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SMOOTH DIAMOND FILMS AS [LOW
FRICTION, LONG WEAR SURFACLES

This application is a continuation-in-part ol Scr. No.
(IR 143,800 filed Oct. 27, 1993, U.S. Pal. No. 5,6200512,
which Is a continuation-in-part of Ser. No. 08 35 419, tiled
Mar. 23, 1993, U.S. Pat. No.o 5370455, which 15 a
continuation-in-part of Ser. Noo 07 797,590 filed Now, 25,
1991, LS. Pal. No. 52009160,

The United States Government has rights in this inven-
tion pursuant 1o Contract W-31- 109-ENG-38 between the
U.S. Department ol Encrgy and the University of Chicago.

The present invention is dirceted generally 1o thin film
coatings of diamond having ultralow friction and wcar
propertics. Such diamond films are prepared rom carbon
precursors ina noble gas or noble gas hvdrogen gas atmo-
spheres, More particularly, the invention is coneerned with
nanocrystalline diamond lilms which are extremely smooth
(2050 nm root mean square deviation [rom flatness) with
sliding friction cocllicients one to two orders of magniude
lower than diamond Hlms prepared using conventional
HLCH, plasmas. These diamond Hlms are prepared by
dissociation ol a gascous carbonaceous compaound using an
exeited plasma which contains the carbonaceous compound
and a noble gas (such as A, a combination of noble gascs
or a noble gas hydrogen gas mixture, The carhonaceous
compound can comprise at least one of fullerene, methane,
acetvlene or anthracenc.

The attractive mechanical and tribological properties ol
polyverystalling diamond (PCD” hercinalwee) and  amor-
phous carbon films make these materials good prospects for
a wide range of engineering applications, including
hearings, scals and cutting 100ls. In applications where high
contact stresses aned thermal eveling are experienced (such
as o tribology), it is important that such {ilms have strong,
adhesion, very smooth surface linish and high  thermal
stability. In recent years, considerable progress has heen
made in the deposition and commereial utilization of amor-
phous carbon lilms {(both hyvdrogenated and hyvdrogen-free),
but their uses are limited by graphitization at clevated
temperalures. Moreover, progress on PCD films has been
rather Nimited. Currently, the technalogy is limited by such
harriers ay poor adhesion, slow growih rates and rough
surface linish. [n particular, it has been difficult o produce
smooth diamond [ilms without a compromise between film
guality and deposition rate, In most cases, the lilms hase
consisted of laroe diamond grains with noadiamond precur-
sors as the continuous phase. Further details ot conventional
methods will be discussed hereinbelow.,

The gencrally rough surface linish of PCI films pre-
cludes their immediate use for most machining and wear
applications. When used in shiding-wear applications, such
rough films cause high friction and very high wear losses oo
mating surfaces, In machining operations, these films result
in a rough surface tinish on linal products. Attempts have
been made in reeent vears to develop effective chemical
ctehing, and mechanical polishing tweehnigues. Hlowever, the
extreme hardness of diamond makes mechanical polishing,
very difliculr, and the chemical ineriness of diamond causes
most chemical ciching and lithographic processing tech-
nigues to be inctlective, Laser beam techniques appear (o be
more suceessiul but require longer processing tinwes, These
additional steps increase the cost ot the final products and
are difficult or timpossible W apply 1o complex shapes. The
consensus is (hat efficient ways need to be found (o produce
smooth diamond lilms and o inerease their deposition rates
helore diamond coatings can become sulficiently  cost-

wn

10

LNl

"

nil

2
ctleetive o warrant their widespread utilization in machin-
ing and shiding-wear applications.

In general, diamond films exhibit a combination of
outstanding, propertivs including, exceptional hardness, ther-
mal conductivity, clectrical resistance, chemical inertness,
optical transmittance, clectrical carrier mohility and diclec-
tric breakdown strength. As deseribed above, these outstand-
ing phvsical and chemical properties have led to widespread
cilorts 1o develop mproved methods of manutacturing dia-
mond ilms, In particular, prior art methods have been
direeted o chemical vapor deposition using a hydrogen gas
atmosphere and high substrate temperatures, about 800°
C—10° ¢ The hvdrogen gas is dissociated Into atamic
hyvdrogen in the reaction vessel, and the atontic hvdrogen is
then reacted with various carbon containing compounds o
form condensable carbon radicals, including CH 5 which arc
deposited to form the diamond layers. The resulting dia-
mond layers are typically quite rough and bave large grain
size (abaut 5—-10 microns). Tvpically, such diamond films are
srown using about one mole pereent of a hydrocarbon
precursor (such ax methane) in a hvdrogen gas atmosphere.
It s comventionally aceepled that a large excess ol bvdrogen
gas 1s essential tor the diamond thin film growth process,

In such conventional methods of manulacture, byvdrogen
in varying amounts is invariably incorporated into the grow-
ing diamond film which gives rise 1o a varicty of structural,
clectronic and chemical defects relative to bulk diamond.
Although it is known that diamond film1 manufactured using,
hvdrogen does introduce such detects, experimental resules
and theoretical works on growth mechanisms conclude that
substantial hydrogen must be present during dinmond ilim
prowlh processes, For example, it has been shown that
diamond [ilm can be obtained using CO and CO. pas atter
exposing the initially produced deposits periodically (o
hvdrogen in order 10 remose nondiamand carbun deposits.
Methods ol manufacture using methanc-argon or methane-
helivm atmospheres have alse been emploved, but resulied
only in lormation of graphile or dianmond-like carbon tilms,
not diamond, Other rescarchers used methane-helium
mixtures, but obtained growth of diamond films only when
a methane-helium discharge atmosphere was alternated with
a hydrogen—oxyeen—helium discharge atmosphere. Fur-
ther rescarch work has determined that the alleged lower
limit tor diamond tlm growth in the CO—1. system
required al least 25 mole percent bydrogen gas, Finally,
although defects arise from the presence of hvdrogen, vari-
ous theoretical approaches have concluded that hydrogen is
a nueessary parl of (he reaction steps i forming diamond
tilm in chemical vapor deposition reactions.

In other methodologics smooth filns can be grown at low
subsirate temperatures, such as room lemperature, and in the
abwence ol hydrogen. However, such processes do not Torm
a true diamond structore, rather forming ~“amorphous™ dia-
mond or “digmond-like™ films. [n other processes nanocrys-
talline diamond has heen successfully grown in Ho—Cl1,
plasmas by increasing the CH, Hs ratio; but the resalt is an
increase in graphitic character and the production of a
“cauliflower™ type ol microstructure having propertics
which do not lend itsell o usetul commerctal applications.

It is therelure an object of the invention 1o provide an
improved form ol diamond films tor coating selected sub-
slralus,

It is a lurther ohjeet of the invention © provide a povel
diamond film having nanocrystalline grain size and exhib-
iting, ultralow friction coctlicient and exeellent wear prop-
ertivs,

It is an additional object of the invention to provide an
improved nanoerystalline diamond film coating, having an
extremely smooth surface with 20-50 nm root mean square
Hatness,
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It is also an object of the Invenuon o provide a novel
nanocrystalline dismond film having an ulicasmooth surface
ol about 3—6 nm rool mean square Matoess alter uodergoing,
sliding wear.

It is et a turther object of the invention to provide an
improved diamond film having an accompanving graphite
phase disposced on the surface undergoing sliding wear.

It s sull another object of the nvention to provide a
novel nunoervstalline diamond film having substantially
pure sp” bonding states for the carbon atoms of the flm.

It i also an additional object of the invention to provide
an improved nanocrystalline diamond film having a sliding,
riction coelficient apainst SN balls of .04 and 0012 in
dry N and air, respectively, and about live toten times lower
than conventional H.—CI, plasma deposited films,

It is another object of the invention o provide o novel
syslem and method for manutacturing diamond film coated
subsirates by using a plasma of a noble gas, or a noble
gas hydrogen mixture and a hydrocarbon gas ar fullerenc
compound.

It is an additional abject of the invention o provide an
improved system and method for manutacturing, diamond
lilm coated substrates cmploving a plisma atmosphere ol
argon, 0-20% hydrogen and CH, or CLH.

It is also another vhicet of the invention o provide an
improved system and method of manutacturing a diamond
lilm coated tield emission tip.

It is wet a lurther object of the invention to provide a
novel system and method of manutacturing o substrate
coaled with a nanocevstalline, regular shaped grains ol
diamond substantially Iree of graphite.

It is an additional object of the invention to provide an
improved diamond film coated article of manulacture grown
by use of argon, argon hvdrogen or argon methane, ethylene
ar anthracene mixtures at low substrate temperature, abose
about 470° €,

It is a lurther object of the Invention to provide a novel
syslem and method for manulacturmyg o diamond (ilm by
chemical vapor deposition lrom decomposition of molecules
to torm carbono dimers which promote the growth ol dia-
mond,

It is vet another object of the invention to provide an
improved system and method for manulacturing o diamond
lilm from a fullerene molecular gas decomposed by colli-
sions 1 a noble gas or mixed noble gas hydrogen plasma.

It is still an additional object of the invention 1o provide
a novel system and method Tor manufacturing a diamond
lilm by exeitation of an argon or argon hvdrogen gas mixlure
to metastable states able to transfer eoergy 10 a Millerene or
hvdrocarbon molecule causing decomposition to form the
diamond film.

It is also an object of the ovention o provide an
improved method and system for making a diamond film by
microwave energy decomposition of tullerene molecules or
compounds consisting of hvdrocarbon gases in the presence
al a noble gas, such as argan, also in combination with
hvdeowen.

It is also an object of the invention to provide an
improved method and system for making o diamood tilm by
decompaosition of fullerene moleeules or compounds con-
sisting of hyvdrocarbon gases io the presence of a noble gas,
such as argon, also in combination with hvdrogen.

It is sill a lurther object of the invention 1o form an
abrasion resistant diamond coating by carbon dimer decom-
position onlo a subsirate.

These and other objeets of the invention will be
described in detail in the detailed deseription provided
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herein below and taken o conjunction with the drawings
deseribed below.

BRILE DLESCRIPTION OF THE DRAWINGS

FIG. T illusirates a system constructed in accordance with
one torm ot the invention for manotacturing diamond tilmg

FIG. 2 allustrates an X-ray diffraction pattern Tor a dio-
maond film on a silicon substrate with diamond grown by one
method of the invention;

1. 3A illustrates an emission spectrum for a plasma in
the system ol the invention; LG 3B compares the plat of
FIG 3A 1o the specetrum Tor a plasma without a noble carricr
vas present (top ploty;, and LG 30 shows O, vapor
pressure and integrated intensity of the Av=o band from €,
CIMISSIONS;

1. 4 illustrates an electron eoergy loss spectrum from a
diamond Iilm grown in accordance with one form of the
Invention;

FF1G. 5 illustrates a Raman specteum [rom a diamond [ilm
grown in accordance with one form ot the invention;

FIG. 6A illustrates o lransmission cleclron microscopy
{TEM) micrograph from a diamond film of one form of the
ivention with a selected area clectron dilfraction patiern
inset; and FI1G. 6B illustrates a TEM micrograph of two
diamond grains from a diamond {ilm of the invention with
the grains having a common < 11> oricnlation;

IF1G, 7 shows XRI) measurements tor Iilms B=F {Table
1y showing diwmond as the only crvstalline material present
0 the films; the ($00) peak rom the silicon substrate has
been removed tor clarity;

I1G. 8A shows the ALS spectra for Films C-L and G o
be very similar to diamond; Film B appears 10 be a hvbrid
between diamond and graphite, indicating a higher sp” sp®
carhon ratio in this film; FlG. 8B shows near-edge Xe-ray
absorption fine structure (NEXAEFS) data Tor Films B-G on
flms deposited voder the same conditions as Films B—G, as
well as graphite and diamond relerence spectra. Films B, 12
and F have a higher degree of graphitic binding (286 ¢ V) and
trapped hyvdrogen (288 ¢V than Iilms O, E and G

FIG. 9 shows g cross-seetion HRTEM tmage of Film A
the silicon substrate has been removed and a gold laver
deposited on wp; an amorphous carbon layver has tormed on
lop of the silicon before divmond growth began; the dia-
mond grain boundaries are sharp, with no evidence of sp”
carhon; a continuows diamond film was tormed at a thick-
ness of 20-30 nm compared to S00- 10000 om required for
conventional methods;

FIG, 10 shows Raman speetra of the Hilms with a diamond
peak at 1332 em”™', as well as Teatures at 1380 and 1320
em™" which are commonly attributed to sp” carbon. Films A
and C show an additional feature at 1140 em™' which has
been attributed to nanocrystalline diamonc;

FIG. 1A and 13 show SEM micrographs ol Film A with
I'IG. 1A being betore tribological testing and FIG. 111
being the wear truck arca after tribologica] wsting,

FIG, 12A shows the friction coelticient of polished CVID
diamond Hlm as @ function of surface roughness, Also shown
are the mueasured triction cocflicients of a cleaved single
crystal natural diamond and an as-deposited diamond 1ilm
deposited using an Ar—<, plasma. There is a strong
correlation between the surface roughnoess and  [riction
cocthicient, and the Ar—C ;) film s close in both propertics
o the eleaved single erystal diamond sample: FIG, 1283
shows the variation of the friction cocflicients of Fims ¢, 12
and an uncoated silicon substrate during sliding, against
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SisN, balls in dry No under a 2 N loads Film O achivves a
riction coctlicient comparable 0 cleaved single crvstal
nativnal diamond;

FIG. 13 shows growth rate in an Ar H, CHL, plasma as
determined by laser interferometry. The gas mixture con-
tained 175 CHL, and the Ar . ratio was varied, The x-axis
al FIG. 13 is [Ar] TAr+CH +E L], The growth rate Inereases
with mereasing argon [raction o a peak value near o fraction
ol 0.75; the growth rate increases by nearly a factor of thre
over the argon-lree condition;

FIG. 14 shows an emission spectrum from a 100 scem 1.
and 2 seem CH, plasima; only Fl-alpha and H-beta emission
lines from atomic hvdrogen are abserved;

IFIG. 1S shows an emission spectrum from 25 seem s, 75
seem Ar and 2 scem CH, plasma; the O, Swan bands and
atomic hydrogen lines are prominent, while the CH band at
4310 A and alomic argon lines at 7504 /A and 7635 A are
distinguishable;

I'I[(5. 16 shows emission intensitics from H (63060 ;0\). Ar
(7504 ;'0\). CL (5100 A hand), and CH (4310 A band) ploted
as a function of Ar fraction; €, emission increases by he
greatest amount and inereases i intensity relative w0 other
emitling species, indicating, an inerease in gas phase con-
centration as the Ar flow increases,

FIG. 17 shows the growth rate as determined by laser
interferometry, and the rate increases linearly with CH,
Mow;

IIG. 18 shows plasma cmission intensitics observed as a
Minction of growth rale for 4 seeond experiment; the Ol
emission increases lincarly with growth rate, while emission
from other species is nearly constant, wlentilying C, as the
arowth species;

IIG. 19 shows Raman spectra of the tilms produced in the
two experiments; the lower spectrum s from the fiest
experiment, where the Ar traction in the reactor was varicd;
the upper spectrum is from the second experiment, where
methane How was increased:

FIG. 20 shows g (L (2= 1):H reeonstructed diamond
surface;

FIG. 21 shows a CL molecule inserted into a C—C surface
dimer bond;

FIG. 22 shows a . molecule inserted into an adjacent
C—C surface dimer bond, torming a new surlace dimer
perpendicular o the previous dimer row;

I1G. 23 shows a second C. molecule forming a new
surface dimer in an adjacent dimer row;

165, 24 shows o third C. molecule inserted inlo the trough
hetween the two previously incorporated O, moleeules:

FIG. 25 shows the third ¢, molecule completing inserlion
into the trough, torming a dimer row perpendicular © the
previous surface row.

LG, 26 shows an atomie [oree micrograph of an array off

tvpical ficld emission tips;

FIG. 27A shows a scanning clectron microscope image ul

a diamond lilm grown ina 1., CH, plasma; FIG. 2718 shows
a transmission electron microseope image of a diamond
layer prepared Itom a plasma of CHL, Ar; FIG. 270 shows a
transmission electron microseope image of a diamond layver
preparcd trom a plasma of Ar C; and FIG, 2713 shows
Atomic 'oree micrographs ol diamond lilms grown (mom an
H.—CH, plasma (upper portion) and from an Ar—C,
plasma with very low (27) hydrogen concentration (lower
portion). The vertical scales are the same, dlustrating a
pronounced difference in surface roughness for the two
provesses;
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F1G. 28A shows a seliematie illustration of ficld emission
lips and a4 diamond crvstallite deposited on one of the tips
using an H.—ClH1, plasma and FIG. 2813 shows a schematic
ilustration of ficld cmission tips covered with a layver of
nanocrystalline diamond formed from a plasma of a noble
was and O, (or CHL, CLH L or anthracene);

IF1G. 29 15 an atomie resolution TEM, of a diamond 1ilm
prown in an Ar—C, ) plasima, showing atomically abrupt
erain boundarics with no nondiamond intergranular mate-
rals

1. 30 illustrates a cross-sectional SEM micrograph of a
diamond lilm prepared in accordance with the invention;

IIG, 31 illustrates an X-ray diffraction pauern of the
diamond lilm shown in FIG. 30,

FFIG. 32 illustrates o comparison of {ricton coclicients
from SiC pins sliding against o conventional H.—CII,
plasma deposited diamond coating and a diamond coating of
the Insventiong

FFIG. 33A 0l lustrates an SEM micrograph of the diamond
coating n IIG. 32 prepared by the nmethod ol the invention
and FIG. 338 shows an SEM micrograph ot the dinmond
coaling in IIG. 32 prepared by conventional H.—CH,
plasma deposition;

F1G. 34A illustrates an SEM micrograph of the diamond
coating of FI1G, 33A along a wear track of SiC pins sliding
against the coating anc FIG. 3413 is for the wear track on the
diamond coating, of FIG. 331;

F1G. 35 illustrates triction cocllicients ol 8i,N, balls
aganst smooth diamond 1hm of the wvention m dry N,
{lower curve), smooth diamond lilm in open air (middle
curve) and tor a highly oriented pyrolitic graphite in dry N,
{top cunve of low sliding cveles);

1, 36 illustrates the friction coctlicivnt of Si;N | halls
sliding, against diamand Hilm of the invention for a long-terim
lests

FF1G. 37 illustrates a threc-dimensional surface map of a
wear track in the diamond coating of the invention afier
227107 passes;

I1G. 38 illustrates Irictional coeflicients of SIN | halls
apaingt dizmond tilm of the invention in dry N {upper
curve), highly oriented pyrolitic graphiw sample in dey N,
{middle curve at low evelesy and diamond Hlm of the
invention in air (lower curve al low cyveles); and

F1G. 39 illustrates Raman spectra ol debris particles
tormed during passes against diamond [ilm of the invention
in dry N and wear debris Tormued in atr, and compared to the
diamond film, the 8i N, pin and graphite.

DETAILED DESCRIPTION OF PREFERRLED
LMBODIMENTS

A microwave plasma deposition system 10 (hereinaficr
~system 107) constructed in accordance with one form ol the
invention is illustrated in FIG. 1. The svstem 10 s based on
a ASTeX (PDS-17) commercial plasma deposition apparatus
manulactured by Applicd Science and “Technology.
Fullerene containing soot 12 used as a staring material was
treated 10 remove hydrocarbon contaminanis by contact with
muthanol. The treated soot 12 was (hen thoroughly degassed
by conventional vacuum and or thermal treatment (such as
heating at 200° ¢, Tor 2 hours). The degassed soot 12 was
placed in a sublimator 14 which is coupled to plasma
deposition chamber 16, and the volume of the sublimator 14
1% also coupled o the volume of the plasma deposition
chamber 16, Thus, fullerene containing, vapor 18 can be
introduced into the plasma deposition chamber 16 hy heat-
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ing the sublimator 14 {for example, by Pt oresistance wire
heating) o a wemperature adequate 10 cause Tullerene sub-
limation {such as, about 550° O, to 600° (). A noble carrier
gas (such as argon, neon, kevplon and xenon) and lower

8

the three major diamond diltfraction peaks corresponding o
the (111, (2200 and (311) reBections {(see F1G. 2). Purticular
regions of the diamond layer were also examined by selected
arca clectron diffraction and conlinmed the lattice of the lilm
was a face centered cubic structure with lattice constant of

pereentages (0-19%) ol hyvdrogen are introduced through =
gas inler 20 enabling the gas mixture o ransport the 33320.10 Angstroms {the aceepled diamond lattice constant
sublimed fullerene containing vapor 18 into the plasma % 3536 Angstroms).
deposition chamber 16, ALES speetra were oblained using u Phvsical Llectronies

Acsubstrate 22 was used to accumulate deposited carbon muodel 3348 spectrometer with a double pass eylindrical
a% a digmond layer on the substrate 22, The substrate 22 can 19 mirror analyzer. The carbon KL peak shape is sensitive (o
be a single crystal silicon water, or one of various metals or the bonding state ol carbon, providing a qualitative means of
ceramics., The substrate 22 can also be disposed on assessing, the sp™ sp” ratio of the films, Near-edge extended
graphite stage 24, which not onlv can support the substrate Xerav absorption line structure (NEXADS) spuctroscopy
22 but can a¢l as & heating, clement o control the substrate reveals structures corresponding to graphitic (sp?) clectron
temperature. Using a microwave generator 23, a microwave 15 bonding between carbon atoms (286 ¢ V), hyvdrogen—carbon
livld 25 is established withio the plasma deposition chamber honding, (288 ¢V)y and diamond (sp™) bonding between
16 i order to generate an exeited plasma 26, A varicty ol gas carhun atoms (290 ¢ V), TLM imaging was performed in a
mixtures and other experimental conditions were utilized 1o JLOL 4000LX1N aperating a1 400 kV. Specimens for TLM
produce diamond layers, and a sampling of representative wure prepared using standard dimpling and ion milling,
values are shown o Table 1. Films labeled A—=E were srown il pl’l!CCdlll’L‘S. The surtace was characterized LISiI'Is__‘, H| Bl.ll’li.'i__s_‘.h
to comparable thickness o alloaw direet comparison, Films F ARIS-3300 AFM 10 measure the rms surface roughness and
and G were grown to examine propertics of thick tilms a JEOL JXA-840A SEM 10 image the surlace.
erown under the same conditions, and Film G was grown Iriction and wear tests {see Table 1 for results) were
under conventional T.—CH, conditions. A bare silicon pertormed with pairs of silicon nitride balls and diamond-
substrate was tested tor comparison, Riamond film growth 25 coated silicon substrates on a ball-on-disk tribometer, Tests
was monitored in site using, laser reflectance interlerometry were run in dry oitrogen environments, A Plexiglas cover
tar determine growth rate and to allow stopping lilm growth was Hited over the tribometer, permitting altra dry environ-
at o selected thickness, ments to be created. Several specimens without the diamond

TABLL 1
H. Ar [k [ substr Croweth Thiamond RAIs Wonr Hate
Sample Fliowwe Flow Flow  T-furn Pres. Power Temp Hate Lhickness  Houghness  Friclion =111 "

Film 11} # ACCOL BCCMT ACcml [ e W [ sm hr s nm Coel. mmu” Nm

A WANRIA 2 on 1" nind 1 15100 .3 17 K 012 0014

B weIeB I ar o0 MBI TN 1A 0. o ns B[S ABE

STy 2 G 63 1 18100 028 il 41 0114 i1

[ FRTETIRY i Gl i AT TR T 3! IRy il 125 .21 .5

| BETETI PR 15 ad 0 My 1A A 22 Cxl 1 1.4

booudinnd 2 w1 M s 0.7 10 43 — —

GoUSiRD % noo2 21 Bl 1Sl Qs t 3 i3 ss

Siliven — - — — — — - < 042 2

The system W operates o deposit diamond oo the sub- HIms were also tested, peimarily o assess and compare their
strate 22, and the diamond samples produced were charae- *7 (ribological performance to those with a diamond film. The
terized by a variety ol conventional materials characteriza- dead weight applicd to the balls was 2 N, Frictional Toree
tion teehnigques, such as, X-rav dittraction, Auger clectron was monilored with the aird of a lincar variable-
spectroscopy (AES), clectron difraction, transniission and displacement-transducer and was recorded on a Noppy disk
scanning clectron microscopy, alomic force microscopy via a data acquisition svstem throughout the wsts. The
(AIM), clectron energy loss speetroscopy, and Raman spee- 50 rotational velocity was kept between 30 o 150 r min. Lo
troseopy. [n addition, various wear rate lests were performad provide shiding velocitivs of 25 to 40 mm =, Sliding distanee
(sce Tuble 1), was 200 m, Wear-volume measurements on the balls were

Raman spectra of the lilms wery measured with a Ren- hased on micrascopic determination of the diameter of the
ishaw Raman microscope using a HelNe laser at 632.8 om circular wear scars. The wear of disk specimens was esti-
with an outpul of 25 mW focused to a spat size of aboul 2 55 mated from the traces of surface protiles across the wear
nm. Raman spectroscopy is widely used to characterize tracks. Duplicate tests were run under conditions desceribed
dizmond ilms, although the small grain sizes in these tilms above o chuck the reproducibility of the fricuon and wear
have a significant eltect on the Raman spectrum. Raman data.
spectroscopy revealed o band centered at 1333 em”™ ! and a Conventional H.—CHL, (o argon) plasma deposition of
hroad hand feature at about 153300 cm™" The 1333 em™ band w0 CVID diamond thin films results in rough films which must
is characteristic of all diamond films regardless of grain size, hbe polished in order to ohiain @ smooth surface. Since
and the 15500hem™" band teature is alsa comnmonly ohserved diamond is the hardest known material, this task, depending
from small grain size diamond films. on the peometry of the surtace, ranges trom ditlicult (o

A Phillips powder dilfractomerer with CokK, radiation impossible. FIG. 12A shows the Triction coetlicient of pol-
was used for XRID measurements to ensure the presence of o3 sbed CVID diamond film as @ funetion of surface roughness,

dizmond and check Tor evidenee of crvstalline graphiw.,
X-ray ditTraction examination of the diamond layvers showed

Also shown are the measured [ricton coctlicients ot a
cleaved single erystal natural diamond and an as-deposited
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dizmond film deposited using an Ar—C, plasma, There is
a strong correlation between the surface roughness and
riction coetlicient, and the Ar—C,,, film is close in both
properties 1 the eleaved single erystal diamond sample, The
measurcd tfriction coclticients lor samples A and I in Table
I as well as the uncoated S0 substrate, ane shown in FI1G,
12B. Relerring to Table 1 and FIG. 128, 11 can be scen that
for a given carbon precursor, the hvdrogen concentration in
the plasma strongly altucts the roughness and wear rates,
The lowest friction and wear coetlicients are obtained for
low plasma hydrogen concentrations, and the films grown
fram the O, precursor tend to be much smoother than those
grown from the CH, precursor.

Transmission electron microscopy further deteomined that
the diamond film was very Hine-grained (=15 am diameter),
and the intergranular boundaries are free from graphitic
contamination. Further characterization was perlormed by
electron energy loss spectroscopy. The deposited specimen
lavers were examined, and a K-edge absorption peak was
identified at about 291 ¢V, with no evidence of a graphite ar
amorphous carbon peak at 385 ¢V (see FIG. 4).

In another embodiment of the invention, additional dia-
mond films were grown i the svstem T (o microwave
plasma chemical vapor deposition reactor, ASTeX PDS-17
as, previously deseribed). The films were grown on silicon
substrates pulished with 001 am diamond  particles 1o
enhaoce nucleation, In-site diagnostics included plasma
vmission spectroseopy and surbuce retlectivity measure-
ments. Raman spectroscopy was performed on the films
ex-situ o ensure that diamond films were o faet grown.

Lmission rom the plasma was collected with a quantz
optical fiber by viewing a region 1-2 em above the substrate
22, The light was trapsmitted to an Interactive Technology
model 103 optical monochromator with entrance and exit
slit widths of 300 gm and 400 gm respectively. The monao-
chromator was stepped in 2.3 0;'0\ increments with a dwll
time of 100 msee from 3000 A 1o 8000 AL The dispersed
light was detected with a Peltier-cooled photomultiplier
tube, The reflectivity of the growimg tHm surface was
measured using a 5 mW HeNe laser, The reflected beam was
passed through a HleNe laser line filter 10 eliminale plasma
emissions and detected with a photodiode. The oscillations
in the rellectivity were used o caleulate the film thickness as
a function of tme and thus provide a measure of the growth
rale. A Macintosh el was used to control the spectrometer
and acquire data trom both the spectrometer and photodiode.
Raman measurements of the films were performud with a
Renishaw Raman microscope using 1 HeNe laser a1 6328 A,

Plasma cmission is obscerved when atoms or molecules in
a plasma are excited to higher enerpy electronie states which
decay mainly by radiative processes. The excited states may
also decay by collisional quenching, and Tor larger
molecules, by intermolecular nonradiative processes, Thus,
many of the species in the plasma which are or interest, tor
example CHr and C.HL, cannot be detected by plasma
emission measurements. The emission intensity, propor-
tiemal 10 the excited state population ol the species, is
somewhat difficult o relate (0 the ground state population
hecause changes in plasma conditions can produce changes
in the vmission intensity of a species by changing not only
the ground state population, but also (he excitation rate and
the competing deexeitation mechanisms such as quenching,.
This mikes use ol plasma emission somewhat diltficult for
guantitalive measurement ol ground stale species concen-
trutions. Nevertheless, iU is believed that the very large
changes in emission by C, relative to other emitling specics
vhserved o our experiments, especially those with similar
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exeilation energies, are in tact coreclated with an increase in
the ground state C, population. The species observed by
plasma emission in these experuments are listed in Table 2.
The increases in C. emission inlensity relative to 1, Ar, and
CH are evidence of an increase in the ground state coneen-
Lration ol €, in the plasma, though nol necessarily a lincar

Inerase.
TABILE 2

Exoeed state
Spevies Transition Winvelenglh A Energy {2V
17 B R taall 121
Ar BN R ™Y L Far4 135
&8 dH I~ 1L, S1BA(0A) Y
1 ATA—=XTIL 421404 20

The Traction ol Ar in the reactor was varied to determine
the effect nn growth rate and plasma emission tor the five
conditions shown in Table 3. The wtal tlow ol gaxs 1o the
reactor Was kept constant with mercasing amounts of argon
substituted for byvdrogen. For cach condition, the gas low
was setoand the emission spectrum measured  after the
egraowth ratio cquilibrated. The growth rate is abserved 1o
increase with increasing argon fraction to a peak value tor an
argon Truction near (0.75 (data condition 4) as shaown in FIG.
13. The argan addition leads to growth rates ot up to a factor
of three preater than that of hvdrogen-methane. The change
in gas composition has a large cffect on the gas phase
chemistry, as evidenced by the emission speetrum,

TABIL 3

13100 W
Pressure: S0 Torr
Lempueriture #5811

Povwer:

H. blow Ar llow CIH, Blow
Il Peant [mawnt (B [mwenti
| Jiah 2
2 ER 2
3 Al 2
4 25 z
A 1) 2

Limission spectra for data condition 1 (100 seem 11, 2
scen CHL) and condition 4 (25 scom 1., 75 scem Ar, 2 scem
CEL) are shown in FIGS. 14 and 15, For condition 1, the
alomic hvdrogen lines are very prominent with little emis-
sion from other species, By contrast, the high Ar fraction lor
condition 4 resulls in prominent ¢mission bands, particularly
from C.. Emission lrom CH, as well as from Ar and 1, arc
also evident. The intensities of H-alpha (6560 A), Ar (7504
;o\), C.(a160 A handy and CH {4310 A band) are plotied as
a lunction of Ar fraction in FIG. 160 The intensitics were
normalized to values of unily for condition 1. C, emission
inereases by as much as a tactor of SO0, and by an order of
magnitude relative to ather emitting species, rellecting (as
mentioned vaclier) an increase in the gas phase concentration
of €.

In a sccond experiment, T and Ar lows were maintained
al Shscem while the CH How was varied from | to 5 seem.
Measurements of growth rate and plasma emission were
made Tor seven conditions shown in Table 4. Again, for cach
condition the gas flow was set, and the emission spectrum
was measured atter the growth rate equilibrated,
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TABIL 4

Powwver 1AW
Pressore: Q0 Torr
Lenpernture: ¥50 (L

1, Flow Ao O, Flow
Paint {auem [mocm {nocny
1 A0 A0 1
2 A0 Al [
K] A Al 2
4 A} Al 25
A A ail 3
t S ail 4
7 S0 a0 bl

In this set of experiments, the growth rate increased
lincarly with increasing CH,, How as shown in FIG. 17, The
changes in CHL, Hlow result in small changes in the gas
composition and can be thought of as o perturbation to the
plasma. Since excitation and guenching rates can be
expected to change only marginally under these conditions,
the cmuission mtensity is likelv correlated with ground state
species concentralions in the plasma, The emission intensi-
ties of FL, Ar, C5 and CH are plotted as a function ol growth
rae in FIG. 18, normalized 0 unity at condition |, The
growth rate is unrcluted 1o the H., Ar and CH emission
intensitics, but increases lincarly with C5 emission intensitv,
Thus, the growth rate depends on the C- gas phase coneen-
tration in the plasma.

Raman spectra tor the two [ilms grown in the above
experiments are shown in FIG, 19 1o confirm that diamond
was indeed deposited. The lower spectrum is from the first
lilm, where the Ar gas fraction was varied throughout the
deposition. The lilm was 2.8 gom thick and the diamond peak
at 1332 em™!' is clear. The broad features at 1530 cm™' and
1330 cm™ ' huve been attributed o the presence of nondia-
mond carbon, but may also he an artifact of the very small
grain size, The transparency of the film is evident [tom the
silicon peak at 520 em™’, which results from light penetrat-
ing 10 the silicon substrate under the film. The upper
spectrum is tfrom the second film, grown under varving
methane concentrations. This Hlm was 4 gm thick. The
diwmond peak s more pronounced than in the firstiilm, but
the features othenwise appear similar. FFrom this we conclude
the lilms grown trom CH, 115 Ar mixteres are predomi-
nantly diamond.

Additional support for this conclusion of the films being
dizmond comes from a measurement of the relractive index
al the tilms The above-descreibed lilm thickness was mea-
sured 10 be 4.0=0.03 gm, while the reflectivity of the surtace
underwent 315 oscillations, The index of refracuon is
related to the lilm thickness and the number of oseillations
hy

where 7.0 is the laser waovelength (06328 am), m s the
number of oscillations in the reflectance (31.3) and d is the
lilm thickness (4.0£0.3 m). From this, the index of relrac-
tion of the film is calculated ta be 254020 This is within
error of the aceepled value of 2.4 1 for bulk diamaond at this
wavelength.

As previously diseussed, C. deposition o form diamond
s enereclically favorable, Ab initio caleulations indicate that
. insertion into the reconstructed  hydrogen-terminated

wn

10

LNl

"

th
th

nil

I

12

{100) surface of diamond is enerectically favorable with
small activation barricrs. [ has been experimentally deter-
mined that diamond films can, using this process, be grown
at relatively low wemperatures {(<300° ), as opposed 1o
conventional diamond growth processes which require sub-
slrale wmperatures of 800° C.-1000° . These high sub-
slrale temperalures preclude deposition un many malerials
of technological importance,

Without limiting the scope of the invention, in FIGS.
2025, 4 proposed mechanism for growth on the diamond
(100} (3=1):H reconstructed surtace with O, is outlined.
I'IG. 20 shows the (1005 (2x 1 )11 reconstructed diasmond
surlace, thought 10 be the most likely surtace in these
environments. The large atoms are Cand the small atoms are
H terminating the surtace. A O, molecule impinges on the
surlace and mserts o a surtace C—C dimer bond, as
shown in FIG. 21, The Ca then inserts into an adjacent C—C
hond to form a new surlace carban dimer, as shown in FIG.
22, By the same process, a second ., molecuale Torms a new
surlace dimer oo an adjacent row, as shown i FIG. 230 A
third ¢, molecule inserts into the trough between the two
new surface dimers as shown in FIGS, 24 and 25, The three
C, molecules incorporated into the diamond surface Torm a
new surtace dimer row running perpendicular to the previ-
ous dimer row. The C. growih mechanism as proposed here
reqquires no hydropen abstraction reactions from the surlace
and in principle should proceed in the absence of pas phase
alomic hvdrogen.

In another aspect of the invention, the previously
deseribed methods of manutacture can be applicd o produce
cquiaxed nanoerystalline diamond 1ilm and fine grained
dendritic structures. Such preferred structures are advanta-
peous [or specialized applications calling tor very unitorm,
tine prained dizmond which s guite smooth and cun be
reliably praduced as lavers ol extremely small thickness, Tor
example, diamond lavers can be used to great advantage on
ficld emission microtips {or any such clectronic or optical
application) which require deposition of a very thin, smooth
conformal diamond coating which preserves the topographi-
cal features of the substrate. Diamond has been shown Lo be
a cold cathode clectron emitting malerial wilth emission
characteristics which tfullow the known Towler-Nordheim
relation corresponding, o tield-induced clectron tunneling. A
variely of requirements, however, should be met for electron
cmission applications: the material must (1) bave the low
wurk function negative clectron attinity ol diamond, (2)
have sufticient ¢lectrical conductivity © provide a conduct-
ing path 1o the subsirate in order to restore the emitied
clectrons to the surtace, (3) for planar emitters, the lilm
should have a surlace topography which enhances the elee-
tric field at the surtace and (4) for microtip arrays, the film
should have a morphology which produces a unitorm thin
coaling on microtips which have contour reguirements on
the LO=100 nm scale.

Microtp arravs tvpically are very well detined tips 10D as
shown in FIGS. 26 and 28, These tips T are typically made
of silicon using, phatelithogeraphy echnigues developed by
the sumiconductor indusiry and have submicron size dimen-
stons, Conventional diamond layer deposition technigues
produce the morphology of diamond crystals 102 shown in
FIG, 27A and FIG, 28A. Such structures would oot enable
use ol dismond coated microtips as lield emitters. The
capahility ol producing very thin diamond films which arc
continuous and uniform in thickness s demonstrated by
FIG. 9. This ligure is o cross-section TEM which shoves a
2030 nm thick film which has g continuity and density
unattainable by conventional diamond prowth processes.
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Asshown in FIG. 270, 4 highly equiaxed, nanoerystalling
digmond tlm (average grain size of 13 nm and range of
10-30 mm) can be deposited vsing one of the methods
described herein (see Lxamples [ and VI Morcover, as
noted in Lxample V), there is no evidence of graphite
formation which lurther enhances the sungbility ot the
diamond film 10 a variety of clectronie applications.

In another variation obf the method as deseribed in
Example V11, CH, and CLHL were used as the source of
carbon in combination with an inert gas and a small amount
al 11, For these combinations ol conditions very smuooth,
uniturm nanocrystalline diamond film (see Example V) is
also obtained, but has a somewhat irregular, deadritic mor-
phology as shown in FIG. 278, Again, there was oo evi-
dence of graphile formation,

As osel forth in Brample VI the clectronic propertics ol
the above-described diamond lavers are well suited for use
as field emission tips and other demancing clectranic appli-
cations.

In accordance with the above-deseribed methodologies
nanocrystalline diamond films were prepared and details of
preparation and testing are set Torth with turther particolarity
in bxamples 1X-XL These examples illustrale that the
diwmond films have extremely low [riction cocllicients and
low wuear rates. For example, a total of 227x 107 sliding,
cyeles under a load of five Newtons were needed to generate
a 0.5 micron deep wear track (see F1G. 37)0 The smoothness
ul the diamond tilms prepared by the method ol the inven-
tion can he compared with diamood films prepared by
conventional H.—CH,, plasma deposition. As shown in
FIGS. 32 and 35, and explained im fuether detail in Example
X1, the diamond films prepared by the method of the
invention exhibit a much lower friction coeflicient than (he
prior art H.—CH, plasma [[lms. The low [riction valoes
shown in these figures coreelate well with the initially
smooth surbace Ninishes (Le., 30 nm, RMS) of these films,
and their ability to become polished even lurther during,
sliding to reach an ultrasmooth {3 nm RMS) surface finish
(sece FIG. 34A) that results in very little abrasion and
ploughing, These [riction coetlicivots are comparahle to that
ul natural dianmond shiding against SN, in dry No oand air

Phvsically, rougher surtaces can cause increased plough-
img el henee higher friction. The high (riction coctliciem
(0.6) ol the rough diamond film can be attributed to the
abrasive cutiing and ploughing effcets that sharp surtace
asperitics (116G, 33B) have on the softer SIC pin A similar
argument can also be used (© explain the somewhat high
friction cocticient ((.35) of smooth diamond  lm.
Apparcntly, during repeated sliding passes, surlace asperi-
tics of this tilm are broken in or Battened aficr run-in period,
hence the magnitude of the microcutting and ploughing,
contributing to higher fricuon s reduced. Previous investi-
2ation has confirmed that the surface topography of diamond
lilms relates closely to their [riction and wear pertormance,
[n general, the higher the surtace roughnoess, the greater the
friction and wear losses and our lindings are consistenl with
this.

lor the very-low-Iriction character of smooth diamond
lilms of the invention o open air, and the uliralow friction
values in dry N., we propose the tollowing interpretation
withoul imposing, any limitations on the scope ot (he claims,
[t s conventionally reported that active gascous species such

as hvdrogen, oxygen or water vapor can become attached to
and passivate the dangling surface bonds of most carbon
malerials, inchuding diamond and  graphite. Apparently,
when the dangling bonds are passivated, the adhesion com-
ponent of triction is drastically reduced in sliding contacts,
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In tact, the low-friction character of diamond s largely
altributed to the highly passive nature of 1y sliding surtace.
When hydrogen and other species are desorbed or removed
tram the sliding surlaces, the riction coeficient of diamond
increases drastically, presumably because the reactivated
dangling bonds cause strong, adhesive inleractions belween
the diamond and the countertace materials. Recent studies
have elearly demonstrated that the riction coclticients of
diamond tilms sliding against 51, 510, or diamond-coated
SIC counterfaces could ingrease substantially if suorlace
adsarbates were removed Irom the surface by annealing in
high vacuum. Conversely, if atmospheric air is admitled in
the test chambuer, the friction cocthicient drops precipitously.
Thus, the low-lriction characier of smooth diamond lilms
used 1 this study can also be atributed to surface adsorbates
passivating the dangling bonds of dizmaond lilms, essentially
making films very inert and chemically insensitive o coun-
tlerface materials,

Wu note thal the friction coetlicient of diamond film
remains constant i aic but increases substamially in dev N,
as sliding continues bevond 10,000 cyeles. Without limiting
the scope of the invention, this disparity can be explained as
tallows: during dvnamic rubbing, the absorbate laver s
cither desorbed by [rictional heatimg, or removed mechani-
cally by microfracture or wuar thus exposing fresh and
active dangling bonds on the diamond surface, Without
continuous replenishment, these bonds cun become more
and more active, exerting some adhesive Torces across the
sliding, interfuce and thus causing increasingly higher Iric-
tion. Allernatively, a combination ol high frictional hcating
and very high contact stresses at colliding asperity tips can,
over the course ol several thousand sliding passes, cause
eradual graphitization of these shamp tips. As graphitization
breomes widespread and constitutes a third-body interlaver
between the sliding surtaces, the rictional behavior ot the
81N, digmond interlace can become partially dominated by
the shear propertics of this entrained graphitic material.

The following simple experiment was performed to test
whether some graphilization occurred: Specifically, atier
accumulating 160,K0 10 L8000 sliding cyeles on the same
samples used o FIG. 32, woe shut ofl' the dry NLoand
gradually bled ambient air into the test chamber while the
sliding test sl conunued. As shown in FIG. 38, the friction
coetticivots of both diamond and highly oriented pyrolitic
eraphite ("HOPGT) against SisN, dropped precipiiounsly o
around (L1, The sharp decrease in the friction coctlicient of
HOPG is not surprising, because this material is known for
its maximum lubrication in maist eovironmenls. Howeser,
the friction coelticient of diamond i1lm also drops instantly
when atr is introduced imo the test chambur. Also, the large
Hucwations in friction traces of both diamond 1ilm and
HOPG disappear as air enters the chamber. The friction
coctlicivat of diamond film in open air remains essentially
constant and is comparable 10 those of the HOPG and the
smooth diamond Hilo wested in open air.

In an attempt to find evidenee of graphitization on the
sliding dizmond surtaces, we used a laser Raman spectro-
scope. We could not verity the formation of a detectable
eraphitic precursor on the sliding suelace of diamond lilms
atter tests in open air, but there was some evidenee of
sraphitization on surfaces rubbed in dry N.. As shown in
I'l¢;. 39, Raman spectroscopy ol the debris particles formed
during slicling in dry N, resveals two broad Raman bands,
one centered at 1345 and the other at 1578 em™ ' These two
lines essentially overlap with the 1 and G bands of erystal-
line graphite. Raman spectroscopy of the debris particles
produced in open air did not yield any indication of graphi-
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lization. The Raman spectrum of these debris partcles was
similar to that of the wear scar formed on the SigN, pin.

Based on this observation and recent published works, it
is reasonable o conclude that surface graphitization plays a
signilicant role in the longer-lerm frictional behavior of
diamond tilms, especially in vacuum and dry Nao [ is also
imporlant lo note that In most tribological Investigations,
sliding-contact wsts are usually limited to less than 20,000
sliding eveles, amd that the values oblained from such
shor(-duration tests are wsed as (he real indicator ol the
lrictional behaviar of diamond tilms.

As 1 consequence of the methods desceribed herein, depo-
sition of high-quality nanocrystalline diwmond 1ilims with
very smooth surface tnish s teasible inoan inent pas-
carbonaceous plasma. Such nanocrystalline films are essen-
tially hvdrogen-free and consist of an sp™-bonded diamond
precursor. Because of their smooth surlace finish, the films
altord very low triction and high wear resistance to sliding,
such as SiC and SigN, counterfaces. Wear of the diamond
lihm iselt s dilficult 1w measure alter short-duration tests and
is still minimal even atter 2.27x10" sliding  cvcles.
Muchanistically, the ulira Mow triction and wear propertics
al the diamond films correlawe well with their initially
smooth sueface finish and their ability to become polished
even further during sliding. The wear tracks reach an ultr-
asmooth (3—0 om oot mean square deviation lrom Hatness)
surface tinish which results in very little abrasion and
ploughing. The long-term Irictional behavior of these tilms
in dey N s dominated by micrographitization, as veritied by
Raman spectrascopy.

The lollowing nonlimiting examples sel forth exemplary
embodiments of the inventions:

EXAMPLLE T

A C,y sublimation souree was coupled o g microwave
chamber operated with o microwave geoerator at 2.45 Glz
as shown i F1G, L The system as a whole is an AS'TeX
PDS-17 unit supplicd by Applicd Science and Technology,
Fullerene containing sool was made in a conventional man-
ner or was obtained from MER Corporation. (e.g., about
10¢ O, i the soot). The sool was treated with methanol o
remove most of the hvdrocarbon constituents, The eleaned
sool was place i a gold container which o wen was
disposed 10 a quartz wbe wound with nichrome wire used to
heat the sool, The microwave chamber was evacuated and
the soot heated w0 about 200° C.=230° C, Tor two hours 1o
remove residual nwethanol solvent, hvdrocarbons and
absorbed gases. The rate of C,, sublimation wis determined
by placing a silicon water in front of the outlet of the
sublimation souree inside the microwave chamber, An argon
vas How of 20 seem with o wotal pressure in the chamber ol
100 Torr was established by use of a carrier gas inlet into (he
sublimaton source, The sublimation souree was malotained
at about 300° C., and adequate O, was deposited inone-hall
an hour on the silicon single ervstal (maimtained a1 lempera-
tures above about 470° C. so that a tvpical O, Inlrared
absorption spectrum could be cosily noted), Raman spee-
troscopy comfirmed the presenee of €, There were no
leatures in the infrared spectrum that could be attributed to
specics other than C .

LXAMPILE 1

The same manulazcluring, procedure set forth in Lxample
[ was tollowed exeepl the silicon water was removed, and
resh oot was placed in the sublimation sowree. The tem-
perature ol the sublimation source was raised o about 500°
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C., the microwave generator was activated and a SO0 watt
microwave discharge was initiated at 1 'Torr argon. A quarts
fiber optic cable was coupled 0 the microwave chamber ©
cnable viewing of the plasma discharge at a region about
1-1.53 ¢m above the silicon substrate. The light within the
fiber aptic cable was transmitied 10 an Ineractive Technol-
opy model 103 oplical monochromator with 200 micron
entranee and exit st widths, The monochromator wave-
length was stepped Inincrements of aboul 2.3 Angstroms
with a dwell time of about 100 msee step, The light detector
was a Peltier couled photomultiplicr tube operating in a
pulse counting, mode with a dark count rate of 20-30 cps. A
Mucintosh et control computer was used with software 1o
provide a 100 msce gating pulse o the 32.bit National
Iostruments counter board locawd o the compuoter back
plane.

A typical spectrum obtained from the intensely emerald
green plasma discharge is shown in FIG. 3A, The spectrum
is dominated by the de-a®xi Swan bands of (., particu-
larly the Av==2, =1, 00, +1, +2 sequences. This can be
compared o the spectral output in the absence of a noble
carrier gas as shown in FIG. 3B which does not exhibil €,
bands.

11 should also he noted 1hat intlense emissions are also
observed characteristic of excited argon atoms in the
HOO-R000 Angstrom range in LG, 3AL Argon neutrals in
such metastable states as SI’: at 1135 ¢V can lead 1o elticient
cnergy ranster o the € molecules and consequent Irag-
mentation.

EXAMPLL [

An examination of the Swan bands in FIG. 3A was
pertornmed by analyzing emission specira as a tunction of
sublimator source temperature. The Swan band emission
intensities were found o increase as a function ol sublimator
emperature (see FIG 30, Under saturation conditions of
the argon carrier gas, the emission intensitics should tollow
the vapor pressure of C,) (sec FIG. 3C, curve B). However,
a log plot clearly shows that the argon carrier gas is far (tom
heing saturated with the cquilibriam € pressure. The €,
concentration in the plasma inereases with emperature due
o increased O, volatility which shows the O, emission s
nol a minor constituent, nor s it due 1w carbon particles
transpored into the plasma. Continuation of this method of
manulaciure tor g period of time (several hours or more) at
sublimator temperatures of 350° CL results in depletion of
., and higher Tullerenes, as evidenced by decreasing Swan
band intensities in the spectra. Adler such a prolonged tome
of aperation, lowering the temperature 10 300° C.oresults in
cmission spectra having inensities diminished by a tactor of
len compared 10 those oblaioed with a fresh bateh of soot at
3007

LXAMPIL 1V

The same bhasic method ol Lxample 1 was Tollowed
exeept the microwave power level was varied from 500 10
1200 walts, There was no noticeable change in the absolute
intensity or the intensity ratios of the ditferent Swan hand
frequencics.

EXAMPIE V

The growth rate of diamond film in Lxample 1T was
characterized 10 be about 1.2 microns hour which is com-
parable o or higher than the deposition rate oblamed with a
conventional plasma containing 1% methane in hyvdrogen.
Conventional diamond films grown at this rate have a very
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large grain size, rough surface and high defect density. By
lowering the pressure 1o ~300 m'lorr and contining the
plasma with a magnetic lield, it is possible to reduce the
defect density, grain size and surlface roughness, bat there is
a sharp drop in growth rate, Smooth films can be obtained
at high growth rate (0.5-1 micron br) by increasiog the CH
content ol the plasma, but the resulting films have an
inereased graphitic content. Micrographs (see IFIGS. 6 and
29) of the tilms produced using the subject invention show
much smaller defeet density than conventional lilms pre-
parcel at 300 m'Torr with a magnetived plasma using CH,—
FL.—C), mites as prepared by the applicants hercin. The
lilmy preparced by the method of the imvention also show no
evidence of graphite conmamination, and exhibit atomically
abrupt grain boundaries with no nondiamond inereranular
malerial. The gronwth rates obtained with the method of the
invention were comparable with the high pressure growth
rate obtained with the standard method, and 10-100x higher
than obiained al 300 mTorr using standard plasma compo-
SO,

EXAMPLE VI

The procedure deseribed in Example T was followsed
exeepl that the chamber pressure was 30 nilorr, using an Ar
Mow rate >10 scem with an upper magnet current of 150 A
and a lower magnet current of 115 A o improve plasma
stahi]it_v. The microwave power was 500 watls, and the
fullerene sublimator huater was operated at 110 voles, result-
ing i a sublimation source temperature of about 500° O, An
meose Carich green plasma with an optical emission
spectrum similar to that of FIG, 3A was oblained,

LXAMPLE VII

In another method, fullerene rich soal s replaced by a
low of CH, gas as the source of carbon for the dismond.
The experimental conditions Tor the deposition system 10
(except Tor lack of the soot 12) are sel Torth in Table | tor
Films -G, In other experiments acetylene (C.1.) was also
used under similar conditions as CEH, and diamond was
produced.

LXAMPLLE VI

Characterization of the resulting, FFilms A-G are discussed
herein, The Films A-G grown or deseribed herein before are
characterized s nanocrystalline diamond  1ilms, F1G. 7
shows XRID patterns from Films B-F, The characteristic
(LD, (220% and (311) diamond peaks are evident. The
strong 51 (400) peak due to the silicon substrate has been
remaved, There s no evidence of the strong ((02) graphite
peak at 26.4° This indicates that the films contain diamond
and no appreciable amounts of olther erystalline material,

Lvidence of low sp” sp™ carbon ratios in the films is
ubtained from ALS measurements of (he carbon KL peak
shown in FIG. 8A. The K11, peak is sensitive to the bonding
state ol the carbon atom and has been used to delermine
sp” spe ratios ina C: (ilms. The AES spectra for Films C-1°
are wery similar to that reported in the lierature for diamond,
mdicating a low sp™ sp” rativ. The AES spectrum of Film B
appears 1© be somewhere between diamond and graphite,
indicating a higher sp” sp”® carbon ratio in this (ilm. Similar
results are obtained in the X-rav photo absorption measure-
ments of FIG. 8B, with the added information that the films
grown al the lowest hvdrogen concentrations (O and L) are
hoth essentially pure diamond and contained no trapped
hydropen, and are indistinguishable from the single crystal
diamond reference sample. Films B, 12 and F by comparison
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comtain signiicant hydrogen as evidenced by the bump at
289-290 ¢V, corresponding to C—H bond streiching,.

High resolution TEM has been used w0 examine the
microstructure of films grown with fullerene precursars and
indicates the 1ilms are composed of small diamond grains
with an average prain size of 15 nm, with extremely ¢lean
erain boundarics, FIG. 8 shows o HRTEM image of a section
of Film AL The silicon substrate has been removed and a
layer of wold deposited on the diamond. A 100 A thick laver
compaosed of amorphous carbon and diamond was disposed
immediately above the silicon substrate and formed preced-
ing diamond film growth. The diamond grains are clearly
visible above the amorphous laver and appear as well
ordered diamond crystals, The boundaries between the
wrains are sharp and appear 0 contain litle or no nondia-
mond phases. This s demonstrated even more clearly by
IFIG. 29 which shows o grain boundary region at atomic
resolution, The lines in this Hgure are the atomic rows, and
the spacing matches that of the bulk diamond lattice, unam-
biguously demonstrating formation ol the diamond phase
and the lack ol any nondiamond phase at the grain boundary.,
This further indicates these Hlms are composed of nanoce-
rystalline diamond [ilms with very litle sp™ carbon present.

Raman spectra of Films A—C and G which are represen-
tative of all the films grown are showo in F1G. 10 Raman
spectra of Films L oand IF are similar to Film € while the
Raman spectram ol Film [ is similar to Film B3, The Raman
spoectra show o peak at 1332 cm™' anributed 1o diamond,
Features at 1380 and 1330 em ™ have been atteibuted o sp”
carhon but probably are due o atoms residing at grain
houndaries in this nanocrystallioe material. Ao additional
teature around 1140 cm™" appears tor Films A and C which
has been attributed o nanoervstalline diamond. For Film 13,
an intense fluoreseence peak at 2230 em™' (168 ¢ V) results
in the rapidly rising background. The weak 1332 cm™' peak
relative to other Raman tealures lor films grown at low
hydrogen contents (Films A and C) s atteibuted o the small
erain size in the films rather than an increase in the sp™ sp’
carbon ratio. The 1332 cm™' peak intensity has been shown
o decrease with decreasing grain sive both for dismond
particles of known size and diamond lilms, where the grain
size was determined Irom XRID mceasurements.
Furthermore, these Raman spectra were excited using 632.8
nm light, which s more sensitive to the nondiamond carbon
phases than the 488 om Argon ion laser light commaonly
cmploved for measuriog Raman speetra, The present inter-
pretation s supported by the TEM images, which indicate
that FFilm Avis nanocrystalling, as well as the NEXAFS, ALS
and XRI1) data, which indicate the sp™ sp” ratios of the lilms
are very similar to diagmond and the only erystalline com-
ponent in the lilms are digmond.

AFM measurements (see Table 1) of rms surface rough-
ness tor Films A—E and (G, all grown o =2 am, show that
higher carhbon 10 hydrogen ratios lead o smooth film growth,
while lower ratios lead 1w rougher Hilms Film B demon-
strates that in these low hvdrogen content plasmas, a 10 gm
thick, smooth (rms roughnesses of 45 om) flm can be
SIOWI.

F1G. TLA 1% a erass-sectional SEM micrograph of Film AL
The surlace ot this nanocrystallioe diamond Film is rather
smaoth. FIG. TTE shosws that the wear track Tormed on Iilm
A during tribological testing becomes extremely smooth.

FF1G. 124 shows the measured coclticienl ol friction for
comventionally grown polished CVD diamond film as a
tunction of surtace roughness, Also shown are the friction
coetlicivots or a cleaved single erystal natural diamond and
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an uopolished tilm grown from an Ar—C,,, plasma. The
cleaved natural diomond amd the Ar—C ', grovwn tilm have
comparable surtace roughness and identical triction proper-
tics. As s cvident trom FlG. 128, Film G with a rough
surface linish exhibits a significantly higher friction coetli-
cicnt than the smooth Film Cin dry Noo As a reference, the
lrictian cocthicivnt of the Si substrale against the SN ball
s also included in F1G. 12B. The tricuom cocllicient of the
rough diamond Film G was somewhat higher than that ot the
Sisubsirate, and the wear rate of (he countertace material is
considerably higher Table 1 provided hereinbefore shows
the overall frictional performance and ball wear rate for both
the rough and smooth diamond films. Again, the highest
lriction coellicients are due ta rough diamond tlms, whercas
the smooth digmond lilms exhibit Triction coclBicients ol
(04 1o D120 We belivve that the large Huctuations in the
ltiction traces and very high initial [riction coctlicients of
rough diamond films are largely due to ploughing and
interlocking of asperities across the sliding, interface. Sharp
asperite 1ps ol diamond crvstals can dig in amd cut the
surface ot softer countertace material, thus causing severe
abrasion and ploughing. It is known that 4 high degree of
ploughing can cause high trictional traction between sliding,
surfaces, This 1o urn promotes high friction and severe
abr:
sueeessive sliding passes, (he sharp asperite tips are pro-
gressively rounded and eventually blunted 1o result inoa
much smoother surface tinish. Furthermore, the vallevs
hetween asperites are 1lled with o blanket of wear debris
particles. The combination of these two phvsical phenomena
produces a relatively smooth surface fimish and eventually
results in somewhat lower friction coclticients, although not
as low as Tor diamond films which are intrinsically smooth.
This observation is consislent with conventional results
which show very high triction coctlicients Tor rough dia-
mond Hlms, In general, prior art found that the greater the
surface roughness, the higher the initial and steady-state
Iriction cocllicients for diamond ilms as shown i FIG. 12A,

sion of the much softer counterface material. During

Owing to their much smoother surface linish, Films A and
C exhibit very low [riction coetlicients (i, 0.04 w 0,12,
espectally at steadv-state {see LG, 12B)). These values are
comparable 1o that of a natural dismond in dry Nooas
conventionally reported. As shown in FIG. 11LA, the surface
asperites of (hese films are pot Taceted and sharp, Most
impartantly, the sliding conact surfaces of these tilms
becomu exceedingly smooth under the influcoce of repeated
sliding (see F1G. TIB). As o result, the extent of frictional
losses during sliding against SN | remain low, especially
aller o breuk-in regime of the sliding tests. In short these
lilms cause much lower ploughing, hence very lintle Hue-
tuation 0 friction traces during slidimg,

Table | lists herciphefore the wear rates of SN, balls
during sliding, against various diamond films, As is evident,
compared o smooth diamond films, rough diamond films
cause much higher wear losses on counterface balls. This
can he attributed to severe abrasion causcd by the sharp
asporite Ups and edges of rough diamond covstals, whereas
the smoath HIms eesult in much lower wear losses on the
SigN, hall, up to 100x lower than previously reported values
lor conventionally deposited diamond thin lilms,

EXAMPLE IX

In another form of the invention diamond lilms were
grown on single-crvstal silicon walers or sintered 510
subsirales, and a bigs of =300 V was applied 10 cohance
digmond nucleation density. Film growth swas monitored
ion-situ by laser reflectance ioterferometry to determine
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erowth rate and w stop growth at the desieed film thickness,
All 1Ims were grown at o substrate lwemperature of 800 o
8307 ¢, and total gas flow rate was LO0 scem. For smooth
films, the gas composition was 98% Ar, 2% 11, and €, at
100 Torr pressure and 800 W ot microwave pawer was used.
Rough, faceted films were also grown o typical prior art
conditions ol 953% L and 2% CH, at 60 Torr pressure and
1300 W ol microwave power.
EXAMPLE X

We conducted Triction and wear tests on a ball-on-disk
tribomeler with pairs ol SiC pins or Si;N, balls and
diamond-coated substrates in drv N. and open airc of 30 0
S04 relative humidity, The normal load applicd w the balls
was 2 1o 5 N, which imiially created mean Hertzian contuct
pressures of approximately 0.6 10 0.8 GBa (ignoring, elfects
of the diamond [ilms) between SN and S1C, Because of
the formation of a tat wear scar during sliding contact
nominal bearing pressures lell to a traction ot these initial
Hertzian values by the end of the lests, Frictional foree was
monitored with the aid of o load cell and was recorded on
chart paper throughout the 1ests. The shiding velociy ranged
from 0,05 10 0.2 m s during, tests, A few wsts were run o
assess the long-lerm ribological performance and durahility
of diamond coatings under a 5-N load at 0,04 m s, Wear-
volume caleulations on the balls were hased on micrascopic
determination of the diameter of the circular wear scars,
combincd with the assumption that the wear scar s tlal.
These wear volumes were converled into average specitic
wear rates by simply normalizing wear volume (mm?®) over
comtact load (N} and wial sliding, distance (m). The wear of
disk specimens was assessed from the traces of sorlace
protiles across the wear tracks. Two o three duplicate tests
wure run under cach test condition 1o check the reproduce-
thility of the friction and wear data.

16, 30 is a cross-sectional SEM photomicrograph ol one
of the diamond films used in this studv, At the magnitication
shown, (his ilm appears deose and smooth, The rough
surface finish and coarse columnar morphology, typcal of
muost CHL FL grown PCT films with Larger grain sizes, is not
obvious in this film, which has been characterized as a
nanocrvslalline divmond. As shown in FIG. 31, the charac-
teristic ¢ 111, (2200, and (311) diamond peaks are evident in
the XRID pattern, and there is no evidenes of the strong ((02)
eraphite peak at 26.4° This indicates (hat the films contain
diamond but no appreciable amounts ol other erystalling
phases.

The measure of low sp™ sp carbon ratios in the Hlms were
obtained from ALS mcasurements of the carbon KL, peak,
which s sensitive to the bonding, state of the carbon atom
and has heen used 1o determine sp” sp” ratios in amaorphous
hyvdrogenated carbon films, The AES spectra are very similar
o those reported 1nthe Hwrature for dismond, indicating a
low sp™ sp” ratio. Further evidence of low sp™ sp” ratios in
these films have recently been obtained with photoabsorp-
tion near-cddge X-rav absorption tine structure (NEXAFS)
measurements, which clearly distinguish between sp™ and
sp” carbon bonding. These measurements show that the
films are indecd diamond and contain little xp™ bonding.

High-resalution TEM (HRTEM) has been used o exam-
ine the microstructure of films grown with fullerene
precursars, and this study indicates that the tilms are com-
posed ot small diamond graing (10-300 nm). T'or smooth
. grovwn ilms, average grain size was determined 1o he 15
nm.

The Raman spectra of the films show a peak at 1332 em™
attributed to diamond, Additional broad Teatures at 158(rand
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1330 ¢m™ " have been attribuled to sp™ carbon. An additional
leature around 1140 em™ appears for C,,, Ar Ha-grown
lilms and has been atteibuted to nanocrystalling diamond.
The 1332 ¢m™’ peak tor the O, Ar EL grown films is weak
relative 10 other Raman features. This is atteiboted 1o the
small grain size in the tilms rather than to an increase in
sp spt carbon ratio, The 1332 em™! peak intensity has heen
stiown o decrease with decreasing erain size for diamond
lilms. Furthermore, these Raman spectra were exeied by
632.8-om light, which s more sensitive to nondiamond
carbon phases than s the 488-nm argon ion laser light
commonly emploved Tor measuring Raman spectra, The
present interpretation is supported by the TEM images,
which indicate that the tilm s nanocrystalline, as well as by
the AES and XRIY data, which indicate that the sp” sp” ratios
al the fibms are similar 10 divmond  and that the only
erystalline component in the films is diamond.

I'rom AFM measurements of RMS surface roughness, (he
CIL, T, grown films were found 10 become rougher with
increasing thickness. The C Ar H, grown films remained

30-350 nm.

EXAMPLE XI

IFIG. 32 compares the [riction coctlicients ol S0 pins
sliding against smooth and rough diamond lilms in dry N..
The SEM photomicrographs in FI1G. 33A and 338 show the
surface linish of these Hlms, The triction coetlicient of rough
dizmond Hinm s high and very unsteady, Quctusting between
045 and 0.7, whereas the friction coeflicient of smooth
diamond lilm is around 0.04 at steady state and does oot
Muctuate. SEM photomicrographs of the wear track formed
an smooth diamond film revealed a highly polished, ultras-

mooth surlace linish (sce FIG. 34A), while the wear track ol

rough diamond lilm was covered with a laver of thick debris
particles (F1G. 34B). The wear of SiC pios sliding, against
rough diamond film was 0.3x 107" mm”™ N.m, while the wear
rate of pins sliding against the smooth diamond film was
2551077 mum® Nom. Wear of diamond films themselves was
practically unmeasurable in both cases.

I'[6. 35 shows the [riction cocllicients of Si;N, balls
against smooth diamond tilm in dry N.oand in open air. For
comparison, the friction cocflicient ol g highly oriented
pyrolitic graphite (FHIOPG) sample is also included. Regard-

less of the test environment, the nitial friction coetlicient ol

diamond film against SiiN, is high (0.35), but decreases
steadily ax sliding continues. [n dry No, the friction cocetli-
cient stabilizes at around 0.04 atier about 1,300 eveles and
remains Fairly constant at this value voul 10,000 eyeles. It
then begpins o inerease with further shiding, eventually
reaching 0.3 1 after 15,000 eveles. As can be seen [rom the
same Hewre, the average [riction cocticient ot HOPG
against SisN, is around 0.25; and the friction trace is highly
erratic. For the smooth diamaond tlm tested inoatr, its friction
coctlicient is initially high ¢0.33), but decreases 10 (013 and
remains constant throughout the wst,

LG, 36 shows triction coctlicients of 8iyN, balls sliding,
against smooth diamond 1ilm during, a long-duration test
(e, 2.27x 107 cyeles (or 30 km)), As is evident, the Ioitially
high triction coclticient of 0.35 decrcases o 0,12 as sliding,
cveles inerease. 1 then tends o inerease slightlyv to (015 after
75,000 cyveles and remains constant at this value, The
average speeilic wear rate obf the counterface ball was
14107 mm™ Nom. FI1G. 37 15 a 3-1) surlace map of the
wear track Tormed on this dismond 1im after accumulating,
2.27x 107 sliding, passes. The depth ol this track was mea-
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sured with a surlace prolilometer 1o be 0.5 gmy, the film iself
was 0 tam thick.

While preterred embodiments of the inventicon have been
shown and deseribed, it will be clear to those skilled in the
art that various changes and modifications can be made
without departing rom the invention in its broader aspects
as scl lorth in the claims provided hereinatier.

What & claimed is:

1. An artcle of manutaciure, comprising a diamond 1ilm
disposed on g substrate, said diamond 1ilm consisting, essen-
tially of carbon and having an cquiaxed grain structure of
orain diameters ranging, trom about 10300 nm and a
surlace tinish ot less than about 30 nm root mean square
deviation from Hatoess in the as deposited form.

2. The article as detined in claim 1 whercin said divmond
tim consists exsentially of o diamond erystallographic strue-
lure,

3 The aruele as detined inclaim 2 wherein said diamond
crystallographic structure ¢xhibits an atomic bonding strue-
ture consisting essentially of sp” bonding.

4. The article s delined o claim 1 wherein sand substrate
COMIPrises d microtip array.

5. The article as detined i elaim 4 wherein said mierotip
array s selected [rom the group consisting, of silicon, a metal
and a ceramic,

6. The arucle as defined m elaam 1 whercin satd diamond
film has undergone sliding wear on an exposed surface and
formed a graphite coating on said exposed surtace,

7. The article as detined in claim 1 wherein said diamond
tilm exhibils a sliding triction coe ficient with SN ol about
(L0412, '

8. The article as detined in elaim 1 wherein said arain
structures have an average diameier of about 13 nm.

9. A method of Torming nanocrystalling diamond lilm on
a substrate, comprising the steps al

(a) lTorming a carbonaccous conlaining vapor;

(b) providing an inert gas containing gas stream and
combining, said gas stecam with said carbonaceous
conlaining vapor;

() colleeting said combined carbonaccons vapor and said
gas stream in a chantber;

() forming a plasma in said chamber, said plasma con-
taining tragmented carbon species; and

(¢} depositing said Tagmented carbon specics onte said
substrate 10 torm sald nanocrystalline diamond 1ilm
having, cquiaxed grains ol diameter of about 10-300
nnt and said diamone film further having a root mean
square Hatoess of less than about 30 nm deviation Irom
Hatness in the as deposited state.

10. The methad as delined in claim 9 wherein said step (a)
includes Torming a vapor having, species selected tromm the
group consisting, of CHL,, C.H. and anthracene.

11. The method as delined in claim 9 wherein said inert
gas containing stream is selected [rom the group consisting
of argon, an argon L mixture, neon, krypton and xenon.

12. T'he method in claim 9 wherein said
substrate comprises a microtip array.

13, The method as delined in claim 9 whercin said
carhonaceous containing vapor consists ol C, in combina-
ton with a species selected trom the group consisting, of
CEL,, C-ELL and anthracene,

14. The method as defioed in claim 13 Turther including
. in said vapor

I5. The muthod in claim 9 wherein said
carhonaccous vapor consists essentially of O, molecules.

L6. The method as delined o claim 9 swherein satd step (©)
comprises the Tollwing incremental growth steps without
use of

as dehned

as dehined
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(1 depositing a C> molecule on o diamaond surface on said (4) inserting a third O, molecule into a rough between the
substrale and inserting the O, molecule inke o surface two surface carbon dimers, said third molecule incor-
carbon dimer bond; poraied into the diamond surfuce thereby Torming, a

(2) forming a new surtace carbon dimer with the inseried new surtace carbon dimer row runoing perpendicular to

wn

. molecule and the surtace dimer bond; the adjuacent dimer row.
(3 depositing a secand C, molecule to Torm a new surtace

carbon dimer on an adjacent atomic row; and EooE Ak Ekk



