl hydrocarbon polymers snd msy de tentatively conseidered part of the dense
hydrocarbon grouping. (Reliable values of bdoth density and compoeition of

plasus polymerised films from o single source were aot avsilable. The value of

oy used here was obcained dy combining the cosmposition dsts of Tibbtcc” and che

density dats of Knictnc&cr‘o.)
Tbe other pure carbon solid phases, vhich are either based on a graphitic,

trigonal structure or coampletely unssturated carbon chains, all fall at number
dengities well below 0,2 gaton/cns. The aromatic hydrocarbons (e.g., benzene,
naphthalene and anthracene), the linear saturated hydrocarbons (e.g., polyethy-
lene and dodecane) and the oligomers of scetylene (e.g., polyacetylene,
hexatriene and butadiene) also fall together in groupings at humber.dennities

significantly less than 0.2 gaton/cm3. Some additional density data for impor~

tant solid carbonaceousfphases are listed in Table 1.
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' table | A

ORIGH\TAE PA‘GE IS : :
OF POOR QUALITY Densities of Carbon and Mydrocarbon Phases
°n = W -

Thase cs —cs_ fafetencs
D1 smond 0,293 3.519 b1 )
Dense carbon «0,23 ~2,8 7,30,31
Dense hydrocarbons 0.21-0.29 1.5-2.0 6,16,24
Plasns polymers ~0.23 ~l.2 39,40
Adamantane (:wll16 0.207 1.07 3
Diadamantane Cuﬂzo 0.219 1.21 47
Polyethylene [CHZ—Cﬂzln : 0.199 0.93 33
Graphite -0.188 2.26 35
Polycumulene [C-C-C-C]n 0.188 2.25 38
Polyacetylene [Cl!-(:f!]n 0.179 1.16 37
Anthracene | 0.169 1.25 33
Polyyne [czc-c=c) 0.166  1.97 38
“Amorphous carbon” mainly trigonal 0.11-0,20 1.35-2.4 36




3.1 4 Cavest o

Experimental ecrrore in -uﬁrtu the ssss density end the composition cen
lead to erroneous placemsat on the Py - t‘ f1eld. Poroeity can lead to erro-
noouoly low densities as ssasured either by eink flost or by direct ssssurement
of sass snd volume, The prooonci of significant quantities of unreported hesvy
atoms, e.g., Ar or ¥, would give snomalously high values of L This effect
could be significant, but does nét sppesr to alter the bssic groupings oi Pigure
lo Nevertheless, until sccurate densities and complete anslyses of nuserous

films become available, the conclusions bssed on gram atom number density must

remsin somevhat tentative,

The most likely unreported elements are argon and metals sputtered from the
substrate or materials of cqnatrhction vithin the deposition chamber. The argon

(or other inert gas) is accelerated alohg vith the carbon containing ions and

would be embedded in the deposit27’28'29; 1f all of the unreported mass present

in the samples of Angus et ql.zé;is assigned to argon, the atom fraction of

argon ranges from 0,013 to 0.034. This is within the range of implanted argon
reported for amorphous uet31327. The effect of unreported argon on the gram
atom number densities can be seen from Figure 1. The lower values of the points

labelledvb were obtained assuming all unreported mass to be argon.

4. NOMENCLATURE

No consistent nomenclature has been developed for describing these unusual

hydrocarbon and carbon films. A variety of names have been used, e.g.,

diamondlike films, hard carbonaceous films, hérd carbon, a-C:H and i-carbon.

Different names have been used to describe very similar materials and, conver-

sely, the same name used to describe very different materials.
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Figure | provides o o“pli basis for the naming of the files. Pilme vt‘_sh-'
Py > 0.2 uco-/c-, ere designated "dinic cacbonaceous films.” Films contsinfing
eignificant amounts of hydrogen are cslled “dense hydrocarbon fiims." The pure
carbdon mi- wvill be cslled “dense cardon” if 0y > 0.2 uto-/ca’. The advantsge
of the descriptor “dense” is that it is bdased :nololy on msasursble macroscopic

quantities. It impliee nothing about the structure of the films nor the aschs-

aise of formation as do some of the other names.

The tera "diamondlike” has been widely uicd by many suthors because of
similarities 1q propctiico betvween the filas and diamond. If it 1is applied,
it clearly should be restricted to films known to be dominated by opa, tetra-
hedral bdonding. The abbreviation a-C:H, vhicﬁ is taken by analogy to amorphous,
hydrogenated silicon, vould appear to be only appropriate in those cases where

it is known that the film is amorphous.

The term i-carbon or 1-C has been suggested by weissuanCels. The {1 refers

to.the fact that the films are usually made by deposition of accelersted ions.
This nomenclaturé also appears sowmewhat less appropriate. For exampié. maﬁy of
the films of interest contain large smounts of hydrogen as well as carbon,
Secondly, the ions do not appear to be intrinsic to the gtowtﬁ process. For

example, in sputter deposition the impacting species are largely neutral l.

Also, some other recently reported processes do not involve significant numbers

of ionized species‘2’53"4.

. 4
The term “hard carbonaceous™ films has also been suggested and used
wvidely. This designation, while appropriate in many cases, could also apply to

the hard, trigonally bonded films produced by evaporationbs. Furthermore, hard-

ness is difficult to quantify, especially for thin films,
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3. Olscussion ; : . -
The proposed ssthod of categorisation of hydrocsrbon solide dy stomic com

position and number density must be regarded ss essentially empiricsal and con-
tsins no detastiled information adout fils structure. Nevertheless, the fact that

solids with eimilar structures fall in well defined clusters in the oy =
xu field can provide s simple msans of comparing cosplex solid phsses derived
from different sources. Tor example, the fact that the 'dtaiondliko' fiilo

sppesr to fall betveen dismond and sdamantane st nuaber densities significantly

higher than those of all trigonal or linesr structures is of significance. The

position of the dense carbonsceous films may indeed reflect a local structure

‘based primarily on lp’. tetrahedral bonding. (On the other hand, one can srgue

that such unusually high number densities are evidence of errors in the measured

mass densities or elemental analyses.)

Also, the evaporated carbons, formed by resistance, electron beam or laser
evaporation of graphite fall at number densities significantly lower than filwms
formed by the more energetic processes, such as sputtering, RF discharge or ion

beam deposition. This result is consistent with the current view that the eva-

porated films are dominated by spz, trigonal bonding‘s, vhereas the films formed

at higher impact energies have a very significant amount of spa, tetrahedral

bondingll-lb. However, other structures could also be responsible for the high

number densities. For eianple, microscopic internal surfaces covered with che-

misorbed atomic hydrogen may be one. Trapped molecular hydrogen would not

appear to give rise to high number densities since the atomic number density of

46

solid 82 is only 0.0694 gatom/cm3.

It must be emphasized again, however, that much more composition and den-
sity data of greater accuracy must be obtained before definitive statements

about the dense carbonaceous films can be made. It would alpo be of con-



eideradle Lnterest to test proposed locsl structurs] modele of the dense car-

boneceous filas by conputlns the value of Py’
One finsl point deserves sention. Single crystel dismond has an snoms-

lously high stomic density., 1In fact, it sppesrs to have the highest nuaber den-

sity of sny common solid et stmospheric pressure.
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48,49
a~alkanes c, through cz, end c,z ’

Polyscetylens, 1,3,35 hexatciene and 1,3 Ntuuu““’

® B o »n

chrysene, sathracene, naphthalene, pyrene, phonanthr.no and

bensens. 48,49

s« Density dstas is taken st 25°C and | ata. Por the n-alkanes
and higher, subcooled liquid densities were used to eliminate

tﬁe density difference due to phase change.
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