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«€3ezj j k, ooybyTz METHOD AND APPARATUS FOR DEPGCSI TI ON OF DI AMOND- LI KE
CARBON COATI NGS FROM A HALL- CURRENT | ON SOURCE 5 This appl i catd ¢y 2803
continuation-in-part of application U S. Ser. No. 08/ 901,036 filed on July
25, 1997 (Docket No. 53257). FIELD OF THE I NVENTION This invention rel ates
to a nmethod awo oappas at us for the deposition of thin, 10 harah)useo/3004

wear -resi stant di anond-Ili ke carbon and silicon-doped di anond-1i ke carbon
coatings using gridless Hall-Current ion sources, and th of the
process to produce protective coatings for data storage %u@m@m‘ﬁwmm

appl i cations. BACKGROUND OF THE | NVENTI N 15 There are n les in
the prior art of the application of gridded ion sources to thewwrect
deposi tion of dianond-like carbon coatings (DLC) from hydrocarbon gases,

m xtures of &%lga P GRELP AR AYRRRS £ orBbathibht sk qmam%_&weaﬁ%m ddAriydrRear hon
gases W thi EURRBAT BRBOURE TWO recent articles help to illustrate
state-of the-art application of gridded ion sources to the deposition of
DLC coatings. 20 M Wiler et al., Applied Physics Letters, Vol. 64, pages

279Z-2799 (1994), Sattle et al., Journal Vol .

pages 4566- 4575 (lg'gg‘f a@é@@ﬂ“ﬂ%a8%’(5‘?‘\“&'8?1"6H”6f’&£A8%“8’81g]d? %h%our ce to the
direct deposit 08Q0R03d¥iled oS fulg2H A8y (BeketPas S32BMRI r wor k shows that DLC
coatings with high spa fraction AR oW !\“;’-\“.g than 10 GPa can
be deposited at noderate deposi tTor jmcicmavie apbout 10 (err) 25 per
second provi ded t harhig in)vermdnlrghted&grxﬂahmf andapparatus fon thefdepdsitiohet thigas i s

obt ai ned, ) h C/Hratio o n .speci is,fon 3)..the nmean
ener gy of tlﬁ ﬁ@gn‘?fﬂ’dﬁ‘%@ d‘ﬁ'&%‘i'hii @rb aﬁgF oy ?O ﬁ%’ m8g€f§% %?om the ion
beam As such, coatingdesing gridlesoHalt-€arrentporcsutogs, apdthatiee qvﬁthehpmms wneodyices near
100 to 250 eV6 _inh aorder .to f0 ) DLC coatings. 30 It is
al so known thaPmteC%vecvt"p‘ﬁs%réata%ﬁégc%ngtoﬁlﬁrgppvﬁatgégl ncor por at e ot her 24
July 2003 -2 dopant elenents, e.g. silicon. Such coatings are conmonly
referred to as silicon- doped%&g% , Brown et al.)
pendi ng patent application U 0 g#%@%eed Septenber 3,

1996, disclldse a Si TBireareaumerpys mmpimgn@pmowmfémwuana afé@ﬂétqﬂc
recordi ng medi gobdsth e Rird @ RGRskidH obxlam&m,@e Aanro%o&m@; e orRN

car bon-cont ai n| ng precursor gases by a direct ion beam depositi on met hod.
These Si-DLC cbydipeaghongagesciixtures efhydiogarbgn gases and migyfen gf inets gagep with

Nanoi ndent at i Ofy J}@Eﬂﬁlﬁﬁ%sés%%hlﬂﬁhé H%Buret. @QQ%eét%rt@Pe@ hEl9 td Hlusirde

corrpresswe stress in the range of about 0.4 GPa to 1.8 GPa, Raman spectral
G peak posi ti oftaterPfrtheart am&-éatm o4 Bridded forsspurces tp %deae%mn of e eqptings. o
silicon coroent.akvkiRn ei dl., APplidacehyaboeetfs, #8064, phod2002-0799 1998badt 30

atom c % and hydr.oge onc rat| of, apo 25 at bout,, 47 atom c
% In thoelr ex ﬁ%‘Fgé‘t’}' O g Bg lfegﬁ’@%‘iﬁ QPF%’ p&ﬁ%’cﬁ%gégaﬁég?ﬁé‘e%fﬁbﬁr atus to
deposit Si - DLCapplithiiciOst.a gridd&ioh souirée tb shevdirlebt dep&mntdﬂmcmsix@cheetyleﬁ@ sour ces

are limted in DLC.,and S -DLC de tlona at § he, tuncti on of
the el ectrost aBrt TEFFBEHRS tW?’ éfp 'ﬁ‘ 9‘3'98%?‘5)?"#}\5’?(3&?53
gono energetic ﬁ'reatbr tANe GPh Iaaxptlsd)dbpsiue@at msdeednAJe gépoﬁlﬁoﬂ tatéstup &cgﬂ)ob’emc urr Snt
ensity angd,. thereb epo at sQ t econe coate
Subst ant | apy " REtsedi poeided Tt e e drBikoF pmization i etstigns it SHBned 1
mai Rt SnanCe Cy];(imuglﬁﬂm ﬁ&u&ﬁloﬁxp&mks\@{jﬂéﬁﬂlaﬁﬂ@)&ﬁmmewm&ig?mmdmedmrlerTDVi ng
suc eposits fro i dded.i on sources erate.at .| ow
vacuum pr essur &V rﬂfﬁ%‘i}‘g é‘gﬁ"?g 1’%%%1’??“'1 °“i‘gﬁ?er‘?“ ??H‘-tggf%@r ?‘S‘f?dﬁﬁve i on
beam DLC deposiidn sonrcesitypizaldf ofeetswithivn ehergief\hene ¢00 r250@V1in aiikr todfomet y of
gaseous hydroc ] ;es. J.n order to overcone the limtations with
a2t S HhE e i

gri dded ion sou 'éﬁ?pts have been made to use gridl ess

Hal | - Curred0 ion soiticds Emwnithe odemey plodade RIIC EdaGngsowhicinipsorpbratetdtiese DC or
pul sed- DC devi ces, ions are accelerated froma region 25 of ion production
through an electric field, E, established within the bulk of the discharge
near the anode of the apparatus. The electric field is brought about by a
static magnetic field, B, inposed on the discharge in the vicinity of an
anode wherein the electron drift notion from cathode to mmmm"m’m ded by
the magnetic field. Electrons emtted fromthe cathode i Immgses as
they drift toward the anode *166166*
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24 July 2003 -3 through the magnetic field via collisional and anomal ous
diffusion. The restricted nobility of electrons across the nagntiZz008i el d
lines forns a space-charge near the anode and an electric field that is
substantially orthogonal to the inposed nmagnetic field. Ions generated
wi t hi n t he anwdaodresxharge region are accel erated away fronpttresmomde.
Si nce the anode di scharge and ion accel eration regions do not exclude
el ectrons, ion beamcurrent densities are not restricted by space-charge
limtations that are inherent in electrostatic acceleration optics. A
fraction of the electrons enitted from t-Be cat hode and those rel eased
within the discharge fromionization also serve to electrically neutralize
t he i on beam adopdnt pllempragatgesilimysubh oratingsaracoaeomy referretiGo accel erati on
region. At pre t y. fromt
di scharge regqi g?ﬁé’ﬁg p%Iaar eorexlc Iéélmléorﬁ%oc §sﬁé§“’{}m Iy Héﬁdﬁ'gplagﬁt %@g%%é’%n form
a diffusive ba&dk§rSeurib. dB@ﬁham:ﬁiedrﬁ@tngpet h,el%ﬁ,tdmtosehar-ameoamgfos of the
source appear
guasi - neut r al %?aigp é&sﬁ%ag&uﬁé@ﬁ&& Jn%%l re@?rld ng%lledﬁ%lénh Q ggpgosme I on ener gy
di stributiof ofsiliaogwnﬂdeldg puhcaslenur-eostaintitg precliisog gdse lwsdlrestuoabme has a
broad ener gy speci i Hathd! Sl‘hgépﬁq?iﬁ: Hatidts aYe gteh%'a bﬁ%J ﬁgs‘gﬁgns' ties.

e e |

The conbi ned output of both'a s neutraliz I on ans an fusi ve

pl asma i s sonetf¢atuses: (Ngneindentation hasdngss: %thasmelgé@hwt 12382 tod® @ear act eri stic
feature of thi Il K Of

el ectrons in tﬁgﬁlgngsl&egsn:e%g z}%qé&r%gﬁ%(ﬁl@ogldggﬁ?grﬁgﬂa ﬁ%%@%)?t{r:ﬁgp% about
the lines of t imesitiemindhs xangq oflaioutdpem s tecaboutr] 580 Rmé sotiliqag|cpnagniration if or ce
and col | ectmvelta{e rqﬁéééfabéhtq a?dnme%eo%oﬁ%b%aﬁé %amy&re %hcemmtdfc and
electric field his is referred to as % current. In
order to avoi dahmHZSeréﬁ%tmabow?@wnma% flbthwaxmgess ﬁggdd@ﬁwaosweeﬁn ft

pat h, these i o@,@gwﬁshJ@Pga%qu&pgg@gm@goaruggg ons or channels that allow
Hal | -effect current _to al ong a conti nuous and 25 c| osed path The

prior art refers t o Hopews, ‘EVM‘B‘PWP&?SWG@SBVC%?“W&%@ DLC and

" Magnet o- pl as m1mf®aap6smxcap]5nwmﬂs;sthe fintidn of CadcBORhIY diid opticd Whiek - Dri f t
Thrusters",,_and nt 1on Sources"

, e ose of f
di'scl osur e 15 SR L R aetRarr et eeas o heigiindf mobER vt e fHbne | on
sources". Yet ahmlielamrcumem&ieﬁxwahd ttheérebyt the ldessivigy rdtss. (Al thEgddsl-lbbdme i on
source descrlbed b

20865 035 1 sogane et withgRaosis Fhih exerfally HisteErRiutioRIl st rate t ne

prior art with mﬂgeﬂadcé cyclehaand p@ise egtensive Mnthiahbe;iaihslémmvhemmoing@m to the

s cs) 2 Vor JeMpre Buhdfeuid S Gl o SORBIGRRRI By op BB

Hal | - Curr er?0 i dypisatiybelow e tiof 'Eqsmaodtypmpll)amuomaarmmégmsmbn otes®f hard,
abrasion resis Rel at ed

Mat eri al s, Vol tl@sglhap%gég& Téf}g%lial{ ?@%@f‘%é%g{’:sr@g’emg "Eﬂ?’fl’q’tﬁﬁf’?‘em i on source
used in deposition Mondsltatowrmlyethleétmstpmmtlthll@cﬂoam savgees, ptor Bal dwi n) et

al., U S. Patg } @s H%Z?mﬁhéﬁlqgg giditss ¥ ﬂCul—:%Won%L réet k&‘?hdcadeBBé?t%So? for

the deposition 0 y conduc _
el ectron-eni ssiBI&L mnbgsn-lbﬁ@eejDCldrp'slsaHaCdg‘acesnges are awgletdimi fiomia Kegidn | on

source of the Kg &Hn@@du%&orﬂ!hrouég af Rk ﬂ&ld, E, established within the bulk of the

discharge near the anode of the apparatus. The electric field is brought about by a

static magnetic field, B, imposed on the discharge in the vicinity of an anode wherein
the electron drift motion from cathode to anode is impeded by the magnetic field.
Electrons emitted from the cathode ionize feed gases as they drift toward the anode
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Knapp et al., U S: Patent 5,508, 368, issued April 16) 1996 and Petrm chl et
15 al ., U S. Patent 5,618,619, issued April 8, 1997 descri be24Jpgyd®83s in
“which an End-Hall ion source or Hall-Current ion source is used to deposit
hi ghly transparent coatings conprised of C, Si, Oand H wth

Nanoi ndent at ivpmodMaoziness of about 2 to 5 GPa, and havi ng alpcagise3004

resi stance conparable to glass. It is desirable to deposit DLC and Si-DLC
coatings in a production setting on 20 a wi de variety of substrates for
many applications by direct ion beam deposition with a gridless

Hal | -Current ion source. Mire specifically, it is desirable to deposit DLC
and Si-DLC coatings froma gridless Hali~Current ion source wherein such
coat i ngs have Nanoi ndentati on hardness val ues greater than 10 GPa and
wherei n t he detnasigh 'thamagaétesﬁedxfvxsuclhsncmaxixmagrsmroas diffesiber Thdwestridted A per

second in a productiqn 25 setti i rabl

roduce ul ¢ r o Py od BsEtod Sbtopd S, mbnoRP HERTNE, Bem dsrsPe RSAIRE e 50 _ ¢
50 A thick DLGnadélard anldleCtriv\fieiCihattis subsﬁaimdli&mdh@malgo d&txmpoﬁebmgﬂ@w@a on
magneti c transide;fée{?s and m%q%l iﬁl nmedj 3 UIS data s ) ta‘g %plg ?hatl ons
to provide the 05 generarqd gy, 83?0‘16 15 ar’%earﬁglgnﬁ”tcﬁee VG K Fift er f ace
whi | e nai nt&ai namge vEinge thomoda gisetarge ang fomi accelerhtionregjbnsudnl notrexchrdeduct i on, it
24 July 2003 r v n i i

deposi ted at r% chon O?ondtgai o e%t%a%%tse}g%r noﬁegtgg% gb? rslpag?-ggaﬁé% @m%&e@tﬁ tthe
producti on t hraoegithprent 1ncehpmrmseatmab®leramn@dnhst iAofraction ofthe rlectedns emittefl t he

properties of 4hg tt@t@th%gé’a@ thi%e Feledstd \%ﬂﬁlﬂlﬂleydé! [ﬁl}gé I*r&‘iltm&.?au%ﬁ aﬂ?La‘?vét% app' y

t hese coati ngs In envi ronnent necessary
the Hall-Curr eﬂtctmaﬂyggurabee thamltehle af B IprapaBates mdlﬂtomhaanqsihanqct erl stl cs

and capabi {4 ti £3.14fA6h ggggs Eﬁgsugsgbmq OS'TomﬂQnﬁ&?Jn' a%? froir) th@ Qxﬁfd@t e at

relatively high power a arge current |evels, elative
i nsensitive todlmergnmmmd@bmeemw@aqd@ms wiskin thegen bmtcand@mnw thin the

anode di schar g& e, G0d %k%%gﬁcﬂﬁsdh%e ﬁﬁl&:‘hg Bhe ok u?lha%i’e?ist‘i”cs%?ﬂi@s@&}w&éﬂpg&rh at is

reliable, consistent an metric wth respect to i on sourc eonetry,

3) be free of #dotnan eectricallnpengializeddenchaam and @ ayesraputiphdidypive plagma| ect ri cal

transient evenyglikedhe Rr %ﬁa.eﬁ@geﬁg et &e&?fdistr?dﬂﬁbﬂoﬁ DerRRIed RAis6ures) 1af f
operation, and 15 5) be easily scal ab |'ications_invalvjng |arge

sur f ace ar bas. Ssiss8 fongoyroniins o ke SORTEYSRRFIUENIN iscaneble QfRenueh 9B m
limtations whéuifeni dénsies ThaRbmbine®odtpit o!‘b&hd@ﬂﬂﬁédttaﬂi‘ed%n bdata smdd Si-DLC
coatings in ad@ duct| on envi ronme%te ?‘5}:0 1 thaﬁa Rr;,or art references
teach how to Bﬁ%‘?’?pﬁ_"@’éﬁ?f"@lmﬁ T 'Pl“ﬁ@ #iMa"°A%r dness greater than 10
GPa and at deposi tIAm)tllieabEaﬁacﬁtbﬁéﬁaml'e&’nﬂﬂjﬁsg;lpeafﬁh sburadiis A EA Rdrifper second.
Furthernore) prior. art ferences, .do not ach how ver c bI ens
hesoct at ed wi | gntAedon & <FEERETE pEdnaR desRRErmaRn SReBYE SRR oft
coatings i20 a ghoothhe lihesrof eievhagnaticefidld, ekpenidaceain Bxt B, ormBeffedm‘orbhdese of a
relatively high. be cabout 200..t 0 on source
in the depositf® Algabn]y[{g'g ctjon pefendi ‘Qﬂi‘ ggtﬂ}ﬂag?%g&n%{ect& 38‘:.‘}%3 t he
appl i cati on of Thibis refefrad tta¢a Hall-eHectdrift auerantl Mg srdedtoavoid Blalllppteatiads

sophi sticated d sesrra orm tI.Cer|d
S Ehin e oxt B EeE ATET TR oGl T RO ot ROl R e OER el
cool i ng of t heregioasler mmm:thqx aowl Halleffagtarrert tis diifs alopea ammdumts ahdw gas fl ow

rate of a few n Cc Anp. Usi ng an
O o2 SEETon A a2 ARG WRSE G for didcBlby AEY et
“Magneto-plasma-dynamic Arc Thrusters”, “Hall Accelerators”, “Closed-Drift

Thrusters”, and “Hall-Current Ion Sources”. For the purpose of this disclosure, these
devices are referred to, in general, as “Hall-Current ion sources”. Yet another version

of this technology is the “End-Hall” ion source described by Kaufman et gl., U.S.



LS

-6 eV, the peak Vickers hardness val ues of coatings deposited from nethane
at 10 cm downstream of the face of the ion source were high, 24Balyt200800
“kg/ 2 Vi ckers hardness with a 10 gram | oad. However, the deposition rate
was on the order of only 1 to 2 ~ per second, which is far |ower than
desired. Therwoioe4mzs t eachi ng on how to operate or confi gurECT/UR00®GUr ce t O
produce DLC or Si-DLC at high deposition rates. Miyreover, this type of

Hal | - Current ion source does not have an i ndependent cathode that generates
a self sustairned and continuous em ssion of electrons. This nmakes periodic
on-of f operation difficult in production. As such there are no discl osed
reports or enbodinments within this extengled-channel Hall-Current ion source
that 10 suggest that it can deposit high hardness DLC coatings at high
rates or that pgteﬁarrg@@gnqgaed:m{fgmmgmg@ ens encount ered |n di rect

deposi tion of coatr_gl? t hi r at esl Edﬁlﬁe ev_ et B m xt ure of

hydr ogen and hydr oc3#%f8 0‘1“@& Bguges ilfustrate e prionarp it Feéfr to thﬁp%llfﬁ?‘H’e with a
wat er - |CFO| ed anHﬂl-Cﬁrr&ftQﬂt&)ﬁﬁeﬂo%éﬁmﬁsll{lﬂﬁofﬁﬂwfdanh@tentlWaﬁ to produce
optically transpar atin 0 el.s i ght ption.
DLC coatings pr oducﬁ%ﬂd%eb?ﬁc aﬂﬁ&%ﬁ 18FAH§X3:ﬁd é‘@ﬂcsple;ﬁg% %&é‘@-‘g?ﬁ‘{ane and
atr:]et yl ene wer e(mppaes‘cﬂsb Ohigh umgymmsu@aﬁ lidni soteel uskd fortoi hﬂﬂiﬁth&mfaﬁd:e of

t he i on source.

osifio ates ra about 2 to 30 A per second.
However, Vi ckep?ﬁlﬁpﬁﬁ ‘E&F’raflﬁ%“ﬂf@ﬂ&]g%{: é&ng%as very low, in the range of
400 to 1,000 kg/ erFe(déseteo eral ﬁﬁ&x)oxﬁ&&&ﬂéﬁdd\hﬂ[dtéha& Vel ¥, pageddi4lngad of 5
grams. Further t.the DLC coating hardness is
over est i nat ed ng gesﬁg e%ﬁol!lg:gﬂ'e'? AW JOREFENpedAn 8’6?5@0" ﬂé’eg&fﬁy hf"ﬁs@?rgmi s no
teachi ng to suDi€sdoatimps t 0 achi eve very high hardness DLC coatings by neans
of Fedoseey,s Hall er at,0 n Wi, [0 ..ef in.the - 9
pat ent des::[rl be a pﬁ%lg‘glss ’?‘}érbdd Qategt%l%ﬁg?fﬁg%%%grl@r 1?1%%8%)%3%% BI(_’E?JSZ
coatings usi ngfanhddeposditidn ofidiamemdiikeslectivalineondnditve; and eiectwén-erhissve 5
process, vario 0, ] gt i i dto
Geposi ¢ LG coltPLahdf Al 8GR Wi REBNT Bl ) BulchPRORR AR 2P
har dness of 8 (G3&.patent.t hei r preferred enbodi nent, Baldwin et al. teach that

DLC filns are prOdUﬁﬁ%Rte?;}/ai h@ﬁrageggglsbs wlsa%r&p\@}nﬁéq%mmxan gpn

m xtures with an ion er C atom deposited and
a beam cur dé&nt abdASi I’B,teftsﬁ BoLR, igued A\Ffd@19%&650"2%9(5109552‘0@91011 an ot her

teachings are PRESRNSHAR%: BHEESHen IO sdfbeTPSNed Yo depBiAILNL RInGRRA L1 ONS

or the configurat]on of i on source so asS to enable the

deposi tion of Mtysﬁ%mpr@z@fcﬁ 56iQ mddiowith Neppindaptationdirinetissiabow R 10 at es.
Knapp St a: agﬂ’gpﬁﬁrhmnﬁ hbxﬁiloﬁ}egtstahd% cbh@araﬁﬁ& ﬁmt 6(]:]-9t pat ent fS) .
respective escr n ion be n met hod t o, manuf acture a
subgt ance let h i nprBG%Qbi‘s’é%l%Q%HW‘gﬁéjF&é EO3HAGY 1B $PEPULN SEHIBE 0Py ¢ he
dreT;[) a:j | ed fleecr hmédé)%ri@iy df sEisstratef R RahP AisplicRioAPY Giseceivel bamfie;rdgmdn with

enbodi nents, an i on source is, opera rbon e

i ncl udi ng net héﬁé‘gl&ﬁcl}‘?ﬂ{/gwﬁ‘ﬁ’é%@“?ﬁ M@H&flﬁ‘i‘ “Bﬂb i *Fﬁégég{f B?;?:TTBI’I |y
focused on t he afESIL.Cicostingé ﬁ-hm@f‘éridle@s(HaDSubérﬁ ,xonadaﬁfbs merermblseauhgslo
coatings with B@Q&rrﬁg har dne In {he raglgﬁ ﬁﬁOt 2‘1 GPa and | ow
conpr essi ve st @& pRfatign F“e%fl‘? et T‘bot o apdsthesei §n of ot her
types of Hall - Gegdsitioh rateybfSeeh db@ﬁndslareegredtﬁtklhat&(lﬁqieﬁﬁe%bﬂf inlagoduetisrces) for
this met hog but do ot di sc‘éss,o trag’gec how suych alter atlve &rcéclp Ss ion
sources shéul ds%“%l § Yhgme oﬁfsi‘{iﬁ' tgProsies V%&h"?r?% Lihag | é‘out
the disclosed gegpasblyabout 0@BNod0 Athick DI, Si- D1y eve&roetsnﬁtht}ﬁﬂmmsrggatex\hr ch

suggest how to a on _sources .t o rdness DLC or
S'IBLC coatt no U0 prarRet ot B0Y BREegk PeliB R o fa AT e

short com ngs ohp;pircaMnsads provide theCequired tritiolugicabper oerarse of the headi-diskd by Mahoney
et al. in co-pe t ent ca 6 filed in
Suly 75, 1567 AT s BASERDR FE 107 BeFsE meend Beh SRy e B i ce.
Set forth belowis a sumary of the shortcom ngs of the application of
prior art Hall-Current ion sources for the deposition of DLC and Si-DLC
coatings. 1) Inability to-produce DLC coatings with hardness greater than
10 GPa and at a deposition rate greater than 10 A per second; 25 2)
Inability to operate at relatively high power and di scharge current |evels
for extended periods of tinme in order to facilitate high deposition rates
and beam current fluxes; 3) Operation that is sensitive to the
nonconducti ve hydrocarbon coatings that formw thin the anode di scharge
region of the ion source;



24 July 2003 _g_ 4) lon beam properties that are unreliable, inconsistent
intime and spatially asymmetric with respect to the geonet r\24afulyt 2003i on
“source apparatus; 5) Susceptible to damagi ng due to plasma arcs, shorts and
ot her undesirable electrical transient events which inhibit production; 6)

I nability towveasd/d7923i gnite and apply to periodic on-off opdCaissii3003)
Difficult to scale to applications involving |arge surface areas or w dths.
GARY OF THE | NVENTI ON The nethod of the present invention conprises
depositing a DLC or a Si-DLC coating onto the surface of a substrate using
a Hall-Current ion source. This 10 Hall-Current ion source and its

enbodi nents are descri bed in Mahoney, et5-al., co-pending patent application
U S. Ser. No. 08/901,036 filed on July 25, 1997, the description of which

i s incorpor at eid desitieéd that thy omfstmtsamnﬁagnE’@ddxklmbleae;iqsi,tectdneatésmfasmursctezoA

i ncor porates a_non- r{adr a@ e or, f E’ etl gnode t hat provides a

conduct i ve surBA&E°RT HLEF %?‘8%@’?/448%” CHEPHLITIUEM At current can be

sust ai ned conti nuouﬁlagtdrﬁmdtob!ﬁtrmmﬁctmﬁtheﬁrbyerwmot'fdferﬂI;C aisitDLOdt anode when

depositing DLC a nlg ‘Si'Ptht:thatbi ngs. 1I @éthe rnrtra sdte s of. the t hod, the

substrate is nURLERPCHTY R @iagﬂy fEuttestdnBere E'St PPN He

Hal t - Currerft | Bhussibismeeessanylthiattbe Hiall-Cusreshiorcsoatoedater tberfdlowingrdditional An i nert

gas 15 SuPD! | Cebalaficfibics SPLaoMIfiiShlen JREBRRLNG SESNOAT Glafighy o Source and
1 y excl PE y POWE . e.

the electron source I's Sul one or
20 more power suppll)essrateat pshativélybigh pewprng dtsthﬂgee@tmmdsvdsobarelaawdde of the

Hal | - Qurrent ﬂ&m?:ﬂ%  fofthe SHEoff) tﬁ’s?eﬂg gtrg&i &{ &@és ot U\L‘?ﬁtﬁﬂ'\efa'ng the

vacuum chanber manner orrra 1on of a plasma
mgrating int odlsdhergpmgeoanﬁh&)bnsmecel—lal | - Current i on source behind the

anode. Plagma main dz‘? Qx%aeoe%%%? t'?‘{h?rt 1%&{1] ﬁﬁst&rﬁra{?&%gﬁ‘etﬁé‘ tﬁfresb&‘?toamde

and into an anode ar ge reC I'n ’t e vacuum A vol t age
is then appli etétetqnsemseecmw@mcharge current to flow between the anode and

the el ectron sour ca) poddl bf Sty debhalAaRHR di oRRP ARG AlRpCt T ommgnet

power supply for el ectrorragnetrc means, i1.e.” a |l east one el ectromagnet, of
t he Hal | Curr enfensispt e¥gltf.ce, causing current to flow through the

el ectromagnet. Thi a)meaabbtt&ghmeaxdragmtb&ﬁdwnctﬁbew&ohornaed across the
anode di scﬂfr ge reg5 § r] fﬁeCt rons 00&3 ioni zing the

pl asma mai it enance 3&¢ aﬁ lafb tﬁt“ﬁ@]"’at“tﬂsa‘g'ﬁh”‘lﬁe‘arﬂf’é? "ﬁ&?eﬁ%ns t hr oughout
Ej he an?dg ]gi schar gg)ﬁoegnwltarl-oﬁrﬂeameﬁ sciitcePhiCaidTer &mmatxanpdtvmsmmib&n beam
ep03| e rom car no, ontainin ases o a m Xture

T ons cont ai HERgs e Armenon BBLE sk S oD £ 2hsiines s Buactph Epormen
D”L ing t] he 5 dnmf&hmortanleefaeﬁnéetewt lidweto rmig&s}t mstohﬁcsm%ccasﬂtmgegwmans
other than ra | ve ther SSI,0Nn 1 ..€. the u Oor conve

cool ers or co?tl?fﬁ‘i’t 6F’§‘r]50 qod gt dsppsjtion 'ﬁés a‘%&aﬂ*ﬁ‘g gaeaf?rﬁt‘a&q(t?dgl ed
anode. The20acpen mha Mepﬁcﬁs,wbem fefaremeedsid tdach Riwsgvebine ppobbssur e and
a DLC-coated o ubs, rat ro e .10 The
fecover aa b ropad wRREh e fereshifbeioRte 3%%8?21%%*?%“5&??%%&%&?%810 a

and ar e deposi preductibn emtirmgmentbst ant i aI I y great er than 5 Alsec, i.e., in the
range of about 10 t un Qg r.ent sour ce.
This gridless ion s(glﬁagi %gtﬁéa%sgnl?ec}gé Ei%'vei %I t(*ﬁuopt%t#thrr rent

i on source t hatOOQreﬁ{OHa&SJuhteattmm mrc.nhnthe depmsrtmnméDLEeﬁlmsd‘rlohemethawphﬂnt er ed
with ion sgurc f f he of DLC
boati hoe. She Eond skl olepcafibd of e WBERRARP St 5fC Syl PRl D O

anode, al ong wsophistidatedpleviserasesraiany elacrregyaseddmos mzlgrreacﬁlel;i witttioitt he pl asma
beam and separ m.t.he .i nt roductiaon i Nt enance gases

t hrough t he ga%ttgtd&%%cglemh%nc iFtel gﬂr{%ﬁsnoodﬁrseab?‘:%vﬁm&nﬁom |ncpt he anode
are at | east ggseemtdy andithe apamtushiaopectted it dow gasddvwDateof alfengtdn efd alowocal

pl asma fornmed g i % ' figured
so as to substgﬁtaré tcf Fﬁhc?jggt]ﬂrr%ét grlne OGUSJ t:ﬁgg&&fl{el Pég%iglts?f%gaonto
the anode within the gap such that the anode di scharge current is
substantially maintained at the anode within the gap near a |ocalized
region of the plasnma maintenance gases passing into the anode discharge
regi on.
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25 This unique Halt-Current ion source conprises: (a) an insulati vela/
seal ed anode to prevent plasma fromforning behind the anode;24 )y 4003
non-radi ati ve cooling neans for cooling the anode; (c) a self sustaining
cathode, i.e. a cathode having an i ndependent power 24 July 2003 WO
00147023 -10 waupptors (d) an el ectromagnet that operates at PCRHSW/OMA¢t | al |y
on either the discharge current fromthe anode to the self sustaining
cathode or on current from an independent, direct current (DO,
periodically reversing or, alternating current (AC) 5 source; and (e) at

| east one gap within the anode to introduce the plasma nmai nt enance gases
through an injector or other injection mgans. In its application to DLC
coating deposition, the Hall-Current ion source apparatus nay be confi gured
with either a eVparReesl Vizkéts haraneslvitiadslof Coutingsdepoited frothlngiRine at B@EwN. The

non-cl osed Hal | - Current _ion. soyrce uses a per. odical)l evensi. or

al ternating m&ﬁ&’?ft@aﬂoéltl&nf?w cgtﬂ(‘.f’e‘Pn f%‘rﬁeo‘?"%? '8 I"bg‘ﬁéj'%%wz‘éa%?pati al
tihrm- aver aged ®didaeds with ﬁwgmﬁl dad. }/v.iﬂbhe\ree,&pe@dposi@omhe v@@@ﬁﬁlﬁdc}tdamﬁloﬂngll e of
the ion source., This non-cl.ose -Current .ign,souctce is,particularly
et ul i 5 o enadi bR S pdReca T e I thamdlesitso ThIRe Ty PeaREen R to
substrat es. 515 dptrateas chsfiprd thisnourtdidtproduesDLE@r Bi-DLCrat high Begoshion eaass
produces highly,insul ating deposits on the anode reqgion.of the | - Current
o o co. JopdrbiEstes his Bbe O RAT-Chireen sir-Raaryat BfYeah indpendi Ahederar o
current f rom-t hbatgamk&eia_melﬂ_fsestsiebd axﬂwsh@uni:sngnis:mdwdbptrms. (thistdedkec ur r ent
froman independanl oRSHBMAA inchf YPh3hRboR" ACLLRLRA L0do GHELERt Sour ce
is preferred over a Arre PRI Rt s LReE WEVET, i1° Ha8° 58°B%En f ound
that for cert airepontsocembodiments within shinriterded-elsanh¢l Hahl-Quresint ipnisoiscd theti ng or

conducti ng @epQsi . . ] i ] . I recursor
Gao. Tt 19 100 3led Al it AR BRLRN Righ Sl ol ContiBsAONRA ol SO RERE T O
usi ng a direct addresssiomngmprodehoencolrtered imclinectepesision oByoatingy asdrighiratgs.t he

precursor gases (w ' ' i nt .
conpletely or in patrFtQ d(?%%?)cl)gt%ggwgnacr}g‘g{ uﬁ?ﬁ%ﬁ% %@gh?gﬁggﬁof%fggﬁgf%-amr rent
i on source, it Hall Axseleratardon spurpeyith a watereopled enatgso produced 83.G ¢patitgs. r ange of

about 10 10 abogeir 30niwikdb pRiia Ehticilly thinBRAFAPBES cbRtingl Gith 349 vl oROOUL | O
GPa to about 40 GPa and conﬁresswe stress in the range of about 0.5 GPa to
g\(ﬁrﬂgeg

8 GPa, and ISi - hjsht sbsemptiony SPLE cogtingsproduced Som:afged g5 of plus medsae. 200 A
per second, wi tehlahaazdfmglein@wt«.feeiep@é&g@omubstrate?miﬁ&mqts chDr S thelfacedjpout 40

GPa, conpressive stress in the range of abouE .5 GPg to about_6 GPa, and
silicon concent&IOn&pnres, Pepasitignrates sanged,om aboyt g 10,30, Apengecandy Howeyes cent .
Al'so wi tg the F\G&Eeﬂ&_ﬁ@cﬂhe@ioﬁtﬁ@lg?ﬂicaét&gmhé Ve o It thé magie%wacé a,gﬁdiéi gh beam
current densities, it is possible to deposit upe tedly rd .OLC coatings
at surprisingl Y& {*tPHQ-G}\%F‘&ﬁéﬁdi"Yi aevr?@'rl&hé&aégfggrapésgu a}PF&dt %o ev,
using vari @os ewe ek RDICesifaRR8nesSiRokéredtimatedibl ThddNe OF subhifod)RAW NG FI G
1is a di agrarrrra&i‘; fr ss-sectipnal vi ewh.of an enbodi m&*n%ji of thﬁ'
Hal | - Current i oRAeREsE foads | Atughyithege 1§ nodpachiog tq SVBReShAPvE i aqhigee Yrsy ighy ¢ or
vacuum fl ange MardiesDLOgoatihgsby medns ofFedbsgv’a Bati tAcceleratou Riarsaiiican of t he
1564 Lo deposi t DL CEARSE i LR T ffrofyet process ot Gépoiting ShorpRos” '
or nanophase DLC coatings using an End-Hall ion source. In one embodiment of this

25  process, various hydrocarbon gases in combination with argon are used to deposit
DLC coatings at rates as high as about 33 A per second with hardness of 8 GPa. In
their preferred embodiment, Baldwin ef al. teach that DLC films are produced by the
End-Hall ion source from methane/argon mixtures with an ion energy of about 90 to

100 eV per C atom deposited and a beam current density of about 0.2 A/cm®. No
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surface of a substrate; FIG 3 is a diagrammatic illustration of the
application of the present invention 15 wherein two Hal | - Cur rzintuly 2003
"sources are used to deposit DLC and Si-DLC coatings on the front side and
back side of a substrate; FIG 4 presents plots of deposition rate versus
acetyl ene presgoneem2gas flow rate at two anode currents forP@MIAGIYEA4 Ngs
deposited by the process of the present invention; and . 20 FIG 5 presents
pl ot s of Nanoi ndent ati on hardness versus acetyl ene precursor gas flow rate
at two anode-currents for DLC coatings deposited by the process of the
present invention. DETAILED DESCRI PTION OF THE | NVENTI ON A detail ed
description of the Hall-Current ion sourke of the present invention, 25 its
operation, and enbodi nents are set forth in U'S. Ser. No. 08/901,036 filed
in July 25, 196thyr tedvbingearaiptesehtetetbatrsbggestdrowab nidify qumoqem@mpmpmcs@dﬁer ein
by reference. ment of
the Hall-Curr e%’% ﬁ%%ug%{)fr{ﬁéﬁ g“ gﬂgg‘gg %16855%@1'5%) ?e?g%p{algg{l%ﬂ &%&e he basi c
conponents of DhE aIS6DEE qoatings kkhiph diposidon ratesn sour ce appar at us.

Hal | -Current ion s t 0 470723
PCT/ US00/ 03004 - 120%@&%%&%?& %‘Eee@ ag'ggﬁﬁ& a’l‘!a%lf%éatg& 3fesY§ﬁ§ circuit
assenbly an¥ ed@embecﬁmgmbqamd:poameth@;@mnﬂnyfamre tamsts@pam@tlmpmwbr suppl y
means (not sho I ron emtter
Sour ce 16 and aogasrrietsutolald M NLARE Ih hellafes FBLARKE FUER 0

el ect romagnet maentipRg ermgmleqané Pfﬁfefml mhoémeptsmw-lﬂsﬂ @n@@wmisgwa@ a

wat er - cool ed npgp %arscé;wnegaeessmlyg AhaR ALK ot Hefard do AQIPDLEN Bhbse 24,

outer pole plate 2 I nher i ece driven by el ectromagnet 14
posi ti oned w. t PAtents W@éhf@ﬂseéfoné% ﬁﬁ“i‘%’d?f hf&bh/ atppsitle, phyasiomigsiganendl y 10.

The power wrnphoauﬁemﬁh ?ﬂéﬁﬂjed ﬁﬁdms intfe raEgEe om%&@c{o\s@ﬁaaag@ldwve forms or
conbi nati ons of such tage wave forns t ho DC a pul sed-DC are

conventi onal | yc‘lj‘é@ﬁs“’f@“qﬁﬁel(ﬁ%ﬂ?rfégﬁélﬁ? E“%’Pé‘? WFéB%l'cétt“é’eqfoﬁ’ﬁbﬁ'@e%@senbl y 16
conprises i nneHamdentnbm@ans ROHAIUAEdelRatOi8n Edunées)BRor tHiRetRdd, d@fdonRd by

t he allgnrrent rlnlg cg(g@ ai as di stribution manllfbold ordlnjectlon
ring 40 suppll °‘1§§/° {Gach howspehalierriptiye g gss ipngaurcessbguld bp designed,geoyer ol  gas
i nj ection hol eSmﬂirgereﬂloZS;SErﬁEEiinW&fha&? oﬁﬁth& exsuaseﬁcae;msmodlnaﬂddbwse gas from
mani f ol d 4X|nto 34 A e somﬁ q pﬁ%'@? 15 cooling
channel s.  AodteBEisB<pofess G asset hey oo HalCptetih sopesg o’ of
fasteners, e. gfqrmsﬁimiﬂadhfesssmu(emsSMLGmhtings atsl@lﬂhedmfﬁradnctxble magneti c
circuit assenbly by};t%le b L gnrlrll g ”mﬁglﬁgu |ngsou at%rserO whi ch
are typically made OF higR etr%}?p PUEMRES PR R A REE SNV LT s
atta?:hed to théesmimnwmad\ooéyétlaamg@ padingipatentGdpphigation WeS. SHer. sttenﬁr sf62 ang
i nsul at ors 64. . t.l the fit an
finish of surf g%/ggp?)%?iv{%&eﬁ Jﬁ E%% ‘%ﬁgﬁﬁ&? %‘?kﬁi‘%‘(g?'g”ﬁ@‘%{alﬁ frelzlna 30, and

bet ween poke 2e&ferempeul at or r| ngs 50 and ring 32 have sufficient fit and

of "1 on source. houst s it Bgy, sty O R IR ot hd dbpcaiBh of HLOTC 5
that provide umtl]iaﬁhcalapabpm smlr@sfczsher@bwmofmqm SlfDLCbmmzﬁepom tion of
DLC and Si-DLC

an ! coat ie)rlg%ct}ﬂgtg% #&‘gguce(lﬁ)C @cﬂtﬁ%qqﬂl %')r &%er rkfxlfa%d E{'

formati on and accel I'asma nsul at| vely sea
anode to prevehﬂeaﬂsélgmt&m@#ﬂftbmﬂ%Pﬁreﬂwqm,the anode

25 2) Inability to operate at relatively high power and discharge current levels for

extended periods of time in order to facilitate high deposition rates and beam current
fluxes;
3) Operation that is sensitive to the nonconductive hydrocarbon coatings that

form within the anode discharge region of the ion source;
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24 July 2003 WD 00/47023 -13 (c) a non-radiative cooling means for cooling
‘the anode; (d) a self sustaining cathode, i.e. a cathode hawd4nia?003
i ndependent power supply; (e) an el ectronagnet that operates at | east
partially ,on either the discharge 5 current fromthe anode to the self
sust ai ni ng cavbosgenr current from an i ndependent, DC, per iraadyusad/d39o4
reversing current or AC, and (f) a gap within the anode to introduce plasm
mai nt enance gases or working gases. Additional unique features,
capabilities-and enbodi nents of the Hall-current 10 ion source are
descri bed by Mahoney et al. in co-pending patent application U S. Ser. No.
08/901, 036, filed on July 25, 1997. The-s&advant ageous features of this
Hal | -Current ion source nake it well suited to the deposition of DLC
coatings from car bof)laobeami propestigs tieat wresioreligids éscoasiderbin fihCandspatiallys, fr, om
silicon-contaipni ar bon-cont ai ni n ecursor gase 15 Moreover, its
application reass&zn?%e?cw re%(g%tfaglbq%/eowftéﬁoﬁé? gL S?)"frced%ﬁ’&rgﬁﬁ on of very hard
DLC and Si - DLC coat$)riysceptitdatordagnging dué torpldsmanrosshongs @ ofttee usdebisdbient i al | y
| ower than previQus bel | eve eces t.0_synt hesi ze hard DLC and Si-DLC
coatings. Usi néeﬁ(%ﬂ‘fai%ﬂéfﬁ& geﬂ‘f‘iﬂlﬁﬁgéﬁﬁf’ﬁﬁfx’l on beam DLC and Si-DLC
coatings wih hardrﬁ)slsabvlaymeasxi)axggtemgldfappimcab@mﬂxcbﬁ-dfbop@ﬁxtnﬁ]?a are possible
wi th nean ion ener out, 40 1 00 eV at deppsition
rates that range f?* ﬂéglt etg%z)‘géyonse'r "%‘é"é‘ nadge‘l%"&cet?{%as éﬁ"é‘@?ﬁ. on of
DLC coatings by the nethod of S UMM RVENGION t he precursor feed gas
m xture i s nmade up
limted to linear oﬂ c&%{i%&%&%}%&%}éﬁ}hﬁt@gw@dﬁ%sd% i&gdsﬁﬂn%f’ Egﬁle et hane,
25 et hyl ene) benatiog emtetheaﬁee“aqﬂ@neubsmtxamga&ﬁalﬂ-ccryremomesmm vwhisch may be
m xed wi thyd nefhy. @gﬁ'@iﬁ 16r{%|ul'£@' H#lbdagﬁ emaﬁgsgnl;egx l\gﬂ&leﬁn&%‘ helium

an urt

xenon, Kkrypton, m Xt ures t ere erm)re er nodify the
properties of ecpending patentappliestion Ve Sglaébsoﬁ/?(bll,(l}élfﬂ@ onduly 2501997 ket ed to

hydrogen, nitr [
conpounds, an dm ttltj)El e0 tg (’.’?&g PS e%%&g H&e‘g%gg%g& M}l(t?llrahﬁ %B&QH\E%I %!0/ 47023
PCT/ US00/ 03004incamporates aingmrragitive er @éﬂogﬁmﬁeﬂwmﬁp\msm qqndtetwg

coatings by th@reirsmegvmeretmtreﬁe&ﬁmcarf&ie&wbeeustém BhtafidhstPhnd eed gas
m xture is_md I con-cont al ni hg and car bon-cont al I’ll ng COITpOUI’ldS

i ncl udi ng, Mbut s‘*'?é‘?“‘l‘ﬂ“ﬁh“f‘\é'ﬁf"tlbagwQﬁé“%r’r‘ﬂlﬁﬁﬂﬁ@mlgﬁpﬁcﬁ‘ 0a{iEs; | ane,
and or ganosi | ane comprRdiAREL ﬂbﬂibf&fé nigifiddyths shbatise isthditdd)ih § depvagion

trimethylsilan tetfaneth il ane dlethIS|Ia h may be
00 et by TS SHATES NS Ot A L BRI B E e
et hane, et hyl ethe chdmtieAnah ntbﬂigidls&ﬂﬁ;heh&)(ﬂm@st cmy@élehmaaﬁﬁg caamle Blecttatr es
t hereof and inert ﬁ(ﬁf z ? as arg hel |u Xeno Ii %@ and m xtures
t hereof . Furt h%?uﬁ‘ifg“é‘ SRR PY RO ?‘%ﬂéﬁ"%{? BPﬂEﬁsHpr a’lfu £ QBTN i it ed
1EIO hydr oge20 nmbfqumtr sxﬂipﬂesﬂtdﬂr@@dﬁk Supplly if Bleétg)rﬁwmuagsoﬁth% Hgll—Currenﬁ

uori ne- contalnln ma ed to t e
precur sor gas ’é’f‘rsg gﬂ? {eﬁtgczﬁiydﬁséxfm%g ﬁ‘ev %X'B’e‘g‘ég‘g?réﬂs
coating. A cri tanmer td prahluit Ghelfsmtdﬂah ofa ﬂadmmigramgim ﬂieri:ger;bdre:ctlfesor gas is

i ntroduced int ﬁafl—%n"egtr}orp S5urde beking ﬁxe anode. Plasma maintenance gases are introduced

through a gap of the anode and into an anode discharge region within the vacuum

25 chamber. A voltage is then applied to cause a discharge current to flow between the
anode and the electron source. Additionally, a voltage is applied to an electromagnet
power supply for electromagnetic means, i.e. a least one electromagnet, of the Hall-
Current ion source, causing current to flow through the electromagnet. This results in

a magnetic field being formed across the anode discharge region and in electrons



provide the silicon doping level in the Si-DLC coatings which is required
to obtain 15 excell ent adhesion and tribol ogi cal performance 2d4fJuttzd0Si - DLC
“coatings of the present invention. _ The foll owi ng describes the
application of the Hall-Current ion source to high rate deposition of high
har dness DLCvannoo/5023DLC coatings. FIG 2 shows a cl osed- patdecThsbd/esadr r ent
ion source 100 with a nom nal anode dianeter of 7.6 cmand 20 which is
simlar to that depicted in FIG 1. In FIG 2, the ion source is shown
attached to vacuum chanber 110. The attachnment nmay be nade by a
conventional vacuum fl ange or other nounting neans (not shown) which are
well known in the art. lon source 100 mey al so be nounted internally within
t he vacuum chanber (not shown) using nounting nmeans which are well known in
the art. Vac uwnmzhgmlmquasinhﬂndnmex%c@gast\fbmmma plasidPbetatn df@us pnessur es,

e.g. less than e bstrates) 120
supported by otrhiL OQJ I{hﬁ Y edlgcgarggpe%f())%t ‘ﬁagg ‘ﬁg"@& ﬁ'DEen%Plﬁnéan‘é%]ce gases
such as inert igpasabpomdi frdmmggbobubntmmtnglplrmtsedgases caragmmtprd«rfypton and xenon

d d d
e S
24 July 2008 \Wepogtiery GRaneusTs UEAtdIY300kd by Bocling mpan ather tho rmlam
mai ntenance gag,.thy QHQBoB he b%ﬂ%'&se ofc?&ggtﬁo%tc%uérs%?%Sndtul&?veoc%elgll'send of the

anode di scharge regron vi'a or one or nore nozZl'es 130.
El ect romagnet Em&rabiy, tltcemb@l iba Outdramted iapodes dibe gguim cllamberpressurdiisr ful |y or

in part by the, rs self
sust ai ned cat hog{%&%ﬁi&%n @“En+ @ gésﬁgﬁn\eg}ﬁ‘,c g@@h& Siﬁc‘ﬁgﬁeﬁ%ﬁgéﬁ

i ndependent AQredudhis reeoverett source 144 in order to froma magnetic f| eld
wi thin thejgnode d"ﬁﬁh‘é’t{og&e& DI S &At Cg@%aMa?dn%&t\famg@%r than

confi guratl on is used, the anode current and anode vol|tages are nodul ated,

and, in turn, 1hEPnauiaredeppsited aprates sebsrantiglly aseaserghan; SsAlsesdise.aindke rangeder

typical operatfiBostands i2PARec. tda&grtmrﬁa&qmlt@ﬁﬁnmﬁ%&ée BOgRIReIANt i al
ranges from1O 50 to 150 V and the rnms anode current A ranges from3 to 15

Anps. Ti me- aveloREfeds helased patior aorselgred ath Hal-Cirant jop saurge thaggmbodies r ent i on

source are typfesta.%éswmqw&m&n@tﬂegr&x&nstene&mér&ewrtmn\éa&ru& dPkhelgir pode
pot enti al Lﬁ WEout 20 to 100 ,eV) and tine-averaged total beamcurrents are
ou

typically ‘?5‘“1’9‘(“5“9“1?&’?%90‘% PLGEo%iBBYle of the anode di scharge

current A (or abOUIheQ\r&uis@rgas%éﬁntro&uo‘édéiltli?eﬁtmmfgﬁtﬁé’g’hﬁ:@ﬂﬁaﬁ&ﬂa' aléag r ent
i on source my

ﬁﬁ Ilzedfor coatlnaicﬁrgé) "Jg ) |l ustrates two
Hal | -Current i 8 5"815’ 2SWE MAHHENANGE B35S, Feeinto the.g a’s‘? ﬁaﬁ‘ra"fid”l‘? H% of FIG
1 which are arfremgecintraducti@adf thoplhsns xdaatemfncngskq)ihemgh PhkQap bfitht melecase,
290 and 220 anipoliBRrdeyof (i o) Sshl HEFRAERE of REURREF i R IR RE ) °
Al so, each2®0 Dehyedengthcef adb@tplnsmaa@naed ®a0thaigep ARe anode.dThesshapenf tieepar ate
bt oul ar 'y ey fonfigfR 6 e slitabh e Bl f 3R @AM cbiting onto,
fixture 210 sitm Iancaieemtlmi tye g@mcbﬂmﬁﬁhb ancm‘e diskkargs ¢urdehtyis sxfbsltahmzsly

f t d Si;DLC
glopru: tg gagohgry*“?)‘ﬁ‘l%“ef’ ﬁFthe 'gogdgg‘fl ghmnth?lé?p o’ %hze(}f:eng% i ptl‘%gmscope of the

application ofmaimenmcegmspasmgmtotjnanodeedxshtrgeregtoa may consist of netal, a
sem conduc , cer 5 j.nation thereof that may or
may not |n% ude an(’jll;H ““‘@8%@&‘2%&‘?% ?%rtc‘ge)??nqyer for the DLC or Si-DLC
coating. For those (applinsdativelysedled anoile to preventplesmiadronh fymingibshidé dier ed, such
a |layer may be lgggosmed by the Hall-Current ion source apparatus or by any
conventional alternative 24 July 2003 WO 001 47023 PCT/ US00/ 03004 - 16
means within or out®) deottnélamzmmaméwq@phmth@quep05| tion of the DLC

or Si-DLC dating. (c) a self-sustaining cathode, i.e. a cathode having an independent power




The process for deposition of the DLC or Si-DLC coating is principal I3y
controlled by a conbination of ( 1) source-to-substrate spacihgnaed
orientation, (2) 5 anode current, voltage or power, (3) electromgnet
current or the anp-turns within the el ectronmagnet, (4) plasma nai ntenance
gas flow, (5)woredWesor gas conposition, and (6) precursor BEEUS/OR4 at e.
Typically the anode current and anode voltages are not independent when
conventional holl ow cathode el ectron sources are used. However, anode
current and potential can be decoupled by using hot fil anent-assisted

hol | ow 10 cat hode el ectron sources, such as that described by Fedoseev et
al. Wth a fixed anode current setting, -t ectron enmission fromthis type of
cat hode may be used to control anode voltage (power) independently through
the control of seapbhode el ectron injection into anode di scharge region
against the rate of (§uacRarbuahikh SpdRRCH Mok} Bh Bl tredRffgdl sChar ge
region. 15 ; EXAMPLES The exanples which follow illustrate the process for

t he deposi ti on Serenbfiemdhgjangre to the sebfauptaiging Fathade s cpepntficty#%ent i on sour ce
of the present jjday&iabitOfirect!ere(BW) REodERy &V erdidd &,_Sattéxaaﬁdgez:uﬁeﬁtrm@? only
and are not nmeant to |imt the scope of thé clains in any way. 20 The

fol | owi ng oper &YFR28bndi ti ons were established or measures taken in
carrying out Exanpl @y aftedst onefap Avidhiad the 48608 B Thirbdide £ MagMa alhitérficel O t hat
depicted in FIG 2 was fully 1nmrersed within a diffusion-punped high vacuum
deposi ti on cha@®®s through aniniegtoror ethexinieptiongmeant. con wafers and netal di sks

were positioned a 2 iR @PRdafibiHoTI0C Sbatihg B&Rsitib® Thd MAI-Eaként ®n oliRei ON sour ce
on a rotating plate or barrel such that they could be rotated into the ion
I

beam stati cal PPPI5YS mRORRspnfigiredwith gither & Flopedey npsplossd Hall-¢yrrsat 488 ¢ hen

r og at ed outlgof _padgeeg'i@n TR @Gh-cibhed Hareudént Idﬁ&o&?ﬂﬁdg@& de(ijbaﬂ? Fgveniige| ar2 4t 0
and centered w respect to.the ion spurce axi ur| ng deposition.

Tuly 2003 W0 OBlSTIRS eSS 5568 1O TP 6 ole i B per | vias

evacuat ed to atipteesstapgal duepudw s¥fintetricorith fespectito the gedbmetty g stdle ofthpindi ti on
process. (d) The hold.eow cathg f~the.ion source. i.gni t.ed and. adj usted
o steady. o1 at ouer I oo R FaliGubehao DRt SoetTiby B 2efitnBS Ao

of keeper -t o- cRil{batd i@ edatingsentoGale surfacessand strstdtesed i nto the i on source
and the anqgde di schgr f 1.on.so . . oyt sanpl e
surface pr ceigl eani ngﬁ(hggtl’ér%ﬁf Psé%gyhgl}tﬁgébﬁc\:@?rbﬁg‘? c{g‘lgets% grﬁ,ﬁ%é%g@gposi tion,
Si - DLC deposi t iinsnlatiog depositsrapithenoderegios o€t HalliQurigptinn sanes, epérgingdlie t he
deposition, the, 9:9@:‘98 p%ﬁﬂﬁ&%ﬁ et AR dcRYY é&r&ﬁ@@&ﬂ%e‘%g&&@&ﬁeesews turned
of f, the vacuum chaniyer ‘pressure was |ncre§;5ed 0 atnospheric pressure and
the sanpl es wemsestsigiopoushasts, gtianithecubled fiom &) infdtrendastiperiepicallifirerersingrand
deposi tion rat %lt%atw%guﬂ'&ﬁ s&r@&&&%'o@&% d@ﬁ&tecuﬂ%ﬁtesbﬁ'i‘c&eﬂ?&zéﬁmit has
profilometry measurerents performed on a Tencor P-10 Profiloneter. Stress
measur ement8 wépen fgundshan faerertain pracess copditdons Fiichresut in eeldy insplating @ss waf er s
by , 15 neans Qﬁnc&cﬁﬁ%&)bﬁﬁs oﬁﬁ(@a%m&é%gﬁ’,rqé\/ﬁﬁﬁ E&Mé?kﬁré%&%@é@,% il mStress

Measur enment Machi ne. asurenment s of noi ndent ati"on hardness were taken by
a Nano | nst r unmPAesible eopenaeibs Hafl-fuaent spureginmystablerippnapr ysing acirget GyEsntwi t h
thickness greatgircd foRthe@RRiomazn80 ~ EXAMPLE A 20 A Hall-Current ion source
simlar to that depicted in FIG 1 with nom nal anode gap .di aneter of 7.6
cmwas used to depoByintrodecipgthe prrgursorgasesdwith of withauh penrepctivygpaintspaneg ur ce
was power egsby gamn%ietém 8r iapad %t@th%ﬁh@&egﬂ‘scﬁé%?é RBlon oF s BALBURER SRS S
condition tested, ‘a,100 nmdianmeter silicon wafer substrate was | ocated 18

cm fromthe fadeurss ittifpossible te gepasit DLE Goatings 8t ratep Hsthe ragae efabowy; 1049 ahbaub

surfaces were 200 3k k@bnd; MERMBRInS e PangS8AbR{t AV GRIYol 106 40T A ed by a
secondary ion source before heing ;)?t ated into the bengm of the . depositing
o

i on source. DLECEBEESIYgrestdp thedansof thayt by @3de & GPapnd mDLGCetiRgs@e with

argon and net haies @asange AT EBsUL Bt B8Rt 200 A beectna, Wiltbhapdesd ilth
t hrough the anode gap of the ion source at flow rates fromabout 20 to 40

sccm Met hane precursor gas was




-

24 July 2003 -18 introduced at total flow rates fromabout 60 to 100 sccm
.and equal ly distributed through four 0.64 cmo.d. netal nozzlaguyhzgozwere
symmetrically di sposed about the outer diameter of anode di scharge region
and at about 1 cmfromthe face of the ion source. 5 During the DLC

deposi ti on pr@oessinzyacuum pressures ranged from about 0.4 porGse®o3vdorr,
the anode currents of ranged fromabout 7 to 9 Anps, and the anode voltage
fromabout 120 to 150 Volts. Profilonmetry measurenents indicated that the
average deposition rates for the DLC coatings were in the range of 14 to 20
~r per second. The conpressive stress and Nanoi ndentati on hardness of the
DLC coatings 10 were in the range of abeult 1 to 1.5 x 101 dynes/cnz, and
about 12 to 14 GPa, respectively. EXAMPLE B The sane Hall-Current ion

sour ce used i naboumiPIGPato atmat 4GEHa, icomprepsirg stredsliCtheoarge 0fsboay0.6Padd i Ng t he
ion source with, ar an cetylene gases. In thisg 15 ex I owever, the
el ect ronagnet S?O%tﬁgﬂ)iao?ﬁ"%ssglf%éo%%" '8%‘?%8%‘? ?r{e%ﬁgtszotf’ a&?@ﬂghﬂ&%r suppl y.
Prior to deposiptican, Adsoldth the opdflion of thieakiguayial-CotrefdiioidUrosashidepersi t ed as

an adhesi on-en i i | Fo DL St | f~the 2500 to 5000 ~
thi ck, highly Isa@?ecenég%‘ﬁlt%g{%géﬁ%}brllé;tg.ugﬁ%é%f'gxﬁg&ﬁg?}é?rgo CS'l:o-a %ag/as deposi ted
by flowi ng 30 weprisingly how tine-angagaddoniersgiesgis lashthandheVheingordéws. For t he

DLC deposition pl asma nai nt enance gas was i ntroduced through
t he anode gap (})IP&rtgﬁagg?%ofﬁgc{s%S%Ce at flowrates from15 to 25 sccm and

It

acetyl ene precursor gas wasBRIEF DESCRIPFIDNN [2R / es at total flow
rates from40 to 80 'ng ﬁ , 4L s uum
pressures ranged frg%gg%)ﬁtmig}.a Q?E"%&ﬁ%ﬁ?’?&@%ﬁ%ﬁs a%ggef%current

| evel s of rang&llfGusrention gourde inpipding a self-sustainingenthode Hevasgd farveenuetflange 100

Vol ts. Profyl om%wnémasur ements indicated that the average deposition
rates for the DLC coatings were in the range of 8 to 23 ~. per second. The
conpressi ve stress BH# 2Nandiagummeasic ilbistraiondh theapplicatipneofithepressat inygptioner e i n
the range of akgidfeids Hall-Butest idh silfce WMEE {FIRosiAICC FRPHIDICE cddtingrondhé 24
July 2003 WD 00/ 47023 PCTI US00103004 -19 respectively. EXAMPLE T The sane
Hal | - Current i GWfacg@f & substaei gurati on used in Exanple A was used to deposit

DLC coatings by opega} i3nNga tiaBrabihtis AWisiRion of thebpRiAtiGSsk the el iftingse 5
B, .the el ectromagnet of t i.on_source was powered by

gases. As in Exanple he i, e

means of aASAc‘%Gmt%ﬂ!-ﬂjvﬂ%tsoa squreps preysefl it deppsit BLG gpd $isPbegoatingtj ck

| ayer of Si - DLon'tesStréle 8ide kidsheR §ida bf @slibetedt@n- enhancing i nterl ayer prior to
deposition of the h#@%ﬁ st res}s?ed C cpati ngs. For the DLC de%oqsi tion
process, argon pl ash> el FCRSE 0%%“\%@”1‘6 PEHSASERICREPTEHY RN 8% XL anode
gap of the ionraeurto® anbde dutrents &ir@.C ccatingsSlepasitedbbpthe process df the pedentne
precursor gas was {.nt,ro(ﬂuced through the nozzles at total flow rates from
30 to 60 sccm rﬂfpx%arg e DLC deposition process, vacuum pressures ranged
from about 20. 4 t o OFREG.relmresents ploes sfiNanaindeheation harenéss versesl asetglend pragpegrf r om 5

to 11 Anps and the anode 15 voltage froO to 100 Volfs..Profilometry

reasur enent o | B0t B0 B f1p 2Pt s B TR shiueb drporfid sy pEpranm SR

coatings were ipreseidténveatige of 10 to 19 A per second. The conpressive stress
, NAGS AR i e range of about

0.7 to 2.7 x 10" dynes/cn¥, 8 S ively.
A detailed description of the Hall-Current ion source of the present invention,

25  its operation, and embodiments are set forth in U.S. Ser. No. 08/901,036 filed in July
25, 1997, the detailed description of which is incorporated herein by reference. FIG.
1 illustrates one particular axisymmetric embodiment of the Hall-Current ion source.
The apparatus 10 is comprised of the basic components of the closed path

Hall-Current ion source apparatus. Hall-Current ion source 10 comprises cathode



EXAMPLE D 20 The same Hall-Current ion source used in Exanple B was used to
~deposit DLC coatings by operating the ion source with argon 24dulycA03| ene
gases. In this exanple, however, the Si wafer substrates were | ocated at

di stances of about 10 cmand about 18 cmfromthe face of the ion source.
For the DLC depo®470i30n process, argon plasma nmai nt enance gaRCTREG0/G3804

i ntroduced through the anode gap of the ion source at flow rate of 50 sccm
and acetyl ene precursor gas was introduced through the nozzles at total
flowrates from10 to 80 sccm During the DLC deposition process, vacuum
pressures ranged fromabout 0.5 to 0.7 mforr, the rns anode current |evels
of ranged from 10 to 12 Anps and t he andZe 24 July 2003 WO b0/ 47023
PCT/ 1 3S00/ 03004 -20 voltage from60 to 100 Volts. Profilonetry measurenents
i ndi cat ed t hat assémblp¥2rkacper dsgrolly 13, onagnatieeld circuitagsedbly adaddctrgmagmer e i n
the range of 1 f

Nanoi ndent at i o%% d%ﬁagssesébglﬁ ﬁxﬁﬁ%{:}%te?\%r i %ﬁs (ﬁmtss hé‘gfr?)?ﬂla%ggly "8fout 0.3
to 4.5 x 101 dyalegé ordiive aattioct;btvatroxizemmea@u@ds anésq;wtsunpdy lyxeanﬂﬁ@tDLC

deposition rat A | ene
precur sor gas % to'}?ﬂg%ﬁtgﬁtq g%ag%%%ag{?%rﬁﬁaﬁg%@ d&?‘rﬁeﬂﬁ@ %lrg;lt ?@s&}é s and
12 Anps and® a mnrxsed ofta- watersqooled anagheticanrearsssmbl02Q; hackipdatp 2 puter eh#llﬂﬂ FIG 4

and FIG S, re V. I

deposi tion of gtﬂ ieﬁ%&%ﬁ%&@@ r{ﬂ& t %msls—dlaﬁéﬁgu?cettldrﬁa l?)ént l?&’u?tgsel{w In this
Exanpl e, the Sthh)n@mmer baylmdmal}pn lsw@ima@n&msadmdpoﬁh@mm@mp@

i nterlayer betyegn df e?B@SﬁCaﬁ* p'%ﬂ:@d @oﬁa@@wﬁ@@fohﬁgoxj &Mﬂ‘a &m&fms@f chThi s

mul til ayer coating ocess been denonstrat ed uce highly adherent
thi ck DLC coat Vcﬂ@ge waye-fgrms, althqueh, i, andarlsed-H1C @rsa%@nﬂwqﬂmseéxc coati ngs

have a 15 g@npr ess'%@hﬁ%ﬁué SaihleSs d’c&i‘%d@fass@}ﬂgﬁtlékofﬁpﬁ&llﬂn@r fhode 10’
dynes/cnR. The sane rent ion source used Exa A was used to

deposit Si- DLCBg3P mdoutes arqdsgies 3y, aspf defineg by e 4"§ﬁm§'619f eeswaotvﬁda%gon

tetranet hyl sil gd%eens&rm\ﬁbn AAHif518 BF MjeRfiéh SASA su d'US}Qn%l%@ttn'cilSr idsimes kdsi on,
argon plasm henance as was |ntroduced t roug % e anod p of the
deposi ti on |on plingd2 %fﬂ ak 478 nestign heles 4 sizepand spe 8“5 Yene) were

i ntroduced Vlbadx&(ﬁibﬁtle%&?ﬁ&nhﬁ:n@ﬂamphﬁoéap ﬁ]%gid@%hﬁﬁ&@nﬁés o Wwdt@ i on source
Wwas ower e ans, o an owe S or. C [ ess condi ti1 on
et Do oL 10 sitline spelf "afaeomhlT AP by et S S B RSBt | 18 cm
fromthe face ﬁﬁtehéig elgqrshaﬂdHr@aewPM ad i§ tsotdeﬂ(fmﬂuhemagtlgmcﬂrclﬁmxﬂnﬁal)syrfaces
wer e sputter-cl] eane a SecC | QN ur ore el r pt e Into
e 2P benm of oY Rao et ies o SR sy PO S8 st Aot Bnd ' Fhied
deposited to ctempeiatee tdnamiclAhbdesassambl) (5 satisdhadto t(lé_l)m(brsidemf'ﬂaﬂie- DLC
coating inter| %g blﬁ%wb?z'?eveﬂl?fa éegﬁg gi at?dt xggn laﬁor%%ﬁcﬁpgrﬁg‘ttb 9&1 Si) (2) a

second Si-DLC coa mc Concentration of Si,
and (3) a 20op walbrangn thpael 70a‘th@£(}md$'mmb de&t‘acmjwwwout%empuadr migshout a
Si - DLC adhesi o [ . r the
first Si-DLC cga i nrg'g“"ﬁzjb Lr?d?lb%g‘ﬁeeehp ?lev%/g’:&g lﬁ&eﬂ}é 3 Pmné)ﬁ[aéa%% gﬁg%'g@gas

t hrough t he an@nuddfinighssoks taprohibit diffisioh of plasma mmtée interiphBgione 8Qpbion gas
through the nogzl.e &Ry 1o, SCCM The vacuum chanber pressure was about 0.3
mrorr) the rnms anode cuﬁrents ranged from9 to 11 Anps, and the rns anode
vol t age ranged fronNewsbaspe@9of thisFRll\Girtest lofrh@lrd@qbdsrwdnvmqmambrhnphe first

layer of Shs DLydd@s 13 BRY5n BRAnSRE85E of DLC and Si-DLC coatings include:

(a) an anode discharge region for the formation and acceleration of a plasma

beam;
(b) an insulatively sealed anode to prevent plasma from forming behind the

anode;



For the second Si-DLC coating interlayer, the flowrate of Ar plasnma
_mai ntenance gas through the anode was 18 secm and the precurXlaulyg2603f eed
was 10 conprised of 7 sccmof TMS plus 60 sccm of acetyl ene. The vacuum
chanber pressure was about 0.7 nmlorr) the rns anode currents ranged from9
to 11 Anps, awo ookm2y ns anode vol tage ranged from about 70 r@x/8DoNasP4 s. The
deposition tinme for the first layer of Si-DLC was about 15 seconds. For the
DLC top layer, the flowrate of Ar plasma naintenance gas through 15 the
anode was 18 sccm and the precursor gas feed was 60 sccm of acetyl ene. The
vacuum chanber pressure was about 0.4 mlorr, the rns anode currents ranged
from9 to 11 Anps, and the rns anode votl3age ranged from about 80 to 90
Volts. The deposition tine for the first layer of Si-DLC was about 140
seconds. DLC coat i n{® aprepaliative ppaling oepns fot enolig@Bthp anode; wi t hout the Si-DLC
interlayers, 20 did ! : t (4.1 I i ndi cat ed
by a tape pull dry gﬁ%&??%ﬁ@%ﬁ é*\oggﬁsebgg%%%e hgﬁg%%ﬁpa%ﬁeg%%? B8 I'n fact,
areas of theseseppdtii ngs began to del am nate before renoving the speci nen
fromthe vacuum cha LW [ 1)
t hrough (3) passed gﬁ%lgpe péﬁ‘ft)ﬂéa%&elrgtgﬁ%%gﬁsp ag[aggﬁé)ﬁ%ﬁpglg%ﬁsgg?géfor
adhesi on. PPof chsentfiom theanede tnthe self-susigining cathodten currpet feppeanpigdepprsent,

deposi tion rat §y0hefkidifcalf LRI Luldbde of @2t h0S ranged from 12 to 18 A per
second. EXAMPLE F This exanple illustratés the deposition of a single |ayer
of Si-DLC using the(fHaBn withip gieanpdntoduitpduee plasmapmpqinienagecgasesns Woskdng r ed
characteristicgg@f the coating are provided by the Si-DLC coating al one,
with the need for deposition of a top |ayer of 24 July 2003 WO 00/ 47023
PCT/ US00/ 03004 - 22DfAdditigral unigue-fepyres, qappbiilities andyembadiments qfdhegtheyteatpl e B

was used t qodepsdolircearcddeSerbOdiby Mafiotdy eP&?fn@b&d@ﬂdiﬁ@ﬁu&r@pr‘!i@&t[d?ﬁlw.i §dp. argon
and TM5 gases. wever, the 100 nm di aneter Si wafer

In this examl e, ho
substrates wer &0 8%’3?%@561@‘3908?@?&%)@9& about 10 cmfromthe face of the

ion source. Prior tghdgaRasthidotdfehittes OF thiAI-Curbeht oGOScHRB: i§ Rell bfifed C| eaned
by Ar ion beam e%ggi nog. ,usiFﬁ ghe Hal |- Current ion source operat gd on Ar gas
only. For the & thedepayitionof PLG roptings fom cathogspntaining precisprgaseidife gases

wer e i nt r oduce®i-DuCocogtings fonbgilicba-@apinidg dnl @arbom cadififg pturbdr@asesat e of 50
sccm and recursor. gas was Lntrodu t hr ough. t he .nozzl es .at, t ot al
Frow rate dr 7 erBhEe s 3obieRiih i MM REaEal el eEordeBfulier & Rt  The
rms anode curr &GandSigHadC Eaatingsievenwhén thejas, beam @ndries arasutataoddiniowerage
ranged from ab 0. ut Volts.  The. d Lt on, d.i r the Si-DLC
coati ngs were %&tp?eevwiugl %gﬁ%vfe dg‘gcoeﬂsgl'yZ%GyT "38%8’9@3%16% SQi : §']!g§l53‘r:%a?lf‘ ometry
measur enent s 0fUsingehiSHaDiCBreotibn saysce, ivdibearh ©dL.Caand S DLAroatingswithsses in t he
range of 1900 e r bl i bout
1270 16 = por MdEdd dufle bt B4 aBAR 105PRT A R pbRRSATAR B bATEE 10
of the Si-BRC cogingfomm shoub40 to 10Re Vs deposition satesthat Pange from2baut)s ta @AGA
dynes/cne, and @Pﬂ%l:!&nd” to 18 GPs, respectively, for the conditions

studi ed. 20 Exgrrp es G- K present the results of a series of experinents in
whi ch a cl osed- dri f Fotth¢ fiepositipeaf DL soatings biethe fmettiod ofthe prasent inveetian tha was
utilized to pr Soeld RS j i PN aT=YeTo e THE-Y (65
used i n magnet ;Bc .afa st%?g‘g;é‘p Tﬂggaeeagggr% eé cl ﬁfﬁ@?%g&ﬁqg{&tﬁwg’g&%cess
of the present nphlimitd te fingas o ayslip hrdregarbpasenipeundg such ey methiape, efhprs; ect i ve DLC
coatings whisch tfleh € Aeet}lehd BLOGE GA ootk MR HdnGRay B Rixbdwis UT f ace
of magnetic har?gﬁ ig'ks. I%ga’rrp?tg L.’d_ennristrgf%% aﬁ?er&oo‘jﬁk}@r}t for ioroduci ng
DLC coatings ofinesh@asesrinalyding i nptliraitrdds argon.myom heliuss aqnen; kryptosasnd- Cur r ent

I on source of iyieyRis RPLYr Fﬁ%ﬂ%br@ﬂo,ﬁﬁ%ﬁ%&ifﬂh@%@%&i HRSDROGHRE"

enbodi nent of the present invention in 24 July 2003 WO 00147023

PCT/ US00103004 reapivegfisestineludiog but rot digtitediid hiydragan, Initmgen, aifrogewrongipge of the
present 1 nvent logfobiiah MhofRe-asiifing BaindS bnd AELAAAHLASE filytRSudanbI on 1S
used to deposit C coatings. This“ion source configuration is suitable for
depositing DLC coatings on nmagnetic hard disks in large in-line deposition
systens in which large pallets of disks are continuously passed in front of
the ion source. The ion source is suitable for deposition of DLC and Si-DLC
onto | arge area substrates such as sheets of plastic, glass or netal, or

ot her large substrates as well.

U




The exanpl es further show that the process of the present invention can
deposit DLC coatings onto magnetic hard disks at a hi gh depositJubn2Gs e
suitable for 10 nass production in two nodes. In the "pass-by deposition
node" as illustrated in Exanple |, substrates are coated as they are

cont i nuousl| y was®sao3t hr ough t he carbon-contai ni ng pl asma | ACTHBSAN36ENer at ed
by a continuously operating Hall-Current ion source. Alternatively, in the
so-called "pul sed static deposition node" as illustrated in Exanples H and
J, individual substrates are coated one at a 15 tine as they are
sequentially noved in front of the ion source. In this pulsed static

deposi tion node, the deposition flux islfulsed on after the substrate has
been positioned in front of the ion source, the deposition flux is pul sed
of f after the Wepaspercofeedgas he appropriate thickness of the DLC coating,
then the SUbStrateFo?d%fﬁ)@Xﬁgf@lrmEgﬁinﬂ-Qtﬂ@ﬂﬁﬁﬂoﬁbfﬂefﬂz@éﬁ i enfdeat i on i n
this pul sed node is i ndustrial i nportant” because it is al

utilization ofPpresussor fred g@ﬁm@@raﬁdm}ﬁp@eeéyhmn qon@"wrge@ém@rbpwermmma for
deposi tion of &k% C S di sk
processi ng syst &?ﬂ bﬁ%ggﬁgﬁdeiogll% &ﬁ%b&ﬁs F%écthglg sfa e£1£1%h§s pul sed
mode of depbsi qndcmgmesrﬂam@rmmmsi sugh © m@mlalaawan%bvlatamut@,@ethvhll@pher

i mportant i ndUt%&ﬁ:h&hyl&nﬂh@(’fﬂdéﬁhﬂﬂ&fsﬁ% (E@S?@hﬁﬁ%a@%%xéﬂ%th RRrdchibeh e
tools for wafer processing in electronics in ustr¥ In EXamples G H, |

and J, the pretmroapdsdaciu mga\hPVﬁi% limited tocurtieame; qthane.tethylepedusaneJuadiang f r ont

of the ion S OUfex@neY bﬁcme%bea%dm%réafmem{fahd fnbi ip i sulh ae@rga%mﬁn
configurations were used the experinents. In the first nozzle

* confi gurat i on, *PEUK¥YE P’éd w%gss thsﬂe?feﬁw&ﬂewreareafta'ﬁesﬁﬁasrsaﬂ@ﬁmﬁlbdl%d
approxi mat ey But A6t linieda to hydtogeal mtragmamnt@&geﬂwﬁan %’EBESE&%& @8004 -24

downstream of the face of the ion source ﬁg iise he nozzl es were

oriented 90 delfEHECPIAHHNG SLRMPOHIYEPT B PRTi 2419410 AR RIPUrIOBERr d t he
center of the itfam36modly thépeopeiids eftheaqjmsnwazsaim,c/\aﬁuhg)cabﬂdcaa&afumk mat el y
0. 25 inch fron{ht he.outer di ameter of the, %i,l & arﬂode channel . This
position i s notdtf sdlcopirantaine BEGRUTSPY gAY iy intradijesd Htg the on peam SAYTESIO The second
nozzl e confi gupratrluemewaﬁo:sddiplﬂgalbvélmmbs:-DLCS:batu@xmpm ig hqﬁlrédheomﬂd of each
nozzl e was ocat rQ from i.ame of th

ol ar anbtie. SaERmeq s Bhdsicn Brorsnie: 4 SHET ege B8 ordhe ek s
data Tabl es 1-iavémioow. The third nozzle configuration was simlar to the
first, except that

precursor gas acr os@g? e %@Q&s}‘ﬁa?‘egap @%Ke&g?gntﬂeﬁgllhrec 'ftd‘l%?% LC%\%REP i ne
tangential to tatﬁsiepomt@dn@fdiwdlardnmgm(hmdo%ﬁﬂéi cqatingsh &1&nh sHoaws aanode Thi s
position is noﬂ@éiﬂ thERI-C lﬂ%ong&ﬁ’cé lwkvhl{'? ﬂ_ 5 h8 ahode arﬁétkr&f"l%and

experinents, rocar recursor gas W Was sp It equally anong

each of tha0 f owhichissimilas tothh epigtedinFEhdnile F1Gws thedonseured és/ghowp attached
approxi mately r rd.Qr

deposi tion pro%gég&qb%a%%{lm gﬁét{%e afr@udﬁa?be g\égﬁl g‘?deﬂ%ﬁﬁphfang capacity
and the desi reﬂaruepogmcﬂrmvnnasmearpr(wuhm)vgn@mmkmcvmgmrt@pmdnnabout 2
e £ 9o a00ut lReS06 Hl o BE bl Wl Rk Pl SOUERGH R I ARG, H ot
precursor gas flows |nc ease t e bac round pressure int osi tion
chamber . Lar ge¥singmeintige swprscyhich arp we "W’mtb‘h@? ﬁwumlcbmbqrdl%é used

whi | e mai npai n em?a;t&ttﬁb tP1REPHdsBrel @ D W¥sé then EeirbRd THRIOhRcPisessur e of
about 10 mlliTorr. on plasnma nmai nt enance g%;stﬂwas fed thr ough t he source

for all the de‘EiEF:?FeE’l“bW F%gs) 120 sypportad byprm Rrocesi SxtiR(Flo¥22t he ar gon

flow and the hmditﬁ)é?ﬁ[zuﬁ&ﬂar{éé gﬁééﬁ §iRh aQﬁx’értfghfé‘é\fxdéﬁﬁﬂ?dbdt%ﬂﬁnﬁ&%%rgon
apprOX| mately 35 sccm for optimal, operation of the particul ar |on source

used in Exanpl &@pien apg an%ﬁ’&"lthdFﬁ‘?dsmWn‘Pﬁ #9ds dischargedesien KhdEngh 8pdehe i on
source operati g RREARBE BdsSs ﬁ?th%kéos%nbhﬁL@ﬂﬁngDQWe MEr8dsddd eitebi ch i s
controll ed by punping capacity. The vacuum chanber pressure during DLC
deposition was neasured with a capacitance manoneter. The indicated
pressure as presented in data Tables 1-4 was




24 July 2003 WD 00/47023 -25 PCT/ US00/ 03004 about 0.5 mlliTorr higher when
~the ion source plasma was turned off, indicating a significard4 dupdd3 of
consunption of the hydrocarbon precursor gas by the deposition process. The
deposi tion chanber used for the experinents had the capability to throttle
the speed of wheo4103h vacuum punp, allowi ng for a conpari s®ETAISVEBEY| ts 5
obtained at simlar gas flow rates, but different chanber pressures. The
deposition tests were conducted using anode currents (ion source plasma

di scharge current) which range was snaller than the total operating range
of the ion source. The anode power supply was run in the current control
mode, such that the anode voltage woul dl&utomatically stabilize at the
value required to achieve the 10 desired anode current setting. The

resul ti ng anoddongvithithe plagma alap&frrtanmaathrmdl@ anoda arsepasasely ineay theeapen
function of t h&td‘?d'f‘%hefdnewé éil?cthﬁn § ?Js%%ﬁ)or RRZ & rﬁorQ‘aéiz‘iésCt@@ the
magnetic field 1n the plasm eglon o} he 1 on source, d geonetri cal
arrangenent of Eteﬁéomqsnetslde of the Hall{{arregt ien sayiep is %VW&ébﬁjrﬁﬂmﬂbém byThe
magnetic fi el dyWhbdHeRufrbif 1} Q&nzﬁ%t‘?ﬁﬁy@%z '%ﬁﬁ%?i“}&b/s s@l@-s@étﬁﬁédréa%%‘et 15

whi ch was operated with an 1 ndepende current supply. Exanples G

H | and J t|l43zetja1teﬁ@tlwly,|mmgl ip FHg <2 by apindeneadeny ACrdi e pusTenbyource
deposi tion of Di4Z jf @ffel R¥Fom b a ﬁé%fé(iﬁld%'i’itﬁ@{hts aﬁctde&atstc@arg@mgim%o (akn aRR0de
vol tage of 51 to 97 Volts; 20 gc) chanber pressure of to 1.43
miliTorr; (d)ARwlastomagnet eanfigdstion igused, the amqdg surrens pndangdevoliagesiast d of 16

to 260 Gauss #nbdulit¥d 08 3k 995‘ tﬁHl?eQHrc%F}EntQﬂ&mEirﬂ% ey x@fmo%QlaEeQ @ﬂdéccm (9)
argon pl asnma nai ntenance gas_ flow rate of to 140 sSccm 25 (h) distance

bet ween front @Picplypetasing eenditions, éltmtsK@ptsme#n-&ﬂwsd)lwosim%lal mpges fiofat t he

r angle of PI®CesELoNF0 ARIdAhSmibRedd durleltas Pan@¥PFdh 8 %o l§A§1§f§1| ’mte-atvbﬁged he
tota operatl n

nge of the Hall-Curr | on source of sent
i nventi on. For‘%ﬁﬁf’t el fro %ﬁt ?‘Q@ ~Crrgriden ?“W&F%@%‘calmow&% red
t hi ckness of tfam6ﬁxﬂehﬁamdﬁnﬁsdf&mhnﬂii‘pcﬁm“al(ﬂgahomzmQtlbee e of about 20

A to 100 A. Howev 200 00/ 0/.0300 6 for ease
of Raman spect V8% 86‘f5§g°8ﬁ%tFé’8P‘éﬂ“Z%&?Hﬁty(?fcaﬁ%g’ @%&g? *Q‘WF&% of”

mai nt ai ni ng gothd amﬂ&aﬁsebargeéudehehwbﬁboaam mg’sA:hps)t he magnetic disk
substrates t he thi kness f th an t i Sks was

of ten nade'? hi cker, ‘&5 gﬁ’b‘ﬂftﬁ?%&me“ TR h‘% ‘H@\gf‘ﬁ{? f’?ﬁ%&ness up to
7100 t~ were d@posnmecnﬁh?:slldstruemwmallccsurfent xormmcas@ﬁ&amd 212 witiceatnres al
properties suc n nt at i In
Examples G andgﬂij1§ ﬁ?ﬁ %ﬁe ar?a['ﬂgend\té‘ tr(\%/e%t?’ gﬁ’cti%rs é’g &Peg%f@s In

Nanoi ndent at i oﬁlmmﬁvﬁlldﬁurmnéwneoumﬂam lltd)epmnﬂ!:mwmreﬁblw mavestsup@bes great er
than 0.5 GPa, nB‘&EQHn&aEEﬂ&eRRe‘H étbxpﬁlfgkﬁflﬁﬁﬁf cati{ddl 2 9{21 'BQ‘ Als%”é’acﬁa”a”
background 10 (Il um nescence e general reater t . Exanpl es |,
J and K, tH tlensowpceledmmagng 26 angedfd arg d,ﬂvan ¥ sepajatecAG e@wdsupnites 244
tribologi cal paigfbMfEaubNid dbftfiRkoK f sy ARARRY WG b 3F bodthgP (Css)

tests. Prior to the S tests, cant w 1p ed to the
DLC- coat ed di slkotbaldmzféubﬂm@ mt]p@sewswl@nwsw (Qﬂ?cﬁxtlmplﬂgfﬁlér“t! ity19hl oyed.
Tt~e first tesiGan eyl o 20C
to 25C room teml)ser aﬁ%}rhetm;lr%ﬁ%tgé@&}o S W?rﬁelldgtl vel[?t dﬁ lgiﬁgét% nd type
of CSS test uskathgidespfimagnetiddighen t o be very aggressive for magnet r on
sputtered gar bamnaOat \Q98S of b sy;ﬁtcmbnt&mept&tw.ﬁvemmﬁﬁfésmaé FdyonlideV e

hum dity. The friction coeffcient of C coati1ng was neasured before
and after eachofimaefgl, a semiconductor, ceramic, glass polymers or combination thereof that may

or may not include an adhesion-enhancing interlayer for the DLC or Si-DLC coating.
For those applications in which an adhesion layer is desired, such a layer may be

deposited by the Hall-Current ion source apparatus or by any conventional alternative



20 It is wdely recognized that industry standard nmagnetron sputtered
carbon coatings of thickness in the range of about 50 A typi QalJuy 4603l at

" less than 10,000 CSS cycles at anbient conditions, and never survive 20, 0D0
CSS cycles at anbient conditions. It is also recognized that the
performance afowiMist ry standard magnetron sputtered car borrcromsbo/esgs i S
much worse under CSS test conditions of elevated 25 tenperature and reduced
relative humdity than under ambient CSS test conditions. Based on the
known perfornrance of magnetron sputtered carbon coatings, it was determ ned
that if 50 A thick ion beam DLC coatings passed 20,000 CSS cycl es at

anbi ent conditions, and 10,000 CSS cycl-46- at el evated tenperature and | ow
hum dity conditions, unexpected and outstandi ng performance, far in excess
of what 24 Jmékans 200t Ouidiie4AOR8ulACTHaBOOpridd 0ddepositiohafshdBEE cachi eved

wi th sputtered ‘;lﬁ,ﬁondt' woul d be verified. Therefore, the CSS tests on the

i on beam DLC c%" 8% PEre set to stop at failure or 20, Q0 CSS test cycles
at anbi ent condi t i OHe,prévesk fai ddpasition af the DILO 00 8B3DIDSSodtagtis pycipally at el evat ed

tenperature and | ow hum di onditions. 5 EXAVPLE G DL i.Ngs,, wer e
deposi t ed ont 0“%™ é’ras"og%aﬁ%ﬁ%@ e O (as Sg[?sg R'E Soict ap%gﬁ{%ﬁtp?&? rent ion
source of Bxanplode Birtesit, vgltape et poweere(3) eledradraguet auirem er the ampdurny withio dhdoon

recur sor gas. j 0Sl:tj i L.ne. 4t he
D fect o Lon dekffalbhd: @] pERARMMRIE ARt IFaUAB o inbs il i
properties. Thé)peourengesBew rasf. Typically therwadd evgonigad anddsyeliagesatgact n t he
range of aboutinazq%ﬂdau mexﬁéog)ge@gnMoﬁ&y\Qﬁﬁocf%%écm%lﬂfﬁ%m% Cligier@t | on of

mechani cal properties suc npressive stress an noi ndéntat i on

har dness. | n t&nede cexgneandpmtential cap be decovpled/by wsingshot flament-gssisted hollpwi- i nch

di ameter skhic f [ d ' r ' re | oaded
onto a rot :'liét) ab%h%ﬁ?fﬁgﬁ%@grc?ﬁss%eﬂ% lﬂagﬁ %"g{é%%ggﬁg%%%‘{@ aﬂ‘i’h‘ghg E?ifx g%e of the
magneti ¢ di sk aneds curzene settings elactraagmission frosebisdyprpfaithode mat e used t9r evi ous
carbon coati ngcm#ﬁ%mmalygaga%@t&vo@mn&ga{d%ﬁw tﬂm_ugb gHdRbhtol BF cathodll Blebis

deposi tion condition, e setup position wth no substrate in front of
the ion sour celpiectien inghanode disehargesegieon sgainstthe wie afichyped paglicls grnetiony

m nutes by opegRhindhe Mdddbidhardelréssm 20 mai ntenance gas only. Then, the
first substrate was noved into positigp .in front of the source, and exposed
to.a beam &f argon ions to sputter-et%ﬁ%ﬁ%rface for approximately 10 to

20 seconds. Then, th@dﬁg{pg@%gﬁmwﬁm uﬁ&wthggx%cm&rmfosim&d fIoIe | on f
source paraneters were adjusted to_t esi.red settjngs for deposition o
PG CThe DG dBRSTI G roshtists heBal RureR s HE A M Presert MR T8 coconds
to 20 25 m nut esaniplesaédiofilRstidlioe purpades bhly akdifs hovatane® linkiotha stape tthees 1
and 2. No adhesjion .| ayer between the substrate and the DLC coatings was
used. After coRBIMiP8W ¥Rt he deposition of DLC on the first substrate, the
substrate was r ot at Ekk followiag opéretingonditiens wdne establikted ioo melasntakemii ned on
and the precur sor .gas tﬁs SltiJklE'HOWi ng; i.e. the ion source was still
deposi ting DLCS WERAAPPEHR ™ on 24 July 2003 WO 00/ 470Z3

PCT/ ( 7500/ 03004 - 28(ap Ad#allnEsrrentioarsourcasimiler tothas depigsedinifi@n2 whefullyibst r at e

was in front of the source: .db e 1h : I |1y exposed to
the i on beam wi rtrilleris ‘\'Xgl%mf‘rﬂili?"}sgﬁtpug\%eiﬁgﬁ%c%h@odé?%g%%%@%? t he precursor
gas fl ow was shut ofb) Sabstrates suchgesilicovwdfea endvmstal diskstveend pashiiodedw t hout
shutting o t i.0N .SOUfr. I ot at ed
Tnto the afdonPledreRuie) iR Aa e mEhGne loi3oleLbn S HREEBldke ARt
sput t er - et chi nguchrthat Bie§ coap bs rdtatediinieethe iondyeara,t stafically positioned for a

predetermined period of time and then rotated out of the ion beam. The face of the

samples were perpendicular to and centered with respect to the ion source axis during

deposition.



The results of the DLC deposition runs with 1, 3-butadi ene precursor gas and
acetyl ene precursor gas are sunmari zed in and Table 2, respecdidul2003el ow.
All DLC coatings in Tables 1 and 2 were deposited onto Si wafer substrates,
except for Run 10 #395-8 (Table 1) in which the substrate was a magnetic

di sk. The resyblssdosy Table 1 show that the process of the pF@agebtodomventi on
utilizing 1, 3-butadi ene precursor gas is capable of depositing DLC coatings
at a deposition rate up to at |east 47 A per second, and hardness up to at

| east 22.5 GRa. The results in Table 2 show that the process of the present
I nvention.util izing acetylene precursor 1S gas is capable of depositing
DLC coatings at a deposition rate up to-1a¢ |east 35 t~. per second, and
hardness up to at |east 26.6 GPa. The deposition rate would be even greater
i f the distance bet@'@hevdowmoimmumm\ammddheamdsmﬂml@v\lx_afé’rbxmptiblan
reduced, or if hiiﬁh&rdiHOW' rates of hydrocarbon precursor gas were utilized
(see FIG 4). ﬁi‘"& B 55 1PiPE P at es” wer e not explored in the matrix of
tests in Table 1 be@EaUsehdiloer cthode bf the el sowpowad ignitedraad efjussed ® suf fi ci ent

for production_coating of magnetic di.Sks. 24 Jul 093 .wo @oi a~0z3 N H
beT D00/ 0300451558 sl kSR WA\ By Y s ot Al “Efﬂéﬁﬁ@gé"ﬂ\?ﬁﬁ. IR
r. POOv1. - . CECTCgeepersio-dakhoidguriént.. ~ . --m . N~ ~ OVvhO~ NN, ~NM\v 1

ot Sttt ont - R e bt A R RS D 00

O0 00 0O ON~' digm\deurce whk started-to dariytou®simpe surfAGOMErleanide-(UHANAF gdsd~

:/~V§IL.|~Elo 8 E\F;\(/ :(C))(/) %é’W@zdzpﬁsmdy, %16%130 deposition, ‘ot Yedibimatidf thékord ~M -

(f) Upon completion of the deposition, the anode discharge and hollow

10  cathode discharge was turned off, the vacuum chamber pressure was increased to
atmospheric pressure and the samples were recovered with a DLC or Si-DLC coating.
Thickness and deposition rate of DLC and Si-DLC coatings were determined
from profilometry measurements performed on a Tencor P-10 Profilometer. Stress
measurements were determined from films on 100 mm diameter Si stress wafers by
15  means of a Frontier Semiconductor Measurements FSM 8800 Film Stress
Measurement Machine. Measurements of Nanoindentation hardness were taken by a
Nano Instruments Inc. Nanoindenter II on DLC and Si-DLC coatings with thickness
greater than about 2500 A.
EXAMPLE A
20 A Hall-Current ion source similar to that depicted in FIG. 1 with nominal
anode gap diameter of 7.6 cm was used to deposit DLC coatings. The electromagnet
of the ion source was powered by means of the anode discharge current. For each
process condition tested, a 100 mm diameter silicon wafer substrate was located 18
cm from the face of the ion source. Prior to deposition the Si sample surfaces were
25  sputter-cleaned using a beam of argon ions generated by a secondary ion source
before being rotated into the beam of the depositing ion source.
DLC coatings were deposited by operating the ion source with argon and
methane gases. Argon plasma maintenance gas was introduced through the anode gap

of the ion source at flow rates from about 20 to 40 sccm. Methane precursor gas was
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for Tables 1 and 2 above and Tables 3, 4, 5 and 6 bel ow A(l)= anode current
I n Anps; A(V~= anode voltage in Volts; M-13= magnet current in Anps,5 Pres. =
chanber pressure in mlliTorr;B fld.= nagnetic field in Gauss; HC=

hydr ocar bon prisgodwed afftbalflgvatatesifronsabon (rte 160 spom, pidasioaliyndistribgrdince gas

flowrata in s =,Nozz| nfiguration: 1 ' =.dis C t ween
I on source and&lgu g?érugp &_36;4 fﬁ’k‘?-‘é ﬁ%"gggﬁ%itﬂaté%%ﬂe‘iS@%ﬂggzctatll%dlggoé%‘i&:cjﬁﬁg’%an
G peak positi ooutendisaate i d regi a (7 a® egbrope;
Kk iti el rofi atcede slisChange regiSh empbat aRautrd rem fiwrn teseeernd thesd
tress= npr e ve stress in a; 15 Hard. = Nanoi ndent ati on hardness in
S Co }ce in GP d i nd ' hard '

GPa; Rate~ DLC %%po‘sition rate in A/second*= substrate was a magnetic di sk.
PCTI US00103D04  24Duririgythe@DDEG depositidn ipaire3vap@in PRei 3 38(ed IemAbsXAMPLE H

The same i on_ Sour & Gt Cfle bibdEXATBkCor AR s3GHokiY SPORIL e GRAL NOS,  but

via pul sed deposition hode | on-contai ni'ng deposition flux
was turned on ¥eligefrbmabowdfet 150dalisnProfinmetiyinessuremenss indichtod thabthe ai ni ng

deposi ti on 1 ujvehf3s aBH:ABH A B fle LC BhELE lyeWin thorafildl 1% 3018 p@nOde—povier

supply with argon cﬁl sma mal Nt enance rocaroon precursor gas

as ) n .y (
continuously fsesond: g’l,‘he@pmpteissjvmwiang%lah@nwm@hréms ofthe DEEgoatigs f | ow
with the ph@S”&eﬁ%ﬂ{e%}@%ga&%lﬁpﬂskﬁv’@uﬁex/cﬁlh,%%_ﬂao@ﬁ!ﬂt&h@cﬁﬁOde power

supply continuously on deposition runs sumuarized in Tablé 3 utilized
the fol | owi ng fseResE¥elY.10 paraneters for the deposition of DLC coatings:

EXAMPLE B

The same Hall-Current ion source used in Example A was used to deposit

DLC coatings by operating the ion source with argon and acetylene gases. In this )
15  example, however, the electromagnet of the ion source was powered by means of an
AC power supply.

Prior to deposition, a 100 to 200 A thick layer of Si-DLC was deposited as an
adhesion-enhancing interlayer prior to deposition of the 2500 to 5000 A thick, highly
stressed DLC coatings. The thin layer of Si-DLC was deposited by flowing

20 tetramethylsilane precursor gas through the nozzles. For the DLC deposition process,
argon plasma maintenance gas was introduced through the anode gap of the ion
source at flow rates from 15 to 25 sccm, and acetylene precursor gas was introduced
through the nozzles at total flow rates from 40 to 80 sccm.

During the DLC deposition process, vacuum pressures ranged from about 0.4

25  to 0.8 mTorr, the rms anode current levels of ranged from 5 to 11 Amps, and the
anode voltage from 60 to 100 Volts. Profilometry measurements indicated that the
average deposition rates for the DLC coatings were in the range of 8 to 23 A per
second. The compressive stress and Nanoindentation hardness of the DLC coatings

were in the range of about 0.4 to 3.8 x 10'° dynes/cm?, and about 11 to 22 GPa,



(a) magnet current of 6 Anps; (b) magnetic field of 120 Gauss; (c) nozzle

_configuration in the IN position; (d) acetylene as the hydrocsrhin2003
precursor gas; 15 (e) deposition flux pul sed 5 seconds on, then 5 seconds
of f; (f) distance between source and substrata of 7 inches. For the
deposition rupsooavessi waf er substrates) the thickness of therDst/aomti ngs
was in the range of about 3500 A to 6100 .$, which allowed for
characterization of mechanical properties such as conpressive stress and 20
Nanoi ndent ati-on hardness. The thickness of the DLC coatings in the
deposition runs on magnetic disks wafers was in the range of 400 A to 800
A, which was chosen for ease of Raman sqfi@ctroscopy characterization of the
DLC nmaterial while maintaining good adhesi on of the DLC coatings to the
magneti ¢ di sk surstivedlg.es. Referring to Table 3 below, material properties
of the DLC in Run 416-8 on 25 the disg Eate are presuned to be the
sane as those of Run 416-6 on the Si Waf substrate, because with the
exception of procesEhesame Hatli@irrennios souticet donfigiration @sddia Example AFwagused , t he
material propertjes. he DLC in n 416-12 on_the_ di sk r . July 2003
VD 001 47053, el 45BRN IR A5y chePa 8 o 2P ol utonit pa"ehidind .
t hose of Ruh 4g#ied 0Asim Exnenphi B\whé electeomiaghat af the idnesoergs evaspdvierédisy reeanept i on
of process ti r’rgfant& éugrscl:lor]ditions were the sane. However, it is painted
out that becauSe ot~ PRE i ner Eased | ength of the deposition tinme on the Si
substrates rel ati veAlsoas indixample B, lad 0frt208tA thickilayler sl SiddLG ves depobitedwaf er

substrate tenp Y=o Ls r ' . | sl i ght
change of nat e?ll{a. g%?%;@)@‘r%{l %%91@&%[%‘8{]@ d%aggio fglghégéggegseg%lﬁa r, , ooN
1 -d 00 v, ~t;capngs. NFeythe DL drpositjopprocpss\argamplasmy| n@intoyagcaeaniwas M d | 1i ~

= V-1 Mg frodided th“fau%:f'l tVé-ano@gﬁa?p of the ibh Durde MO Dhedl N1 80 79 scef?™ O~ O O
OOr.. ~""" O0Oo00 oho oho 1 a~ HO00 ~ o0" 00"
and butadiene precursor gas was introduced through the nozzles at total flow rates

from 30 to 60 scem.

During the DLC deposition process, vacuum pressures ranged from about 0.4 to 0.8
mTorr, the rms anode current levels of ranged from 5 to 11 Amps and the anode

15  voltage from 60 to 100 Volts. Profilometry measurements indicated that the average
deposition rates for the DLC coatings were in the range of 10 to 19 A per second.
The compressive stress and Nanoindentation hardness of the DLC coatings were in
the range of about 0.7 to 2.7 x 10'° dynes/cm?, and about 10 to 18 GPa, respectively.

EXAMPLE D

20 The same Hall-Current ion source used in Example B was used to deposit
DLC coatings by operating the ion source with argon and acetylene gases. In this
example, however, the Si wafer substrates were located at distances of about 10 cm
and about 18 cm from the face of the ion source.

For the DLC deposition process, argon plasma maintenance gas was

25  introduced through the anode gap of the ion source at flow rate of 50 sccm, and
acetylene precursor gas was introduced through the nozzles at total flow rates from 10
to 80 sccm,
During the DLC deposition process, vacuum pressures ranged from about 0.5 t0 0.7

mTorr, the rms anode current levels of ranged from 10 to 12 Amps and the anode
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As illustrated by the results presented in Table 3, it was found that both
met hods for pulsing the deposition flux produced DLC coatings with
out st andi ng cgh@eRri stics such as high hardness and hi gh dapssedsomn rate.
Cenerally, it has been found that the sinplest nmethod for operation of the
ion source in the pul sed deposition node for disk coating is by pulsing the
hydr ocar bon precursor gas, however pul sing the anode (plasma) power supply
wor ks. The ion source of the present invention has been found to operate in
a very stable node, with m ni rum change20n di scharge conditions in the

pul sed precursor gas node, especially when the vacuum chanber pressure was
in the range ofolapefibtm®08o ndd VolisoProfiometremeantemets dicated ghat ke ageregaur sor
gas al so tends, to .pro er at i | S| t asma
power supply. clgf(pz)o)lslg%?%ye%??rﬁ h%g%eggaétr%g? ngr%dﬁh%g%&gg %?1?%(3&92%%%? cloglrli nmet hods
descri bed i n EXkhewangsesSve streskarididarbin@erttatichrimsinegsrof thed¥dC boatingeewgeised anode

current nethod,is so a f 20bt.ain nt i nuou
operati on, andthfﬁggbfngavqéggr %#\8&9@5 6ﬁ§d@¥;ée§%gly’ %gb%uﬁﬁéggs g?%’crﬁs g%'rvglé'as met hod
is 15 sonmewhat hi gHEie DG deokisibn cad @idNetoingdentatiohihandoess anp bmationof. For

reference, see n 418-2 in Table 2 d ns 8- 6,and. 418- in Taple 3.
NP T Dt e 1stent pEecfisb ol ARy ud (RS by BePindoflfraria U 10 als 201 © 5.

deposi ted on 95 Ampdamhesomrcerraguistrate distande off Dlesn arm prsantediy Fidieandsi ng t he

i on source and S A fixturing configuration of Exanple G The
substrat es vvergl%’grsé%g‘?etecg% a standard manufacturing process used to nake

commerci al hard di sks) except that thEXpMBIEIE was interrupted prior to the
applicatioggof the fﬁi@%ﬂ{g@k iﬂﬁ&%@e@i&%ﬁc{%ﬁﬂ&nﬁ?ﬁ%y@%ﬁ@@L@’&ﬁ&Qﬂé- Mul tiple

magneti c di sks were | oaded onto a rota I xtdre and coated with 25 DLC

in pass- by nmodHallCarreptdos sureswilmipisdixemple.the Si-Dh.G muerisd paputiizeies @ with no

substrate in fraalioREnlaREink AerBPétevech bR sh¥raRAHE & BopodiFRa@h drbPE. beam
were first stabilized by operation on ar gon pl asma mai nt enance gas only.

Then, the fi xt &his multflayey gpajing grygespbagiesen gerponstrated (9gureyugs bighly-aghg@entot at i on

was turned on aﬁ&ﬁt@cwﬁgssumrtﬁe AANCLAERYS] buPRVERCIPBEE chbitfhgs AtVe@e. Once
each di sk had passed by the source a predetgpm ned punber of times to

conpl et e al¥puferepressiveisiresy imihe sawge of Bpopichp @ takx WiadyrefFace cont ani nants
and activate the surficaame HallECurRhfioh Sdurdised indHXampleOwhdigded o Gepbsi

position, contgjni n | Sk ,substrate, s present, over the sour.ce. Then,
Pvar ocar bon_pr SEHHERI BIE Geresy ohitoiadhs Re GOUREWIt HEGh i BEeNIER: | on
sour ce par anet erMS)ywidacéallenygidest ODa1irpdohtingedeplitinm, arigen plasiLRaip@haet er s

Decae St oDl ) ol tn O Ebek b forh SRR PR B IR e T,
obt ai ned bg0r opmtursg gakes (FMiSuhd adepdensperetiiteoduced donozeles dsin Exarhifile A.
predet er m ned ?‘Hgggétro%agt[ng\églhlétlgnos%r'ce was powered by means of an AC power supply.

For each process condition tested, a 100 mm diameter silicon wafer substrate was

located about 18 cm from the face of the ion source. Prior to deposition the Si sample

surfaces were sputter-cleaned by a secondary ion source before being rotated into the

25  beam of the depositing ion source.

Three coating layers were deposited to comprise the multilayer DLC coating: (1) a

first Si-DLC coating interlayer having the highest atomic concentration of Si, (2) a

second Si-DLC coating interlayer having a low atomic concentration of Si, and (3) a

top coating layer of DLC. Some coatings were attempted without a Si-DLC adhesion



The DLC deposition runs, sunmarized in Table 4 below, utilized

_ |, 3-butadi ene as the hydrocarbon precursor gas. The distance 2%edue2d03 he
source and di sk substrate was 7 inches. After application of the DLC
coating, the disks received standard 15 post-deposition processing steps of
bur ni shi ng aneyoligharoag. Sel ect ed di sks were then tested to veetriyootobms
performance of these ultrathin DLC coatings of the present invention. The
di sks coated in each of the runs sumarized in Table 4 below all passed

20, 000 CSS cycl es under anbi ent conditions) and 10,000 CSS cycl es under
aggressive conditions of elevated tenperature, e.g. 55C) and |ow humdity ,
i.e. 20 5% indicating outstandi ng perfelmance. The perfornmance of these

di sks coated with about 50 to 70 A of DLC by the process of the present
invention was dayegtikeyordygey (30wat perfdmaed. obt ai ned wi t h magnetron sputtered
carbon overcoats. i kn non Y, t hese coatings
was +/-5% or better, gaﬁe%ﬁ&&'ﬁtﬁtcgeﬁn%éay §¢ tye%cf WrathOfArrpﬁaé?&%aggelfaﬁc Fiteria
for protective troegtcibatsode wagd§ pem, endtbe ﬂaw datel PERMIS prec@viorigas yhr@@Gh3he\D

F1d. Hoont o, TRRZCR Vo desitho 18 BelupsBek i ullabtly 05 mlamdismirsoses. 63

5810570. 522403 eaukoouress 9856 566 0.tS1D 4036 @ud §6524 2G8IE Y RER0REE 080 OUTSO623

840, 38430901 NRgATA TR g8t B eIt { BV ol SRI G Ab94d8 rm00. 57

480301 N254753906%80ds. 36480801 N30665 Additional note for Table 4: Unif. -

t hi ckness non-unifo ce between
outer dianmeter and Z:H%Erl% éecé{“%gl L?%Bﬁﬁxﬁ1&&&%?&%@8@%&%%%&&? Report ed
val ues were meanainterinEaigasdhrough thumdgwasw soamesnd thesprecurspr ged fged@a@3 WO
00/ 47023 PGY U%Q%H?e‘a%néén @Mlpﬁs%o';%cﬁ &&%&&1@9@ ?Be LGl Resdud: N T he

range of about 50 wer e prepared di anet er magnetic hard
di sks as descrmwwaatewbpémTomamermhenqﬂeﬁwmﬁrenged/é@nt%mleﬂmmand n

pul sed static AR a'éoa'@@dlﬁgefﬁﬁgedrﬂ&ﬂ AHRULT7 (o B S/ olR UPE LS p B dl ind forfrdr € i n

each run, but each disk in run was_sequentially coated in the pul sed
mode. Two di ffé‘Fgﬁ%yebP%%‘é%Is%é"ab?bOPhbsi?ﬁ?‘@éd mode were tested. In the first
pul sed node proceSSF(os&eD‘lep&g& tmmwrétsbfAﬂﬁﬁsm@mIawnm'é gbeihedﬁ)gh the DLC

deposi tion tarted and sto on by p the ] ow precur sor
gas while t E anoge, ves 1§ sy ﬁ@d&ﬁ@?%ﬁﬁﬁfu %Oﬁﬁ‘ﬁ" pfare enance

gﬁs In the Setvuaxuﬁo&lahibeﬂ‘prusﬁﬂg W alSdubS'ﬂ][nﬂIdir ke ran @iliude&ﬁrrertwrmm fesmipce,
the ion source n be re fir ilJze opgrati on on
argon pl asna migh? éﬂbﬂﬁ é&s’“&r‘i‘f‘w“\%ﬁ%ﬁ?}m@ge rgﬁ‘ anbtsdpftg?gt%gg B ated into
position in fr aepositionttings fopthe Siest tayer of SILC \tvisezbbmdmoeéutabdm precursor gas
was pul sed on) and ined on.for a,ti uffl e ROSLE A DLC
coating with target c(ﬂr:ﬁe%sp r?%{e\ﬂémth B’ sie.rﬁsﬁ(lje?ﬁ E&"%\F?Dgecotﬁfﬂ Y&t% on of
t hi s deposi20i ondid hotmdhdrdanbtoethejsnhmn sgbsrafes evindimated by ntage pdlf dryBdbesjont he di sk

dt t ed
vas oved 10 2 Bl LA BHGold ISR BONESR e BRI SRS N0t S
(see Runs 427, Mbmma&@liqfomsetnwmg'ﬂhb#mc@ep fie6n thheacB@ chieplrsi Howevareall st art ed
b | si t h d
oper at i ng it ariiss Boied B Bt A PGB Yghisty B B SRUEGROBTURUTC,
by turning oi Ttwlpe mdiu adbesion. Pufiddmettyonenstrements mldlcaﬂeéthaoﬂlesawagne pl asna.
In th t t th
sour o pl acma SepSeih il bR ol Qo BbARE DRI afhes rBilka Bom 1250 APR PHLSR ¢ O
pl asma 25 mai ntenance gas only. Then, BXAMBLEEK was rotated into position in

front of the ion SOuhfe. N ks mss&§9§p%ggspm RESEHY AR SEBE AR S€d On.

and remai ned on for a tine su I clen eposi coati ng t ar get
t hi ckness bet wdtall-G@rent ioarsdurge In this case, the requnred characteristics of the coating are

provided by the Si-DLC coating alone, with the need for deposition of a top layer of



24 July 2003 WO 00/ 47023 PCT/ US00/ 03004 -3 9 A, After conpletjion of thls
_deposition tine, the anode power supply was turned off to ex@ﬂM&Uﬁgw t he
ion source plasma and the ion beam Then, the disk was noved to a position
away fromthe source. The source was restarted on argon pl asma nai nt enance
gas as not ed abougizand the sane process was continued on oprdnwrUsed/3004
substrates. The DLC deposition runs sunmarized in Table 5 below utilized
1, 3- but adi ene or acetyl ene as the hydrocarbon precursor gas. The di stance
bet ween the source and di sk substrate was 7 inches. After application of
the DLC coating, the disks received standard 10 post-deposition processing
steps of burnishing and tubing. D sks ce&%ed in each of the runs sunmari zed
in Table 5 passed 20,000 CSS cycl es under anbient conditions, and 10, 000
CSS cycl es und®LGaggressive conditions of elevated tenperature and | ow

hat the per f or rance o ilEc e € BAEREEin il FATHA o ol 123 T

by the process SoDPLOwatings g wperatingthe ionrsoyvas wigh eph ynds TS gases. Inthishat

24 Suly 2003 vBrBO 17005 Py HLEBrGRAR JUREEPEs R nRb M I\ PN g

f1d. GasHCCnf~. AFSWIRG aebpe 19 cgpfrem tigdfacrmf e sr@ur 5 81 5

100A401 N1547428PG 8 k 4439 Gk §s\54 MNROA4431PG 7 66 4
PHiortg d

508301 ND564az0ur FTAT 4 SRART E AL e N Sk A A o s 83 6

120B301 N2559Ad &#kam mhmgnaneﬁleffhﬂ Cuatsntios squsercoperatgstonayy 888 oflyl si ng; 5Cur =

pul sed anode curr eng,'Re8i Bfca ktﬁ)‘ﬁ Q&L §[p 1 Qﬁhsmm%ﬂ Q@ =s Wydr ocar bon

precursor gas; A = ac%t erne el%f lrJta bla 4 ) o %s §/\O 00/ 47023

PCT/ US00/ 03004 intzprugedA] ugfethka@degemoﬂhcm smm at@wremof |56 fecab and EMS

simlar to jphe mufss.egau%ﬁg ldtmd@sa@mblﬁgh%mzeleym&atﬂb\@ﬁmﬁchkCTﬁ@atI ngs
as the protective |ayer on magnetic disks using a fully autonated

manuf act uri ng ﬁﬁwes@amherameaswme S ey, thed i épodsisursenth fferd frony? sk

coating system T@ﬁrﬂp@rhnaﬂiérrﬁﬂ%nmr\%ltﬁ%eaﬁ%d FRHMHbBE B0 abdut 35 Vak£drien FI G
2. In the standard_ configurati nt evac NI DP- 25&%@5 st emutilized

t hree separ at e IEPRSIHoBLINEE £3rithg, 3~ ]?Ioéﬂ%'ﬂg‘? yers it Fangs 8 40P %0 car bon

overcoat as thegedonds. ectlve | ayer on nagnetic disks as they passed through
t he machi ne._. Each s on housed two OppoSi nett t hodes) which
were confi éar ed to f ’P%fﬁ'éﬂi@?‘ﬁmiﬁsegtﬁfgbﬁgﬁ °§% '@f“@gcﬂp #if8netic di sk.
Because of t he thickieskephsthé i taﬁge 6821900 &f 2100dY exhuhanemgnﬂebesim rams bmgmgt hr ee
sputter deposition .st e lecessary to nee oduction
hroughput r eq ToTLHRHT 1 818 AR SeBRf TR e Bul¥ Bl AR haPlEH

"Ny sour ces
and rel ated suppcinessedthe[SHDAIC mnngsrvmmmeuelfanmﬁahwtamteé%xa@’?ons on the

Tachi e, O OnG ROt U 135 14 0ASEIRUILE e Bl cfiGRUualn sour ces of

the present invention Were noun ron sputterlng
sources, reédulting EmamplenGfK gusqrt th@mesaks ofra $eties, ofscheslozentsam whishla si des of

the disk were 0 | ' T was

al so nodified t% '(l)&g%gﬁig Sid}rte:ﬁto' ﬁgg&ﬁ%gr({ﬂ?elopq &eﬁﬁ {:i%'rgﬁvas Jlg iffg%’%} 63@?:% nd

t ur bopunp. 20 DIC contingsfodapplicgivaton mgtgpvtiyd@slsdlslqamdve hagnetic data storage.
These examples illustrate that the process of the present invention is capable of

ﬁ‘@

depositing very thin, protective DLC coatings which have excellent tribological
25  properties onto the surface of magnetic hard disks.
Example L demonstrates an embodiment for producing DLC coatings of
extremely high hardness using a closed-drift Hall-Current ion source of the present
invention,

Example M demonstrates another embodiment of the present invention in
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a) loading a cassette of disks that sequentially entered thezi%] t of t he
.12 process stations though a | oad-1ock; b) novenent of the di

station where it was heated; c) novenent of the disk to a station mhere a
netallic seed |layer was 25 deposited by magnetron sputtering; d) novenent
of the di sk twoaogtozd i on where a nmagneti c storage |ayer wasPcrrogioed by
magnetron sputtering; 24 July 2003 WO 00147023 PCT/ US00/ 03004 -42 e)
novenent of the disk to the station where ion beam DLC vyas deposited using
the process of the present invention; and f) novenent of the disk to the
exit station through another |oad-lock to a | oading cassette. 5 During the
i on beam DLC coating process, argon pla$da nai ntenance gas was conti nuously
fl owed through source during the entire process cycle which involved (1)

di sk transfer mhid atrm-cm_seslgr ifhHpir§ugen donoseurce ofthe peesgnt énvention haviagpon, (2)
DLC deposi U1 onandiadndnili i &ankhiBGESLeih ibsel Rl BEEb ARl "ifls johe next
station. Wien the di sk was p05|t|one3 deposition gtatlon and the
DLC station 10Sqiee osBeuatian is suitable fer #E@etlrwa&%eoa@p%ﬁtqmnem@r@é@@m tion

was performed Byiafde@MiRdddpétiRol@ste irOWEER ﬁ%zﬂaﬁ&s bf\dibsQR cotimidagy sour ce
for a predeterm ned tinme to achi'eve the desited DLC coatin thlckness No

adj ust ment s >wePasserhidranbolghnion sauser: cheden wrise oy Witphle for darositiopof RES
introduced excgpy SiLE oh@Varg@&es subbedlestsih ﬁ%héﬂt@@t@asﬂ@'g‘[ﬁs%ﬁﬂ&@l §as was
al so lowered slightly. This process was essentially the 15 equi val ent of
the "first pul StErlseassubsigeeaswellescri bed in Exarrpl e J. DLC coatings were

deposi ted on di sks ﬁ“ﬁée%le"sﬁﬁﬁkﬁﬂoﬁibd@%éﬂ?&eﬁ@ﬂtﬁb’br@ﬁnﬁﬁ%’tlbh94{?15 in each
source; a) anode current of 8 Anp net current of 2 to 6 Anps; 20 c)

magnetic field snoswltcocc’ftz@sea@s@asnef)c *&&%‘? %Séﬁéhﬁhéexzﬂsgm rate B‘Wal’létf‘é‘ of 30

to 40 sccmioe) nAkGRBdULios MBwdRiodeE NalRe peaDyldeptitioatiode? aixllhgtrazéa 15 ccm f)
deposition,of 1.1 to 1.

chanber pressure durin
deposi tion rat «i—*’xﬁ’?’& :5-5355“? s Aesapsdes th%’%ﬂﬂ&??‘@w&aﬁg%m wi t h 50 A
i on beam DLC nmestbontbéitsiniag glakmaliohibesn gereratedtai 4 doatisuookly bperasipd i ncl udi ng

condi (i ons. and 0T BI0ORSSH oS! - AFERBLel e Koo B PO sads oS00 o

.001 47023 PCTJI Tsade’ £&300rated mmiild:slH)ﬂﬁl Jofndiviideidbdubsiratanpedcatedioge @tnd | ow

hum dity, ijadi atl n out st and] neasur e har dn S5 of the
DLC coat i ngg ¥ ﬁf%“%';!af“ﬁ'ar@dﬁ veg\"f%‘agl??ﬁf@ oot b ninsth ‘g% Hsited on
silicon subst rde;msxtion nwda,ithe dleposmmrﬂmsspmlmedtdlmﬁeumedﬂfsmtehhmbeamgnet| c

i sks. except bhRudiRdin A PRk iln LEXE nPAASARGERE pEISDRb RECLAY Med priof

to the DLC coating nsvvere I"owi ng
conditions in derdsitionof th@appropnate thickness of the DLC coatmg, then the substrate is

removed from the DLC deposition zone.

20 Operation in this pulsed mode is industrially important because it is allows the
utilization of the ion source and process of the present invention for deposition of
DLC and Si-DLC coatings in so-called “static” single disk processing systems for the
manufacture of magnetic hard disks. This pulsed mode of deposition for DLC and
Si-DLC could also be utilized in other important industrial thin film processing

25 equipment such as cluster tools for wafer processing in the electronics industry.

In Examples G, H, I and J, the precursor gas flow was introduced into the

plasma beam in front of the ion source via nozzles made of metal tubing. Three
nozzle configurations were used in the experiments. In the first nozzle configuration,

four nozzle tubes, oriented in a plane parallel to and approximately 0.25 inch



a) anode current of 2 to 1 S Anps; b) nagnet current of 2 to EL .

.c) magnetic field of 45 to 250 Gauss; d) acetyl ene precursor ?g4a rate
of 15 to 45 sccm e) argon plasnma nai ntenance gas flowrate of 12 to 63
sccm f) chanber pressure during deposition of 1.6 to 4.1 mlliTorr; The
Nanoi ndent at iwao ofremziness of the resulting DLC fil ns was i n rdraspesge of 15
11 to 17 GPa. EXAMPLE L The sane Hall-Current ion source used in Exanple A
was used to deposit DLC coatings by operating the ion source with argon and
acetyl ene gases. In this exanple, however) the anode and el ectromagnet of
the ion source were powered by 20 neans of separate DC power supplies. The
deposition conditions and results are piésented in Table 6. The DLC
deposition runs summarized in Table 6 were all performed on silicon wafer
substrat es, uséewnstrean pf the&ca of thh éonispuice warehised. pFheaozaleswegaerjentedPOnozz| e

confi guration h{kﬁée??rob'\éa&‘i’éﬂqéﬂ a3l po Hkﬁééﬁeﬁ#r' {n?farh TwWRP1E o tBeJS@’X BJ‘OW that

t he process of resent |nven sep ara
supplies for tkcexrand‘dhe enthef @tlennzzbmglwate(bﬁpnrMmatoh 0525unci‘efr0t8 tlt;anpwbl e of

deposi ting DLCyenak} S&Qﬁe Q&Qggﬁﬁh%gﬂﬁ;ﬁ dHB’n i Qofdl ad HESINdsitioR i

second, hardness up to npressive stress up to at
| east 6.2 524dumW9blmb3bWOaMm9®mzlb@scfmuc;@gmwasmmﬂ@:tathmret, deposi tion

rate would be ERERH (B BRI Rl orzach Gl HAARG dba‘gfn‘&ﬁlﬁte?)hﬁldcﬁ@roﬁﬂ £GRednd the

substrate was rease ess than ow rates of
hydr ocar bon pré'eWF@befQ‘aém’W# éﬂqs*Flchqnﬁeld '{'@%EOSFIOGJS upyed as tlZ’éI QLIT"\positios WO

00147023 PCT/ URQQuLBRN4 1=5 Btow. ETheéird ndizie! confleMtfol Mab MiaNo the first,

except that the nozzles were oriented to deliver the flow of precursor gas across the

10  discharge zone, in a direction along a line tangential to the circle describing the center
of the annular anode. This position is noted as the “SIDE” position in Table 1. In all
these experiments, the hydrocarbon precursor gas flow was split equally among each
of the four nozzles.

The vacuum chamber was pumped down to approximately 1 x 10° Torr or

15  less prior to initiating the DLC deposition process.

Depending on the amount of available pumping capacity and the desired
deposition rate, precursor gas flows ranging from about 2 sccm to about 500 sccm can
be used with the ion source of Example B. Higher precursor gas flows increase the
background pressure in the deposition chamber, Larger pumping capacity allows

20  higher gas flows to be used while maintaining the total pressure below the desired
maximum pressure of about 10 milliTorr.

Argon plasma maintenance gas was fed through the source for all the
deposition runs. It was determined that the sum of the argon flow and the
hydrocarbon precursor gas flow needed to be above approximately 35 sccm for

25  optimal operation of the particular ion source used in Examples G, H, Iand J. This
minimum flow is dependent on the ion source operating parameters as well as the
background pressure which is controlled by pumping capacity.

The vacuum chamber pressure during DLC deposition was measured with a

capacitance manometer. The indicated pressure as presented in data Tables 1-4 was
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about 0.5 milliTorr higher when the ion source plasma was turned off, indicating a
significant amount of consumption of the hydrocarbon precursor gas by the deposition
process. The deposition chamber used for the experiments had the capability to
throttle the speed of the high vacuum pump, allowing for a comparison of results

5  obtained at similar gas flow rates, but different chamber pressures.

The deposition tests were conducted using anode currents (ion source plasma
discharge current) which range was smaller than the total operating range of the ion
source. The anode power supply was run in the current control mode, such that the
anode voltage would automatically stabilize at the value required to achieve the

10  desired anode current setting. The resulting anode voltage for a particular anode
current setting was a function of the gas flow rate, chamber pressure, nozzle position,
the magnetic field in the plasma region of the ion source, and geometrical
arrangement of the ion source, substrate, and the vacuum chamber,

The magnetic field within the ion source was induced by an electromagnet,

15 which was operated with an independent 60 Hz AC current supply.

Examples G, H, I and J utilized the following range of process parameters for
the deposition of DLC coatings:

(a) anode current of 5 to 12 Amps;,

(b) anode voltage of 51 to 97 Volts;

20 (c) chamber pressure of 0.29 to 1.43 milliTorr;

(d) magnet current of 0.8 to 10 Amps;

(e) magnetic field of 16 to 260 Gauss;

(f) hydrocarbon precursor gas flow rate of 20 to 60 sccm;

() argon plasma maintenance gas flow rate of 11 to 140 sccm;

25 (h) distance between front of ion source and substrate of 4 to 14 inches.
Note that the range of process parameters used in these examples is smaller than the
total operating range of the Hall-Current ion source of the present invention.

For actual use in high density magnetic storage, the desired thickness of the

ion beam deposited DLC coating is in the range of about 20 A to 100 A. However,
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for ease of Raman spectroscopy characterization of the DLC material while
maintaining good adhesion of the DLC coatings to the magnetic disk substrates, the
thickness of the DLC coating on the magnetic disks was often made thicker, up to
about 800 A. DLC coatings having thickness up to 7100 A were deposited on silicon
wafers for measurement of mechanical properties such as compressive stress and
Nanoindentation hardness.

In Examples G and H, the deposited DLC coatings were characterized by
Nanoindentation hardness of greater than 10 GPa, compressive stress greater than 0.5
GPa, and Raman G-peak position greater than 1500 cm™, and Raman background
(luminescence) slope generally greater than 1.

In Examples I, J and K, the thin DLC coatings on magnetic disks were tested
for tribological performance using industry standard contact-start-stop (CSS) tests.
Prior to the CSS tests, a thin layer of lubricant was applied to the DLC-coated disk
surface. Two types of CSS test conditions were employed. The first test condition
used ambient conditions of approximately 20°C to 25°C room temperature and 30%
to 50% relative humidity. The second type of CSS test used conditions known to be
very aggressive for magnetron sputtered carbon coatings: elevated temperature of
55°C and 5% relative humidity. The friction coefficient of the DLC coating was
measured before and after each test.

It is widely recognized that industry standard magnetron sputtered carbon
coatings of thickness in the range of about 50 A typically fail at less than 10,000 CSS
cycles at ambient conditions, and never survive 20,000 CSS cycles at ambient
conditions. It is also recognized that the performance of industry standard magnetron
sputtered carbon coatings is much worse under CSS test conditions of elevated
temperature and reduced relative humidity than under ambient CSS test conditions.

Based on the known performance of magnetron sputtered carbon coatings, it
was determined that if 50 A thick ion beam DLC coatings passed 20,000 CSS cycles
at ambient conditions, and 10,000 CSS cycles at elevated temperature and low

humidity conditions, unexpected and outstanding performance, far in excess of what
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Hal | -Current ion source having a |inear anode configuration, simlar to
that shown in FIG 4A of the Mahoney et al. co-pending patent application
U.S. Ser. No.wo3b2fd13 036 was used to deposit DLC coatings. Atpusécainode was
about 30 inches long, and the anode channel was approxinmately 0.5 inch deep
and 0.5 inch wide, Twenty-eight el ectromagnet coils operated on 60 cycle AC
current were used to induce a magnetic field across the anode between the
two magnetic pol es that extended al ong each side of the anode. The ends of

t he anode channel were closed off with &¥-insulating material. Argon plasma

mai nt enance gas 10 was fed fromthe back of the source and energed through
t he shadowed amasieeeyaghievied mithtshustesesiadon) woidd be varified.aBledeforeTthe OS8|téstan

cat hode el eCt1 4 3K 66 DITPWBkls BERL 5o MR of H0RTCEe e SLE, Hsed to

supply the electrons to nmaintarn-the p eposi t1 on,
acet yl ene precambient ¢paditinns andatfaliueesdl 0,490 £ SSHest cyntesibelavatddtemperasuel es

nount ed al ong taﬂc‘?lo'vﬁﬂﬂﬁiﬁitﬂonﬁﬂﬁnﬁ”()de channel . Each . 15 nozzle directed a
stream of precursor gas across the ion beam approxi mately perpendicular to

the | ong di Aension of the anode. The BXAMBIE @ere nounted approximtely 7

inches apart and vepecSRafi vaRPddpsLifiE bl Wafers dnd phoAQIWIRES G&TVWA hde face

of the ion source. The |ong dinenSion of the i1on source was nounted in a
vertical ori entilli@Gurendion sepsce ofExpmplefeusingacstylene ecl.dhutadieneasihal |y at four

4-inch di amet e'hy&iocé&@éﬂreé%?Eﬂsat‘ﬁ?ﬁtattri%t&?dé]%@l%%ﬁ ﬂh@%awgésggn% F)f&gmﬁila% 7

i nches downstream fromthe front of e ion source _and parallel to the face
of the source. cffa@ of ingiseyrce progess parampets ofthe sppiting PLG mgteripl pippasiias| Fhe n

front of the cembiglssUfidISLOROHRSRAMBLenaBBe i thefahkd/ofidBodt2906 AQ6 7008 Of
the four hydrocarbon nozzles. 25 After npunti nq@t he substrates in the
it

vacuum chanber A t¥hichevas pptimufar chometerzatign phmeehanise)neonsrties sich ashan 1 x 10' s

Torr. The ion 6mpRSsiv satiFanddBnoindehtalich Yardfdd WO 001 47023 PCT/ US00/ 03004
-48 initiated on argon and allowed to stabilize., Then) DLC deposition was
initiated by flow n%“f&s?&?ﬂ%ﬁﬂtsaﬁ%tvr"é‘ﬂé syustrates %‘Pg’géé'"t r‘%&ﬁ“é&'&ﬂ"

nozzl e. A DLC oxafidrs argl 95asmditymieséringagnétiviard disks utbs loaddd@ata dvofdtublefb@irdL usi ng

the follow,ng conditions: ode val tage between 100.and,111 Volts; anode

current of 30 ARG St Hhiihes P SRe e R it S ane o

el ect r omagnet s magagivatiordihg allay with mpgrevisusaatboh godtng. Eadls sibsteatgonas @agd ma

mai nt enance gas,_f.l.ow,rate of. SC t ot.al acetyl ene precursor gas flow
?nJmﬁtéarlr!B/ @% a f)‘l)’e lsﬁég 8%0081?}5}'1 ﬁ%"%é}“’"'

rate of 40 sccn € eposition of approximately 1.6
mrorr; deposition timthe sétuplpasitiontvath. noldpbstraedmbiont afohre iof sdunee, the mssoticon, t he

vacuum chamber ag, VGORET stuiska s delGaRhif R} ShkrtdRTh aftof pliisa " eCOVer ed
20  maintenance gas only. Then, the first substrate was moved into position in front of
the source, and exposed to a beam of argon ions to sputter-etch the surface for
approximately 10 to 20 seconds. Then, the hydrocarbon precursor gas was added, and
the ion source parameters were adjusted to the desired settings for deposition of DL.C.
The DLC deposition process was then continued for a time of 15 seconds to 20
25  minutes to achieve the final thickness values shown in Tables 1 and 2. No adhesion
layer between the substrate and the DLC coatings was used.
After completion of the deposition of DLC on the first substrate, the substrate
was rotated out of the ion beam while the ion beam remained on and the precursor gas

was still flowing; i.e. the ion source was still depositing DLC. (Note that the ion



The maxi mum t hi ckness of the DLC coating was 1645 t1, corresponding to a
.deposition rate of approximately 7 A per second. The coating ZXoJgly 28&3 ve
stress was between about 3 and 3.8 GPa. The filmwas too thin to obtain
accur at e Nanoi ndent ati on hardness neasurenents, but based on the known
correl ati on 1Wobesmeen conpressive stress and hardness for raresoodndd il nms
deposited from acetyl ene precursor gas with Hall-Current ion sources of the
present invention, the coating hardness was expected to be in the range of
about 19 to 23 GPa. This exanple denonstrated that a non-cl osed drift

Hal | -Current ion source of the present invention, having a |inear anode
configuration was able to deposit DLC 2B8coatings having hi gh hardness at

hi gh deposition rate. Using other process conditions, e.g. higher precursor
gas flow rat e, befinf Wagnener stasted pestopnsdmhen ﬁls)sulismtemaanbﬁmtobﬂh@a@ece beit with
the sane ion s und
that soft DLC Doart sl fE Al bipashN, B0 TR i WiaR s e T b PRI
expect ed har dnemisce.)e'Shent tha preSursirganbow wie plod offend apggon 1 bgam wa9 003 WO

00/ 47023 PCT/ gfg{wg sited
using the Ilnggerg%lﬁgg%lﬁ%%tc 0S :?% &gol-\g??ﬁ%ur%ﬁﬁ%én&ggﬁﬁggt%&%xanpl e
M except that rasesedintribe anggoion peam aad ﬂmamrernaﬁ@ee@rgcqamensrf@r acetyl ene
precursor gas VRfe r-&@ﬁnﬂgéﬂ?ltlﬁ]%'&ﬁﬁ IBH'{vQ%éGQpJa{EQ shadowed anode gap directly
into the plasma di schar Inch dianmeter Si wafer substrates were

pl aced about 7 |nch%@%@f%%q%ww’éwwmléfbufaﬁlsnmﬁcls‘mse%nd
parallel to thg.a&R pedcutsBegas qwseﬁma} PedRHAAd #M&Z respBdtivél} beidwl 1ibLcDLC

coatings were deposited using t f ol |0V\$ gz condj tions: anode voltage
bet ween 93 andcqmgwﬂ‘tagle&bﬁ%%wemew Pritq 1 Wafer substEpes groeps frRung Anps:

nmagnet cur nent #99s.g(taBled ) MWHich theQssiraR el a AfaghdiR d%k. €l ect romagnet s;
magnetic field of a r oxi mat el éﬂlSo tg 300 Gauss;  argon plasma rral nt enance

gas flow rate of 18 ﬁrﬁs“i‘eﬂ‘ showhst|theprocrse.of thepiFsegtiaventignutilizing of 50
to b0 secm chmhuatadwnemulﬁreorcgdg 1sr¢spsumb;§dsmgmmﬁ@slaﬂaa@oﬁn&n fatdo 1.9
mrorr. 15 The resul % catlnﬁ g thlckn |§%]P a of 1980 to
5200 A corrspBNﬂ*ﬁéf’ 576 PESPIond e Bps Eesfﬂpf%"é n’& a"B‘ﬁ it ely 3 to
9 A per secondTatlbe sh@wphacthe pmeessbfexamaséntﬁrhenttmamimgg aceBydenerprécomor ange of
1to 3.8 G andthe |nd onhardneso t he coat..n s in the
Fange of 135t 0B tabol Ah xR BLERRetiE SRS e AR B a TS Bl
simlar, but tkeoodd, suhdimrénezmmmt\best Zﬁhﬁm%cdemﬁosmwodd bsewwas reduced
from?7 i nches ich i

Heposi teq vas Heabelt el BanaarRe FRYos. hd B8 uphadt B MhfrRBbi g
exanpl e dermnsifrlégledﬂmhaateidféngcarb;dmmraﬁr gistwernbitilizgl (seeeFiG. Up nHigbarr ce of

Ejhe present | NYGUHBH rarAYVdrd Rot +lb{]l8 g'ﬁ&ﬂ& &Q&én%&@&h%@caﬂ@éthéb' eto
eposit 25 DLC coati ngs havi ng har dness I'gh deposition rate by
i nt roduci ng0t heclpwsddﬁmmog%esmrwgﬁcwm@rmmwoam mpgpetitidigkst iy into

t he pl asma di schar ge. 24 July 2003




WO 001 47023 PCTI US00/ 03004 -50 Exanples A-N above denonstrate_the

. unexpectedly high rate of deposition (typically greater than oduly 5@93
second) of very hard (greater than 10 GPa) DLC and Si-DLC coatings using
the Hall-Current ion source process of the present invention. The prior art
suggest s t hat WUH4783 gh hardness, materials require an ion bBERIEBH ti on
system whi ch delivers 100 eV per C at(_)r%d(_aposi ted, As an exanple, in
accordance Wth M Wiler et crl., one Would expect an ion beam w th nean
beam energy of 150 to 25@ eV,would be required tg deposif very hard DLC
coatings from acetyl ene, gwhi ¢h ifr a fNow Pressur eNpl asma stat &l princi pal ly
formse C2HX+ ions. However, the precedi ng exanpl es show that hi gh hardness
DLC and 10 Si-DLC coatings can bg fopnmed wth the high dgnsity ion beans
formed by the process ofﬁfheipr egentqi nv@nt i®n wst h Heamiti mes aver aged
energies that are substarmtially |ower than the 10Q eV per C atomcriterion,
The precedi ng exanples akso illustrate the ability of the unique

Hal | -Current ion source &paratu® t ondep@si tSver$® hgfd EC céitings at high
rates in a manner that c%hnot be deduced fromprior 15 art gridl ess

Hal | - Current ion sourcesoand,r elgt ed,t eaghi ngs. The t(\:har acteristics of high
deposition rate and hi ghégoagii ng—har gness maigre the pLoceds oflthe present

i nvention ideal for the Broduction of thin DLC and Si-DLC coatings for key
industrial applications inhclgdi ng: dgta gtor@age gr rgcordi ng gredi a such as
magnetic hard di sks, fIO@By i sk ang negnetic tApe;2madgheti & transducers
used in magnetic 20 recording sugh as magnet oresistive sliders and tape
heads; optical data storge Bi sk§ ut@li zEng 8ha -cl’éngegmedg; product i on
of barrier coatings for Packagi n§, phar maceuti cah and chenic

applications; antireflectjon, filter and bandpass optical coatings; and
wear - r esi stant, corrosi oﬁl reSi st@nt , “and~abrtasi dn-r €5i stant Protective
coatings for a variety of substrates consisting of netal) ceram c, glass,
pl astics and 25 their cogpi ngti ofs, Wthgut depakt i 2% fremthke scope of
this invention) ong of ordinary SkilT in" 24 Jul'y 2003 "o 0d) 47023

PCT/ (1 SO0/ 03004 - the art can make various changes and nodifications to
the invention to adapt i@TtoSvarEousSusaEﬁes nd gondirti dBs. /& such these
changes and nodification®i ar® pr@per®y, @qui%abl y and i rfPend&d to be,
within the full range oi ~~quivalents of the follow ng clains. 24 July
2003 -52 CLAIMS: 1. A nevthodoof depositidg acdi aspndsl i ke carpon (DLO)
coating onto the surface™f 2 suBstrAte Using a Fal ITcurTent 7 on source
conprising the steps of (@) mounting said substrate in a deposition vacuum
chanber containing a Hal EECugr enk i og sogrcegandgevaguateng the air from
sai d chanber; (b) supplyfhg an inert gas to at |east one sel - sust ai ni ng
cat hode el ectron source of said Hall-current ion source and exciting said
cat hode el ectron source povi ge agsuppl y @f elkectyonsyto an anode of
said Hall-Current ion so@ ce, said anode bei ng electrically insulated from
sai d vacuum chanber in such a manner to prohibit the formation of a plasm
mgrating into the i nterggr @f s&id Hal IRCurRentZi orRsougce Ihind said
anode; (c) introduci ng pfasna maPnt eRanc® gages thr oBigh d gap of said anode
and into an anode di scharge region within said vacuum chanber and appl yi ng
a voltage to provide an aguodg di gchagge wurrent o ftl.gow-bet\/\@oen sai d anode
and said el ectron sourced wherein a magnetic fi efd eStabfli shed by

el ectromagneti ¢ nmeans is%grged écr ogs sgi d anode digcha(r)ge roegi on and

el ectrons ionize the pla nai ntenance gases to~form a pl asma beam of gas
ions throughout said anode djscharge region;_(d) plasma jon beam depositing
a layer of DLC from car bgr-c@nt aleni n@ pr@cursor ;ﬁase*s us¥ng $di d plasm
beam whil e thermal |y coofl ngélsai® andide By cQol ifg mBanshoth& 24 July
2003 -53



than by radiative thermal em ssion; (e) increasing the vacuum chanber
_pressure to atnospheric pressure; and (fj recovering a DLC c@dtduty 2008st r at e
product. 2. The nethod of Claim1l1 wherein said DLC | ayer is deposited at a
rate greater than 5 ~ per second. 3. 'The nethod of Claim1l wherein said
DLC | ayer is weposplied at a rate greater than 10 ~r per sewamasesiesodkhe

nmet hod of Caim1l1 wherein said DLC Iayﬁr is deposited at a rate greater
than 10 ~r per second and with a Nanoi dent ati on har dness greater than 10
GPa. 5. The nethod of Claim1 wherein said carbon-containing precursor
gases are selected fromthe group consisting of nethane, ethane, ethylene,
but ane, but adi ene, acety,ene, hexane, cycl ohexane, and m xtures thereof. 6.
The nethod of C aim5 wigreith cat bod cort ai pi ngSpr eBur sfr gaseswal so
include an inert gas selected fromthe group consisting of helium argon,
neon, krypton, xenon andgijim xgures tkereef. & The nethod of ,Caim6 wherein
car bon-cont ai ni ng precusgor Paseds alfso el bde K releti We gds sel ected from
t he group consi sting of hydrogen, nitrogen, nitrogen-containing conpounds,
f1 uori ne-contai ni ng con@und and mi x4 ures thereef. 8 Awtetkod of
depositing a silicon-doggd &f anond- [ kectaxbon Si - BLC) Ycoatri ngont o t he
surface of a substrate using a Hall-Current ion source conprising the steps
of : (a) nounting said suBstited n & deposi & on ivacqum ghamer gontaining a
Hal | - Current ion sourc&an® evauafing the™air 'from sai'd chamber; (b)
supplying an inert gas tc a“;self sust ai QJ ng_cat hode el ectron source of said
Hal | -current ion sour ce%ndg&xciﬁi ng satd cgfhode eliectrion iour eto
provide a supply of ele#rorms to an—anode of sai'd Hdl | -Currént i‘on source,
sai d anode being electrically insulated_fromsaid vacuum chanber in such a
manner to prohibit the fﬁ}r ngi ogof% p%sng m &at ng gnt o%t he§i nferior of
said Hall-Current ion sblrcé& bef ndsai & anBde; ¥ 2% Jufy 2003 =54 (c)

i ntroduci ng pl asna mai nt gnance gases through a gap of said anode and into
an anode di scharge regi% witt hi i~ said vacuum chanber and apBl ying a vol t age
to provi de an anode discharge current to flow between said anode and said
el ectron source, ereima magnetic«fiekd estabd shed bg el get rgmagneti C
means is formed agross said anode discharge region and €l ectrons ionize the
pl asma mai nt enanc®! gasesit o orng %as l;%gm of g%s i gns throughout said
anode di scharge region; &d) épla n ga epbsi t Fng & | afer Bf Si-DLC
from carbon-contai ning and silicon-containing precursor gases using said

pl asma beam whil e thernmall yccookd ngcsai & anede By ceol i 8 neanscot her than
by radiative thermal entdsion; (e) incrdasihyg tF‘% v3cuuhh chBmbef pressure
to atnospheric pressure;_,and (f) recovering a Si-DLC coated substrate
product. 9. The met hod Ciai mE8 wher efn s& d &ar bgn- c@nt a@ni ng and
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silicon-containing precursor gases are selected fromthe group consisting
.silane, disilane, nethylsilane, dinethylsilane, trinmethylsil a4eluly 2003
tetramet hyl silane (TMS), diethylsilane, and m xtures thereof. 10. The
met hod of Claim8 wherein said Si-DLC coating is deposited at a rate
greater thanY¥4788r second and with a Nanoi ndent ati on haP§R&§¥/@dat er
than 10 GPa. 11. The nethod of any precedi ng clains, wherein the anode
di scharge current flow ng between said anode and sai d cat hode el ectron
source at least partially drives said el_gf_tromagneti c nmeans. 12. The net hod
of any preceding clains, including alternhating current circuit means for at
| east partiall [ Vi i [ t nd for periodically
reversing the ﬁo&gl&’rifgﬁlegﬁag%ghﬁ %8@‘{%@%%% ggn%ﬁ?bee%nvﬁgneti c field of said
24 July 2003 -55 elAé0t r orrmgdreturenifedmps; 13. The net hod of .any precedi ng
cl ai ns, wherein thg(g? L gida@Voltdoe bolts: N€s of flux of the magnetic field
established by said'e ectromagngti c neans are substantially parallel to the
surface of said andH® at migsetswusontdn Ampsof sai d anode di scharge region. 14.
The met hod gof any cedi ' th.the direction of the Iines of
flux of the5 magnet ?E:&'fi eléglgrggér?f)%?gﬁmﬁ "?/rcggii d el ectromagneti c nmeans
diverge in a direcBifsh supgnetia field inGauss same as that of the plasma beam
exiting said anode}fgj sc_}gax{%gpocglgglil grrécurgoﬁ-ﬂomteqﬁ&&d of any preceding
clainms, wherein said plas mal nt enance gases are fnert gases selected from
the group consistidg of =aargporplasmagerintpiapes gas floyaaignn sastl ni xt ur es t her eof .
16. The nethod of eny PLeGsdictOnfhitivn, Wherein said cathode el ectron
source is disposed_axisymetrically with respect to said anode di scharge
region. 179 The nef¥bd Grdisipre Pravednion SO FANSUbSHHE ei n sai d cool i ng neans
conprises an injectrak, ferpOl efink yhicdk@sisagi ng sai d anode with a cooling
fluid. 18. The nethod of any precedi ng cl|ai ns, erei n. the plasng,
mai nt enance gases %pg sﬁt}gﬁ"gﬁ‘?t(f"afq OfiHPY &Wvﬁnlﬂpvge{%q%ﬁ'lr}{;ed t hrough sai d gap
in the anode from Stopk N eRdnmapnumaisnd@nribpeNt 0 sai d anode di scharge region
and the resulting . .
Stress = Compressive stress in GPa;
15 Hard.

Rate

*

i

Nanoindentation hardness in GPa;

it

DLC deposition rate in A/second

It

substrate was a magnetic disk.



anode di scharge current is substantially uniformy distributed adjacent to
. said gap. 19. The nethod of any preceding clainms, for deposit?#yal@&ials
onto substrates wherein the dinensions of the gap within said anode being
at | east greater than the characteristic Debye |ength of the |ocal plasna
formed near tWROYHH23 n sai d anode and the shape of the gap HBSEYHYVE8Hf i gur ed
so as to substantially restrict line-of sight deposition of coating onto
sai d anode within said gap such that said anode discharge current is
substantial |y mai ntai ned at said anode wiLhin the gap near a |ocalized
regi on of the plasnma mai ntenance gases passing into said anode di scharge
region. 24 July 2003 -56 20. The ne aim1l wherein a power supply
is used to provide between about SO00 %g%ﬁwoo volts to said electron
source. 21. The net Blugsaok i@ wurve 2saghie Esample & wasDis€d toalgpasit Dd.(leptsgst ed at a
rate in the ra f A

Nanoi ndent ati on v& ﬁgsggg%pﬁétlhrgm?gﬁﬂgw%& cg%n %ﬁ% g%%‘% thf?w a@P

The nmet hod of atﬂweé|oe@edjﬁfﬁgepeatedlmuwm&emml@aﬂdje saxb@wcmtaenmsd@esmm ed from

ol yrers, and ro DrRisclEh ufor GBI EXIFERAL B aFRRPEMEpa ATRBfkon,

di stri butor neaPligsmamiipienange gasiand bmrgcamnmsqrwrsnbgasmmtmqm Hepingi
precursor gasesgfbhishk ke HyffoRarb&iPprt aIRAMVAR theRARME MaRhtdhahlelfil t hat of
said inj ecti on(lﬁgansé# yl nt?roglﬁ%l Lié‘j(ﬁ?asrra nai nte nance agasnéls through the
gap. 24. The rre?%ﬂu%tﬁlycﬂoatlﬂﬁ@gtbwélp wv@aﬁwpht@nmmﬂbpnrreans conpri ses at

| east one tube havi g &pBQads ﬁn%nﬁ%tz%ﬂ 'Ifagfe ﬂtﬂ:@é‘ét‘h@ﬁ)lﬁ% r&éely SOI gases
into said anode di scharge region. Claim 23 wherein said

di st ri but o0 rreanga‘E?Sf’Fﬁf‘?’é’é“sdeﬁt’s“l“g‘e%ftm&t@am'&st ri but or ring for directing the
deposition gas int O(QQaQH@BQ%th@Ah@g ge region. 26. The nethod of C aim 23
wherein said di S”'@»b' Z.n r| ses at | east one tube having a nozzle
at one end for dire §“°t“ﬁ fﬁ’r Q&‘t‘ssgases out si de sai d anode di scharge
region. 27. The rret(@doﬁfe@hﬁgm&am\h@mlpas,ﬁmd di stributor neans conprises
at | east one distri tor L4 ng ch dlrﬁ%‘% %Jthe Jr ecur sor gases outsi de

sai d anode di scharg e‘tj’l' % y§iogan y preceding claim wherein
the flow ofts5said si {a)dqmmnﬁ Sinpulged(sr eednds o, tmssaecdxﬂs pff] sed during the

pl asma i on beam dep@‘ghntt'ax?crébe d sal CriceDan S JRi pLenance gas conti nuously

i ntroduced through d Wich thod* 61 any ‘one of clainms 1 to 28,
wherein said car bonEmﬂhadawmgo:pmwn Siovaferasbsrates ghethivkness of bk PLIOht r oduced
during the pl as j e current is
pul sed.  30. " Thet b3 MeGRASE Mcll A 3t A1 ke hAGEET O L

cont ai ns data rd@(ﬁccmnglon@dmchamczléprﬂrwmesstcmmssivﬁmemnﬂ\od of any
preceding obai Muailifeftaflor s dhest! DAl és%f@héf?ﬂ?@&dtnﬁééﬁ%%g(ﬁﬁﬁonused wi th
magnetic recordi ng nedi a d rece I'm wherein
sai d substrate fusspapmagustic diskswpfars s insihe ranae oBd00uhtociPefbevhichovashat  bot h
sides of the SUBRLLAECAL B R h}@é@n%?&b?&lﬁha‘? EREHH deh DL O YRlerRl whkC. 33
The met hod of any preceding ein tage 1s ap deto sai d anode
and to said el e@@'r“tﬂ’fﬂ%&qqd@dh@@ﬁé’fw %W&t‘&ﬂ twmﬁ' ikp‘iub@@tes
ALLL A A A AE, . Adsarfi o fhble o8 nteriprdinic @ dhe LD inflnafis ot A A AG
CA AY2. A AR A Athadigbaubsiratgaregresumed\to be the seme ap these of Bup 418-60n thgSi A 9. A |y. A

| A . A2. AOi k4P: @by Nbstrate, because with the exception of process time, the run conditions were
the same. Further, the material properties of the DLC in Run 416-12 on the disk
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95 mm diameter magnetic hard disks in pass-by mode using the ion source and

20 substrate fixturing configuration of Example G. The substrates were prepared by a
standard manufacturing process used to make commercial hard disks, except that
the process was interrupted prior to the application of the standard magnetron
sputtered carbon overcoat.

Multiple magnetic disks were loaded onto a rotating fixture and coated with

25 DLC in pass-by mode via the following procedure. In the setup position with no

substrate in front of the ion source, the ion source plasma and ion beam were first

stabilized by operation on argon plasma maintenance gas only. Then, the fixture
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109 () - 9~0aBoPTOMPIES ACHILErechipe S1RA5ES 1p yepRIGURRupL syriacepppiaminants and

109& () - ! f Z10%& ativaldthé S@fRLE) ki rotation was stopped so that a setup position, containing no
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109 () - " Sz10%& (f)s REh Q& 5L Blﬁéi%gdo/% lfola-tin% the substrates past the ion source for a

10 predetermined number of revolutions. '

The DLC deposition runs, summarized in Table 4 below, utilized
1,3-butadiene as the hydrocarbon precursor gas. The distance between the source
and disk substrate was 7 inches.

After application of the DLC coating, the disks received standard

15 post-deposition processing steps of burnishing and lubing. Selected disks were then
tested to verify the performance of these ultrathin DLC coatings of the present
invention. The disks coated in each of the runs summarized in Table 4 below all
passed 20,000 CSS cycles under ambient conditions, and 10,000 CSS cycles under
aggressive conditions of elevated temperature, e.g. 55°C, and low humidity , i.e.

20 5%, indicating outstanding performance. The performance of these disks coated
with about 50 to 70 A of DLC by the process of the present invention was greatly
superior to that obtained with magnetron sputtered carbon overcoats. Also, the
thickness non-uniformity of these DLC coatings was +/-5% or better, which is

outstanding and meets or exceeds the criteria for protective overcoats on magnetic
25 hard disks.
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382 10 33 0.38 4 80 30 IN 25 47 5
383 10 . 84 038 4 80 30 IN 25 68 5
385 10 75 ———- 4 80 60 IN 25 51 5
386 10 74 0.50 4 80 60 IN 25 71 4
389 7 80 0.37 4 80 30 IN 25 47 5
390 7 80 0.36 4 80 80 IN 30 66 5
Additional note for Table 4:
Unif. = thickness non-uniformity (+/- %) across area of substrate
5 surface between outer diameter and 2 inches radially inward

from outer diameter. Reported values were measured in

set-up runs on Si wafers.
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' ' }ront of the ion source. Next, the hydrocarbon precursor gas was pulsed on, and
15 remained on for a time sufficient to deposit a DLC coating with target thickness

between 50 A and 70 A. After completion of this deposition time, the precursor gas
flow was turned off. Then, the disk was moved to a position away from the source.
The same process as noted above was continued on other substrates.
In the second pulsed mode process (see Runs 427, 429, 432, 434 in Table 5),
20 the DLC deposition was started by pulsing on the flow of precursor gas while the
ion source remained operating with argon plasma maintenance gas, but the
deposition was stopped by turning off the anode power supply to extinguish the ion
source plasma. In the setup position with no substrate in front of the ion source, the
ton source plasma and ion beam were first stabilized by operation on argon plasma
25 maintenance gas only. Then, the disk was rotated into position in front of the ion

source. Next, the hydrocarbon precursor gas was pulsed on, and remained on for a

time sufficient to deposit a DL.C coating with target thickness between 50 A and 70
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EXAMPLE K )
Closed-drift Hall Current ion sources, similar to the source used in Example
G were used to deposit DLC coatings as the protective layer on magnetic disks using
a fully automated manufacturing process in an Intevac MDP-250B production
5 magnetic disk coating system. The ion sources were flange-mounted as illustrated in
FIG. 2. In the standard configuration, the Intevac MDP-250B system utilized three
separate chamber stations to deposit a magnetron sputtered carbon overcoat as the
protective layer on magnetic disks as they passed through the machine. Each station
housed two opposing magnetron cathodes, which were configured to simultaneously
10 coat both sides of each magnetic disk. Because of the low deposition rate of
magnetron sputtered carbon, three sputter deposition stations were necessary to meet
the high production throughput requirements of the machine.
The magnetron sputtering sources and related support equipment were
. removed from the three stations on the machine. On one station, two
15 flange-mounted Hall-Current ion sources of the present invention were mounted in
place of the magnetron sputtering sources, resulting in a configuration as in FIG. 3,
so that both sides of the disk were simultaneously coated with jon beam DLC. This
station was also modified to add an additional port for pumping by a 2,000 /second
turbopump.
20 The entire disk coating process involved:
a) loading a cassette of disks that sequentially entered the first of the 12
process stations though a load-lock;
b) movement of the disk to a station where it was heated;
¢) movement of the disk to a station where a metallic seed layer was
25  deposited by magnetron sputtering;
d) movement of the disk to a station where a magnetic storage layer was

deposited by magnetron sputtering;
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f) movement of the disk to the exit station through another load-lock to a
loading cassette,

5 During the ion beam DLC coating process, argon plasma maintenance gas
was continuously flowed through source during the entire process cycle which
involved (1) disk transfer into the DLC coating station from the previous station, (2)
DI.C deposition, and (3) disk transfer out of the DLC station into the next station.
When the disk was positioned in the DLC deposition station and the DLC station

10 was isolated from the rest of the stations, DLC depo'sition was performed by flowing
C,H; gas through nozzles in front of the source for a predetermined time to achieve
the desired DLC coating thickness. No adjustments were made to other source
parameters when the C,H, was introduced except in a few cases when the Ar plasma
maintenance gas was also lowered slightly. This process was essentially the

15  equivalent of the “first pulsed mode process” described in Example J.

DLC coatings were deposited on disks for CSS testing using the following
conditions in each source:
a) anode current of 8 Amps;
b) magnet current of 2 to 6 Amps;
20 c) magnetic field of 40 to 120 Gauss;
d) acetylene precursor flow rate of 30 to 40 sccm;
e) argon plasma maintenance gas flow rate of 7 to 25 sccm;
f) chamber pressure during deposition of 1.1 to 1.7 milliTorr;
g) DLC deposition rate of 10 to 21 A/second.

25 Magnetic disks coated with S0 A ion beam DLC made under eight different

conditions within and including the ends of these ranges, each passed 20,000 CSS

test cycles under ambient conditions and a 10,000 CSS test cycles under aggressive
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conditions of elevated temperature and low humidity, indicating outstanding
performance.
To measure hardness of the DLC coatings made in this way, 4000 A thick
DLC coatings were deposited on silicon substrates in a similar process to that used
5 for the magnetic disks, except the heat and metal layer processes were not performed
prior to the DLC coating. DLC coatings were deposited using the following
conditions in each source;
a) anode current of 2 to 15 Amps;
b) magnet current of 2 to 8.5 Amps;
10 ¢) magnetic field of 45 to 250 Gauss;
d) acetylene precursor gas flow rate of 15 to 45 scem;
e) argon plasma maintenance gas flow rate of 12 to 63 sccm;
f) chamber pressure during deposition of 1.6 to 4.1 milliTorr;
The Nanoindentation hardness of the resulting DLC films was in the range of
15 11to 17 GPa.
EXAMPLEL
The same Hall-Current ion source used in Example A was used to deposit
DLC coatings by operating the ion source with argon and acetylene gases. In this
example, however, the anode and electromagnet of the ion source were powered by
20  means of separate DC power supplies. The deposition conditions and results are
presented in Table 6. The DLC deposition runs summarized in Table 6 were all
performed on silicon wafer substrates, using acetylene as the hydrocarbon precursor
gas, and nozzle configuration in the IN position.
The results in Table 6 below show that the process of the present invention
25  utilizing separate DC power supplies for the anode and electromagnet of the ion
source is capable of depositing DLC coatings at a deposition rate up to at least 23 A

per second, hardness up to at least 29.8 GPa, and compressive stress up to at least 6.2
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GPa. The deposition rate would be even greater if the distance between the ion

source and the substrate was decreased to less than 7 inches, or if higher flow rates of

hydrocarbon precursor gas were utilized (see FIG. 4).
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EXAMPLEM
A non-closed drift Hall-Current ion source having a linear anode
configuration, similar to that shown in FIG. 4A of the Mahoney ef al. co-pending
patent application U.S. Ser. No. 08/901,036 was used to deposit DLC coatings. The
S anode was about 30 inches long, and the anode channel was approximately 0.5 inch

deep and 0.5 inch wide. Twenty-eight electromagnet coils operated on 60 cycle AC
current were used to induce a magnetic field across the anode between the two
magnetic poles that extended along each side of the anode. The ends of the anode
channel were closed off with an insulating material. Argon plasma maintenance gas

10 was fed from the back of the source and emerged through the shadowed anode gap
along the center line of the anode. Two hollow cathode electron sources, mounted
near the ends of the anode, were used to supply the electrons to maintain the
plasma. For the DLC deposition, acetylene precursor gas was introduced into the
ion beam via 4 nozzles mounted along the length of the anode channel. Each

15 nozzle directed a stream of precursor gas across the ion beam approximately
perpendicular to the long dimension of the anode. The nozzles were mounted
approximately 7 inches apart and were spaced approximately 0.25 inch downstream

‘ of the face of the ion source.
The long dimension of the ion source was mounted in a vertical orientation,

20 and the ion beam was directed horizontally at four 4-inch diameter Si wafer
substrates. The substrates were placed about 7 inches downstream from the front of
the ion source and parallel to the face of the source. The center of each substrate
wafer lined up directly in front of the center of the anode channel and directly in
front of one of the four hydrocarbon nozzles.

25 After mounting the substrates in the vacuum chamber, the chamber was

evacuated to pressure of less than 1 x 10 Torr. The ion source plasma was
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A IS)%,C coating was deposited onto the substrates in Run #1014L using the
following conditions: anode voltage between 100 and 111 Volts; anode current of
5 40 Amps; magnet current of 4 Amps through each of the 28 electromagnets,
magnetic field of approximately 150 Gauss; argon plasma maintenance gas flow
rate of 140 sccm, total acetylene precursor gas flow rate of 40 sccm; chamber
pressure during deposition of approximately 1.6 mTorr; deposition time of 4
minutes. Upon completion of the deposition, the vacuum chamber was vented, and
10 the DLC-coated substrate was recovered
The maximum thickness of the DLC coating was 1645 A, corresponding to a
deposition rate of approximately 7 A per second. The coating compressive stress
was between about 3 and 3.8 GPa. The film was too thin to obtain accurate
Nanoindentation hardness measurements, but based on the known correlation
15 between compressive stress and hardness for other DLC films deposited from
acetylene precursor gas with Hall-Current ion sources of the present invention, the
coating hardness was expected to be in the range of about 19 to 23 GPa.
This example demonstrated that a non-closed drift Hall-Current ion source of
the present invention, having a linear anode configuration was able to deposit DLC
20 coatings having high hardness at high deposition rate.
Using other process conditions, e.g. higher precursor gas flow rate, different
nozzle geometries, lower anode voltage, but with the same ion source operated with
acetylene precursor gas, it was found that soft DLC coatings having compressive

stress as low as 0.12 GPa, with expected hardness less than 5 GPa were deposited.
25



10%b “& ()- 10%b “& ()- 10%b ‘& ()- 10%b & ()- 10%b ° &'(% 10% b
“& ()T mvUs 10% b & ()-  10%b & ()- 10% b & ()24 Juhw

& ()-5WSZ wpQdeas & ()11 MVUS 10% b & () - O(VbCT,&S(mmﬁWsZ

10%b & ()- 10%b & ()- 10%b & ()-""""" "I" Y)vUsSWsZ 10%b & ()-

10% b “& ()- 10%b “& ()- 10%b “& ()- 10%b “& ()-!"9%2"4"7": "="dDvUSW
sZ 10%b “& ()- 10%b “& ()- 10%b “& ()- 10%b “& ()- 10%b & ()-

10%b & ()-="@A'E'S'U'X'mvvU5 10%b & ()- 10%b & ()- 10%b & ()-
10% b "& ()-5WsZ 10%b “& ()-X"["~"a"bjpf"t"i MvU5 10%b & ()- 10% b

& ()-5WsZ

10

15

20

25

EXAMPLE N _

DLC coatings were ion beam deposited using the linear anode, non-closed
drift Hall-Current ion source of Example M, except that both the argon plasma
maintenance gas and the acetylene precursor gas were both introduced through the
shadowed anode gap directly into the plasma discharge. The 4-inch diameter Si
wafer substrates were placed about 7 inches downstream from the front of the ion
source and parallel to the face of the source.

In Runs #1097L and #1102-1107L, DLC coatings were deposited using the
following conditions: anode voltage between 93 and 103 Volts; anode current in
the range of 36 to 40 Amps; magnet current of 4 to 8 Amps through each of the 28
electromagnets; magnetic field of approximately 150 to 300 Gauss; argon plasma
maintenance gas flow rate of 180 to 200 sccm, acetylene precursor gas flow rate of
50 to 60 sccm; chamber pressure during deposition of approximately 1.8 to 1.9
mTorr.

The resulting DLC coatings had thickness in the range of 1980 to 5200 A
corrsponding to deposition rates in the range of approximately 3 to 9 A per second.
The compressive stress of the coatings was in the range of 1 to 3.8 GPa, and the
Nanoindentation hardness of the coatings was in the range of 13 to 22 GPa.

In Run #1120L, the deposition conditions were similar, but the distance
between the source and substrates was reduced from 7 inches to 6 inches. The
compressive stress of the DLC coating deposited was 4.5 GPa, with anticipated
hardness of about 25 GPa.

This example demonstrated that the non-closed drift Hall-Current ion source
of the present invention, having a linear anode configuration was able to deposit
DLC coatings having high hardness at high deposition rate by introducing the

precursor gas through the shadowed anode gap directly into the plasma discharge.
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Examples A-N above demonstrate the unexpectedly high rate of deposition
(typically greater than 10 A per second) of very hard (greater than 10 GPa) DLC
and Si-DLC coatings using the Hall-Current ion source process of the present
invention. The prior art suggests that such high hardness.materials require an ion
5 beam deposition system which delivers 100 eV per C atom deposited. As an
example, in accordance with M. Weiler ef al.,, one would expect an ion beam with
mean beam energy of 150 to 250 eV would be required to deposit very hard DLC
coatings from acetylene, which in a low pressure plasma state principally forms
CoH+ ions. However, the preceding examples show that high hardness DLC and
10 Si-DL.C coatings can be formed with the high density ion beams formed by the
process of the present invention with mean time-averaged energies that are
substantially lower than the 100 eV per C atom criterion. The preceding examples
also illustrate the ability of the unique Hall-Current ion source apparatus to deposit
very hard DLC coatings at high rates in a manner that cannot be deduced from prior
15 art gridless Hall-Current ion sources and related teachings. The characteristics of
high deposition rate and high coating hardness make the process of the present
invention ideal for the production of thin DLC and Si-DLC coatings for key
industrial applications including: data storage or recording media such as magnetic
hard disks, floppy disks and magnetic tape; magnetic transducers used in magnetic
20  recording such as magnetoresistive sliders and tape heads; optical data storage disks
utilizing phase-change media; production of barrier coatings for packaging,
pharmaceutical and chemical applications; antireflection, filter and bandpass optical
coatings; and wear-resistant, corrosion-resistant, and abrasion-resistant protective
coatings for a variety of substrates consisting of metal, ceramic, glass, plastics and
25  their combinations.

Without departing from the scope of this invention, one of ordinary skill in
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source, said anode being electrically insulated from said vacuum
chamber in such a manner to prohibit the formation of a plasma
migrating into the inferior of said Hall-Current ion source behind said

anode;



10 & '1s-10%& & ()-S L ,10% & & ()-L L' 10% & & () -

. LI $10% & & ()- @ FFGHZI =JJ| [: bU4 10% L Ls109%®! & ()- LS@o%®! & ()- LI

10991 & ()- g SGLO% & ()-ZL | GLOYO & ()-Z

GLOOP! W' () - ZJIGKKLLMWM [ :-410?'L LI. 109! & ()- L +109%! & ()-T @&y 2003
10991 & ()- LYz 10991 & ()-L Yz 10%& ()- LI 100/@!&'()-|\/|vw|v|vw|\|b|\|aé§1' 210 L
L | 10%& ()-L sY10%& ()-!SYL0%PIPI& ()- sASYL0% & () -

L#1098 & ()-10?! 10?! bNOROOPj PP| [: @10?'L L T0% & ()- L10% & ()- LX
-10% & ()- L -10%& ()- L 104 & ()- L S10% & ()- zPZQQRR5SS{zg@10'>I L

F10% & ()- L&10% & %t & 10%
(10% & () (12 SS:; TTTTTTT|( @mw‘]ﬁi_ﬁ%&’@sw %)P%lﬁgéaseﬁ%m gg% @p(ff said anode
L. 10% & ()- LN +10% & () aﬁd {ato anéﬂbdb&li:h éJFé "\W@hh shid4h8udm chamber and

X109 2! {& ()- LI 109! & ()- L-10%!& ()- - g E Z10%&' ()-s
Z109WP! W&’ () - sSWK\ YYZ\\ | [ : BmdxmgLa \Lokag@mr&v elcbs;daa&e current to flow

0 L B ks 0

LLO109%®! & () - 576 C"HM M p_pithBlishbd bp ¥Bctromagretiy hURS {s)fornhed ddB8e8 shid-aAbie
, 109%&' ()-Z L109%&' () - LW&OO%ISF@@@& ablc ccc{ naT34 L% 109 ()-101010

Froog (), LYS 109 ()- L 1gg handljetsings SRR P
Ls10%' () - ddeef eee| [ : aT34 ?0{%ébra%‘g}ib?%@@glo%é_?@%%ﬁul%%ﬁ%d? dischags. (-

L region;

(d)  plasma ion beam depositing a layer of Si-DLC from
carbon-containing and silicon-containing precursor gases using said
plasma beam while thermally cooling said anode by cooling means
other than by radiative thermal emission;

(e increasing the vacuum chamber pressure to atmospheric pressure; and

® recovering a Si-DLC-coated substrate product.

9. The method of Claim 8 wherein said carbon-containing and
silicon-containing precursor gases are selected from the group consisting silane,
disilane, methylsilane, dimethylsilane, trimethylsilane, tetramethylsilane (TMS),
diethylsilane, and mixtures thereof.

10.  The method of Claim 8 wherein said Si-DLC coating is deposited at
arate greater than 5 A per second and with a Nanoindentation hardness greater than
10 GPa.

11.  The method of any preceding claims, wherein the anode discharge
current flowing between said anode and said cathode electron source at least partially
drives said electromagnetic means.

12.  The method of any preceding claims, including alternating current
circuit means for at least partially driving said electromagnetic means and for

periodically reversing the direction of the lines of flux of the magnetic field of said
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electromagnetic means.

13.  The method of any preceding claims, wherein the direction of the
lines of flux of the magnetic field established by said electromagnetic means are
substantially parallel to the surface of said anode at the second end of said anode
discharge region.

14.  The method of any preceding claims, wherein the direction of the
lines of flux of the magnetic field established by said electromagnetic means diverge
in a ditection substantially the same as that of the plasma beam exiting said anode
discharge region.

15.  The method of any preceding claims, wherein said plasma
maintenance gases are inert gases selected from the group consisting of argon, neon,
krypton, xenon and mixtures thereof.

16.  The method of any preceding claims, wherein said cathode electron
source is disposed axisymmetrically with respect to said anode discharge region.

17.  The method of any preceding claims, wherein said cooling means
comprises an injector for directly contacting said anode with a cooling fluid.

18.  The method of any preceding claims, wherein the plasma,
maintenance gases are substantially uniformly distributed through said gap in the
anode from an injection means and into said anode discharge region and the resulting
anode discharge current is substantially uniformly distributed adjacent to said gap.

19.  The method of any preceding claims, for depositing materials onto
substrates wherein the dimensions of the gap within said anode being at least greater
than the characteristic Debye length of the local plasma formed near the gap in said
anode and the shape of the gap being configured so as to substantially restrict line-of-
sight deposition of coating onto said anode within said gap such that said anode
discharge current is substantially maintained at said anode within the gap near a
localized region of the plasma maintenance gases passing into said anode discharge

region.
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between about 500 to about 1000 volts to said electron source.

21. The method of Claim 2 wherein said DLC layer is deposited at a rate
in the range of about 5 to about 200 A per second and with a Nanoindentation
hardness in the range of about 10 GPa to about 40 GPa;

22. The method of any preceding claim, wherein said substrate is selected
from the group consisting of metals, semiconductors, ceramics, glasses, polymers, and
mixtures thereof.

23. The method of Claim 18 wherein a distributor means is included in said
housing for introducing said precursor gases directly into the plasma beam and
separately from that of said injection means for introducing plasma maintenance
gases through the gap.

24.  The method of Claim 23 wherein said distributor means comprises at
least one tube having a nozzle at one end for directing the precursor gases into said
anode discharge region.

25.  The method of Claim 23 wherein said distributor means comprises at
least one distributor ring for directing the deposition gas into said anode discharge
region.

26. The method of Claim 23 wherein said distributor means comprises at
least one tube having a nozzle at one end for directing the precursor gases outside said
anode discharge region.

27.  The method of Claim 23 wherein said distributor means comprises at
least one distributor ring for directing the precursor gases outside said anode
discharge region.

28.  The method of any preceding claim, wherein the flow of said silicon-
containing precursor gases is pulsed during the plasma ion beam deposition and said
plasma maintenance gas continuously introduced through said gap.

29, The method of any one of claims 1 to 28, wherein said carbon-
containing precursor gases are continuously introduced during the plasma ion beam
deposition and said anode discharge current is pulsed.

30.  The method of any preceding claim, wherein said substrate contains data

recording media,
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