NOZZLE- | NJEGTOR FOR ARC PLASMA DEP@30 IN6OXY

‘APPARATUS 5 . This invention relates to.arc plasma depgpstt) iof
protective coatings on various substrates such as gl ass, %art , Y'et al
or nmetallized materials, and plastics; and nore particularly to a
conbi ned nozzl e-injector for directing plasma flow and injecting
reactive reagents into the plasma for hilgh rate deposition of
transparent coatings which 10 are abrasion resistant, UV absorbing, or IR
reflective. BACKGROUND OF THE | NVENTI ON The

technol ogi cal inportance of tNOZZLENRJBETORFOR ARE PLASMAevel opment of a
variety of deposition methods. 15 f@w, deposi tion (CVD)
produces a solid filmon a sut?s%'?gtsé sur ?eA%éﬁgk%r mal activation and
surface reaction of gaseous reagents which contain the desired

constituents of _the film Eneqﬁ/, required to IEﬁrol ze.the reactants is
suppl i ed by hea?ing the é\ﬁ)é‘ﬂ\f tion relatesrig areRlgsai de @ﬂﬂ?"cﬂf protectivenc

substrate is heate STopel g |9
about 500[err] to gB%ﬁ? ?'I(E dgﬁqueste]smfﬁgtseest a%sgrg rat ﬂres prec dér
application of thenhgtafliged rhetehem apdplastioss and mores particukiry toed esmblrred

Pl asma enhanced chem cal vapor dep05| tion (PECVD) supplies energy to

the reactants by amoarlscinjacter foridireatingplasmaflgwandhiniactingreactve reageptsasm
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often the engi 'I‘Ger'd?éa'ﬁ??ééiéh?ésnﬁ&n?'ﬂNﬁBsér@ing, or IR réfiéstiveg and opti cal
apptications because of its high inpact strength, |ow density,

optical clarity, and good processibility. However, the 30 pol ycar bonat e

raterial s sof R RGO TR BV %0t e oo work

had shown The technological importance of thin films has led to the
development of a variety of deposition methods.

16 Chemica! vapor deposition (CVD) produces a solid film on a
substrate surface by thermal activation and surface reaction of gaseous
reagents which contain the desired constituents of the film. Energy
required to pyrolyze the reactants is supplied by heating the substrate. -
For reasonable reaction rates the substrate is heated to relatively high

20 temperatures in the range of about 500° to 2000°F degrees. These
temperatures preclude apphcatnon of the process to heat sensitive
substrate materials.

Plasma enhanced chemical vapor deposition (PEC\(D) supplies
energy to the reactants by an electrical discharge in a gas which forms

25 a plasma in the deposition chamber. Generally the substrate is
immersed in the plasma. The deposition rate is usually low. |

Polycarbonate ié often the engineering material of choice for
glazing and optical applications because of its high impact strength, low
density, optical clarity, and good processibility. However, the

30 polycarbonate material is soft, lacks glass-like abrasion resistance, and
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that a silicon oxide coati ng by pl asma- enhanced chem cal vapor
deposition (PECVD) can inprove the abrasion resistance of
pol ycarbonate, qualifying it for glazing applications. However, the prior 5

PECVD t echnol ogy using silane and nitrous oxide as the precursors was
sl ow and t herefore uneconom cal, having. a typical deposition rates of
only about 0.05 mcrons per mnute. O ganospl.icon precursors were

| at er used in PECVD for a pl asma-generated abrasi on-resistant pol yrer

coating, but the deposition rate was not significantly inproved. 1
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| npart 1 nproved a'aﬁs(aégg \éﬁ@ ‘?E@'Pﬁé%& aﬁ@?‘genaggﬁb gi‘ Iafly'ﬁ[ w&ﬁ‘dﬁ%ﬂ iSBHW"
protection, or abihati @nsitiesn sdmsecééxwtuanl;ﬂasm_a-muéasmwwém
deposition process of the invention. The deposition of such protective

coatings by pl asnédepesitionh (BEGVDIw campémprave: the eabeasion nresistancem a6  of
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thin-filmcoatings using a walT-stabilized arc torch as the

generator. The dewagrslow anddherefatecunegonomical; tvavingl & typical depositiopaatéeson,
i oni zation, and react]on of i reagents, and these fupctions, in
turn, determine tf °91¥a{l?9+5 Ouéigp{qqﬁnpgr‘amu ogqrgﬁ&%ﬁ@&‘, PEEgHrFarg were
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invention with oxygen and a siloxane as the reagénts, clear coatings a
a deposi tion rat epolymereoatiag) butthe deppsitiomratetwas not sigrificantycimproved.
denonstr at ed % pol ycarbonat e and l?pl ass substrat_gs The sil oxane-

derived coatity great | yNEASPERSSOf this ianeation provides ceatingsAnd layers which
pol ycar bonate sub | i r | ol | L1 Gt

b3 e agonnea mefivett 3ahbbidh, el 8Rbariich SoRBRBIAY tddiaton
oxi de or ti t protectiani areabrasion msistanes to idrticles or prodactsimade sy tsé e.

Such coatings, are,useful asgé nfrared or ultraviolet protective

coatings. The deﬂﬁi‘i‘PB-ﬂrﬂ?Q-ist the f’lvﬁf‘goﬁ‘n?@ﬁtq%n?sﬁﬁ faglich protestivey| e
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i nt roduction one or -nore I nj

Organosi | i contsompdusieetsis filmd, andmehaped ssubstidies atah be achlei@dB by the
deposition process using the nozzle-injector of this invention I ncl ude

silane and ot her &Ppatalis apdmatheds di dihegein. east one silicon 10 atom
i's bonded to at | east one carbon or one hydrogen atom such as

sil oxanes, - si | azangs\ Rk G INERTTON

- A nozzle-injector was designed and fabricated for plasma

20 deposition of thin-film coatings using a wall-stabilized arc torch as the
plasma generator. The design of the nozzle-injector controls the
injection, ionization, and reaction of the reagents, and these functions,

in tum, determine the coating deposition rate, coating area, coating
composition, and coating quality. Using the nozzle-injector of this

25 invention with oxygen and a siloxane as the reagents, clear coatings at
a deposition rate of about 30 microns per minute, at the center, were
demonstrated on polycarbonate and glass substrates. The siloxane-
derived coating greatly improved the abrasion resistance of a

polycarbonate substrate. By substituting appropriate organometaliic



DESCRI PTI ON OF THE | NVENTI ON The discl osed nozzle-injector is
suitable for use with a variety of 15 plasnma generating apparatus such a,

wal | stabilized arc plasma torch havi ng at | east one water cool ed
electrically isolated plate |ocated bet ween the cat hode and the anode.
Mul'ti plate wall-stabilized arc - devices are described in United States
patents 4,948, 485 and 4,957,062. 20 .3. The cascaded arc with
mul ti pl e plates has been used as a pl asma source for naking

di anond-1i ke carbon and pl asma- pol ynmeri zed coatings from hydrocarbon

and organosilicon_re . p I vel.y. Deposition rates of.a few
m cronmeters per n{%ﬁf@%ﬁ%?%the s"°’{az‘§o?’§'i‘t{. o’péﬁeq?(#,ng?hgu agiave 9?‘@ RBs
smal |, a few cent {ifpigrhs okide2 Swerd Al Qepodiél tdif #MaR SlbSRAR! | buch
utilization was |ow, |ess than about 20% Depending on the conditions,
powder or powderycoatings@se usefulcasinfrared comultfavioletdiprotectivee codtingse Teant r al

deposition zone. To nmke. he. caqat i t echni.que practi. cal nd,
ecgnom' cal . it isneylpl-leactqrooznq?\ dgvenr{%n comrblﬂes n a single gewce the

4 thes Cagirbegoﬁr&?wdi Yuh r?%?e?tﬁtfzzﬁ@%fﬂ tth?”re[]a%lé?tt infddhBtion
m nim ze powder Tormation. The nozzle injector of thi's invention
acconpl i shes furictioa ofgmecaranere injectors. The nozzl e-injector was

designed to i nprove cogfi nﬂ S, erf ormance of |1 stabilized, arc plasna
generators for use in f(&\ga °s'|'°‘f'£n‘|3gf‘3?ﬂ'?és p¥ e JOONPMEFS affy the arc

pol yneri zati on rreimﬁ tﬁy&m- [ tha ! Ad7rid_RoedtAl S; ui lt
into the nozzle fgr t % | Vgrnyp{%ceggsdyné’ mgrﬁé/%z)éoir}ﬂ?%tgggmgfs 'Fhwghﬁo't?

| ocations of the inglede silanebhdothértsilichrgcammpolinds in whith atdeastadnesilicohi ch
affects the extent of rgiaction, and hence the 10 chem cal stoichionetry

and structurel®f @temdshanded toat igast ane carban or one hydrogen atomesuchhas ™
shape and the si Z‘asilﬁ’;(aﬂé? sﬂ%&%’%ﬂy ?@ﬂosﬁbﬁﬂééﬁ f ect t he extent of
e rma

reaction, the coating area, and t oad on the substrate. -
Wth this nozzle-injector, optically clear coatings 30 cmx 30 cmin
area were deposited at a rate of _about 30 _mcrons per mnute at 15 the

Cﬁnter. ?Nthoyt s&EqSQRIBIkQN-%jT&ﬁ BNV%U\H)QNy coatings forned.
Syl ndr i cal and coni car Tt Sbipef RAS IO IS iBb e & carity of

with a cylindibcalplasinhi gendratif apparatus RicHi a AwdlE stabiliz@dearef plaBma tcha!
channel of the nozzle-injector ranged fromabout 0 to 60. The opening 20
of the plasma chadi@ingiat: leashone watemn goaled; electrigallydisolated aplate lacated

Sl obj ects. - ThdAURgH G BARbR 50FRE udd, Miul3ife: Raletabish ape
cm thereby controldevides herevesehbed IMeUARSE Statés patémsCci4igyB 485 and
4,957,062.

20 The cascaded arc with multiple plates has been used as a

plasma source for making diamond-like carbon and plasma-
polymerized coatings from hydrocarbon and organosilicon reagents,
respectively. Deposition rates of a few micrometers per minute were
reported. However, the coating area was sm_all. a few centimeters in
25 diameter, and the degree of material utilization was low, less than
about 20%. Depending on the conditions, powder or powdery coatings
could also be formed outside of the central deposition zone. To make

the coating technique practical and economical, it is critical to enlarge



take place. The nozzle-injector can be a single integral construction or 25
tan be assenbled fromparts such as a stainless steel main body with
injectors for introducing reagents into the plasm, a copper adapter for
nounting the nozzle-injector to the plasm generator, and a extension
attached to the downstreamend of the main body to provide a suitable

-5 - volune for the reaction zone wgich exists within the
nozzl e-injector. An i njector can be built into the copper adapter for
oxygen injection, and t he copper adapter was gold-plated to resist

oxi dation. The "H'%mcﬁt'atigg ?rr%gg(s:tbgmcpéaéeh?hgg&%qlqesm%?é o: a h@‘g’%ﬁiﬁﬁzee”e“

of nozzle size and gas I on posi

separate directipowdentforrhatiorl The noz2RIméctbh ot thisOiRvERIdH accomplish&R EF
DESCRI PTI ON OF THE DRAW NGS Figure 1 is schematic cross-section

of a plasna arc H@sedmprevementssyst em whi ch incl udes a vacuum chamber, a
pl asma generat or, and n e-injector .of the inyention. )
Figure 2 is a cross-sg_gﬁi oﬁagﬁgﬂﬁéaoé vaégma %féﬂg?étotro alfgprove  coating
nozzl e-i nj ecter peABAAAAGe [GF WA stabiffid arc flast]’ﬁa g%ﬁ%ﬁ?&ﬂﬂs@ﬁnﬂﬁ

DRAW NG Referring now to Fig. e arc ma coat1 ng system
illustrated teroperaturec plasmac depositiorns and\polymerizatior enetheds.t Gholverwhi ch

i | ud | iy g 2 | t t chanb 4, |
neLvdes o B RANG Rl ot BTk it Frie Sooade bapbt Sam 1
the 20 plasm aa@aﬁupbeége:%g%ekata%ﬁs%mﬁéxnjdcfb%? (;;ééfg% grﬁ{g%é%ko; 8

S provided with oxygen supply line 12 and a pal suppl

l i nes 14 angascionizationc avhitle affectsitthel éxtdnt ioflraaktiomr ahd lsemds nBéi on.

A vacuup punpi ng syste not shqwn, maintains |ow pressure within the
pl asma treat{Bent gBﬁ raﬁ""g}"&“ﬁm BBg siructune-of thes coating.iand uitiraalebuitss 20

IS supported in t '{%‘fb‘t tenner

controlled suppoP’?ﬁggﬁﬁﬁé‘tﬂﬁ%a eagﬁﬂﬁgize% tlﬁg rgjc atlpe{ @Léi{t%rr alﬁgnﬁﬁﬁd .

posi tioning by himellextertt qurraawtiomath'he:c?aﬁrihg iaoTn',nandb_thﬂhénﬁéleload on the

substrate and t h%uBSteree. \II\chttpt?s ﬁgézle-?nject:toﬁ pti‘filzséﬂgﬁy1 c{eeatr'coatings 30 cm x 30
‘cm in area were deposited at a rate of about 30 microns per minute at

16  the center. Without such a nozzle-injector"powdery coatings formed.

The nozzle-injector configuration and structure included both
cylindrical and conical plasma channels and a 2-stage conical channel
with a cylindrical section in between. The divergent angle of the conical
channel of the nozzle-injector ranged from about 0 to 60°. The opening

20 of the plasma channel at the base of the nozzle ranged from about 4 to
7 mm in diameter. Smaller diameter channels can be used for coating
small objects. The length of the nozzle-injector ranged from 1.5 to 25
cm thereby controlling the volume of the zone in which reaction can
take place. The nozzle-injector can be a single integral construction or

25 can be assembled from parts such as a stainless steel main body with
injectors for introducing reagents into the plasma, a copper adapter for
mounting the nozzle-injector to the plasma generator, and a extension
attached to the downstream end of the main body to provide a suitable



-6 - Referring to Fig. 2, the plasma is generated by a current
of el ectrons flowng fromthe cathode 2 to water cool-ed anode 4 through
an electrically isolated plate 6 which has a central gas plasm channel

of divergent configuration. The device is provided with a plurality of 5
equal |y spaced apart cathodes, only one shown as 2. The cat hodes are

wat er cool ed. The cathodes are nounted in caghode housing 8 which is
nounted on a water cool ed copper plate 6. Plate 6 is electrically

i sol ated. Cooling water channel 9 is supplied via water |ine, not shown.

Cool i t f ' . | i ne d fl .1
through condui t 5 ig R o e 8ARtOF omt whts st B mosr BAniectarc An
treatment chanber irjector ¢ani be builninkthe R¥ppeahiasteP o Bﬁigérﬁirgé&ioh%nd
The pl asnma gas, e.ﬁ_ie, argon, is supplied to the plasma generat or

t hrough gas |ine 1the ceppenadsptanpyas gald-plated:tacesist-oxidation;h Thenenatilar
whi ch communi cat es ,wi { L cular_conduit 18 a agslit injector 20. The 15
reactive reagent |gy§‘9|&p§¢ OPQZIPT'WQ&QQ qhm”é cBifeect e sige,apd gas
evenly spaced ig) efjéstior'8bSitior limfivatt |
secondary reagent g&ppl y Pi ne°30 'conr%g%:ltlﬁgéem&?ﬁf %%kﬁaﬁﬁzaggcﬁmc&tml and

i nj ection hol es 34reagentimjectivmnugits uppl y system can be used to feed

anot her reactive gas or diluent gas to the activation or reaction zone 20
wi thin the nozzle-injector. The nozzle-injector includes a

di vergent portion i i P‘l‘"% bﬁﬁh@q and reactive species
towards the substrgﬁgtgj? g:c?ltol QOFTHEcoate .e%ortion 40 can be an
integral part of the noFigareutiis schematic @nosssection ofiaplasmad are depositivrabl e
extensi on. As own, the extension has the 25 sanme degree of divergence as

the part of thtd nosystem whigh dpgudes a vacuum chamber,@ plasma generater, &and on

can vary fromthe WH?Z@EQﬂjectorofWéﬁ%rPf t he anode plasma channel and
t he adj acent portion o e nozzIl e-1njector, for exanple by having-a

flared or bell shaped niRigbre 2 is a cross-section view of a plasma generator and a

-7- Securi' ng.screw 7-is one of several used to nount the
cat hode housi n@%epﬂ&ﬁ@r@%‘?ﬂj'%&j@%ﬂvemo"- The invention
provi des apparatus for surface treatnent and deposition of an optically

cl ear adherent coating on a substrate surface 5 by reactants injected into
a plasma whi ch1§omDESERIPTIONSDR THE DRIONINGE or havi ng one or nore

cat hodes and at | east one anode, a

: Referring now to Fig. 1,the arc plasma coating system illustrated
- schematically comprises a vacuum chamber reactor 1, which includes
a plasma generator 2, plasma treatment chamber 4, plasma inlet 6,
and nozzle-injector 8. The plasma generator is supplied with the
20 plasma gas such as argon via gas supply line 3. Nozzle-injector 8 is
provided with oxygen supply line 12 and a pair of reagent supply lines
14 and 16 which can be operated individually or in combination. A
vacuum pumping system, not shown, maintains low pressure within the
plasma treatment chamber 4 via outlet 23. The substrate to be coated
25 20 is supported in the plasma treatment chamber on a temperature
controlled support 22. A retractable shutter 24 is adapted for manual
positioning by handle 25 or automatic positioning between the

substrate and the nozzle in the path of the plasma jet.



treat ment chanber operable at sub-atnospheric pressures, substrate
support neans |ocated within the treatnent chanber to support the
substrate, vacuum punpi ng means conmuni cating with the treatnent 10
chanber for evacuating the treatnent chanber to sub-atnospheric
pressure, a nozzle-injector device nounted on the anode end of the

pl asma generator for directing the plasnme-6§et towards the substrate and
delivery of the reagents into the plasna within the nozzle-injector.
The nozzl e-injector conprises reagent delivery means for 15 injecting

reagents into the pl aﬁ@?erﬁﬁﬂttﬁ ya@nﬁ,ee %s,;r drid by

of
gener at or. Z1 -1 nj tor I'S generally conl cal wth the

w de end di electrors flowirigl front thes chthodet2to Waterdegoled arfoddi 4 ¢higeghe and
t he | ength of the nozzle determ ne the volune enclosed within the
device. 20 Thi saneleciricallyiselated plate ewhichehas & ceabirt 9as Plasma channahd

formtion of " of difodt bYEngBERbGoTHY! dlicd F8'orlioed ish ¥ phitakge: o

t he substrate. |very nean I nj ect eagent s

into the plagm equally Spacedaparetathioded conlponevshowh as 2t rrhernatﬁddes ageect or
and include at |east two separate annul ar injection conduits and

di stribution meawatergooled. Tmmcatbpdﬁs are mowntedin eathodadiauising 8 whigh is

o the  pl aCIegR e il Sobiel coBREF afeteCR RER | M dfnBRle o

nozzl| e- | njsRtated. %bhﬁg wilter ehdithelous sepphed Maewatmdmee ndt showhe

pl asma gener at or
out si de the vacumoqhngnweterctnnmndmﬁ ﬂfg supplied Hy |Wﬂtef ilipe 12 and flows

\\//\/thtC glrjmc\cl)lo?ed &'Hglé'g o0 #’?sg ngﬁ' i‘?q{% ‘HI ﬂé‘? %J%RL'[}% “@%Wthﬁéhear C

generator incl Udﬁ%a%néﬁ?&%meéﬁg%ﬁﬁ%éﬁ Rhr Bifsealing Difigs 1SRG Saat hodes
of thoriated tungsten by at |east one or a series: electrically -

| sol ﬁt ed (E)(c):ppelr t di sks. Thﬁ'pllrsmayas felglv\alrg;)rtt. i&su@pile.dnf@ the plasma@e@erat;vé arc
torch, a VO e he el ectrodes tP1e z&gedﬂg ﬂﬁ p}gsma.

The pl asnma expangg oﬁﬂ?‘&%ﬁ 9& |ﬁj%lPPB o dine

reduced pressure vﬂﬁbﬂ%hﬂﬁdnﬁé %ﬁ\‘?%&‘gﬂk‘&&dmt 18 érﬂpé silpfn'é@di& 20 PTRE M8

jet. The nozzle-injector 1Is Oferr]Cto avoid
condensat i on16f treactiveyineagenti lsgsunphed wagmeoﬂm wbmln feeds cenduih24. ande

bstrate to b t ed ted th f t al
Stage al a suit aMENABRELRCIRR. Polssy 5! dis, lusiiptie the RorgacRar B i he
anode. A retract %%&n%gw rghgbrit YapPly! f?né %"&hﬁe&ﬁ?g with SoHRMUBS ghdt he

substrate to the
mjectlon holes 34. The secondary supply system can be used to feed

another reactive gas or diluent gas to the activation or reaction zone

20  within the nozzle-injector.
' The nozzle-injector includes a divergent portion 40 for directing
the plasma and reactive species towards the substrate surface to be
, coated. Portion 40 can be an integral part of the nozzle unit or it can be
designed as a removable extension. As shown, the extension has the
25 same degree of divergence as the part of the nozzle immediately
adjacent the anode. The extension can vary from the shape and
geometry of the anode plasma channel and the adjacent portion of the

nozzle-injector, for example by having a flared or bell shaped mouth.



In a typical deposition procedure the argon plasma is est abl i shed
with the shutter in place between the substrate and the 20

nozzl e-injector. Oxygen is introduced to the nozzle-injector to produce
an oxygen/argon plasma. The shutter was retracted and the substrate

was exposed to the oxygen/argon plasma for a short tine before the
silicon-containing reagent is introduced doewhstream fromthe oxygen
injection site to initiate deposition. 25 In Table 1 the effects of
nozzl e-injector on coating area, deposition rate, and the Taber
abrasion resistance of é{& E‘@aéﬁrﬁﬂl 27i§ one of sERITHRUSEd t6GAbUMTthe \BatRodBout
2 mcrons thick. It was un coni cal nozzle-injector (&73,
G241) is nost ef f dwuisig fooplaten® gadanede 4.

-9 - coatings. Wthout such a gozzle-in'ec or

_ { : P'ovvdeé_s Pr I{;{owclgry
coatings were genBE@| iNyeRtian,iRfRYjdes apparatug, fof, ‘syrfage [rgatmgnt an
Nozzl e-1 nj ect or Ond%idWOP &h gggamaeaﬁadlgirﬂt coating gn 3 substrate surface

K73 41
Nozzl e-i nj ect o5 t yipye[ Riaictartoninjedtedcinto cal plasmani which compmsesl a plasma

con-cyl-con con-cyl Di vergent angl e (degree 25
25 33  generafy having @§e iafdh E%Icgg'&qqsoﬁﬂgaat( legst ane anode,

- t

16 21 trealg}gﬁ chamber épgrable at sﬁg-@hmhgﬁée%@s %[ﬂ:strat%ﬁ
position[err](cm s@pfort meahd located within the tréatment chambdr to support thdS

Si | oxane feed position[err](cm 5 5

6 Wor ki ng di substeateevatuum)pumping meangs:og!mumcaggg w1th the treggnent

38 38 5 S
MR7[err]  PC Bt gﬁér v]acuatmg the treatme nn{Y'ﬁéh Tber Qoaéﬁb-ath%ﬁ?ér‘i’d rl

(T:V/DSO ) T'VD?OO Tb’Fé'i@ure a nozzle-lﬂ]é&& deanb’Dﬁ&mted on%oanéde)\enuabfethe
mn

Oxygen flow rate ( plasmg gene(atgr for diregting the plagrr@ jet towardg the substratg o 6

005 o1y SR YieEdéntt o e Apfba.vitinnd forzte infok

I Ly T o e ot gy
Area of dear co&ti mge(:mmlraagem into thie plasma as_Lghe plasma7er9erges from ﬂl@
”.5 [err]Hazpas%a_@eggpatgé'cl[ngiy@coni cal, coni cal -cyl i ndri cal - coni cal , |

or coni cal - cyl i ndrical 25 The h&EAdSHELBRGE derRraly edRical with theTwikei saance |
bet ween substrate and anod ‘[ﬂ"\g &]6 = octanet hyl cycl ot etrasi | oxane,
TMDSO = t et r anet hy|difestddtewards-NNSGubistratereThe | degreleoofirdivergence and the
| length of the nozzle determine the volume enclosed within the device.
20 This in turn determines the time available for reaction and formation of
the active species which treat or coat the surface of the substrate.

Reagent delivery means for injecting reagents into the plasma
are located at the narrow end of the nozzle-injector and include at least
two separate annular injection conduits and distribution means for

25 uniform introduction of reagents into the plasma. '

Usually the nozzle- injector extends from the anode end of the

plasma generator into the treatment chamber. However the nozzle-

ihjector device could be mounted on the anode end of the plasma



[err] pol ycarbonate with a silicone hardcoat | ayer Wor ki ng di stance
is the distance from anode to substrate. 30 D4 flowrate was controlled
by keeping the liquid tenperature constant at 80[err]C In
particul.ar experinents descri bed above, the nozzle-injector

conprises a main body with two showerhead injection rings, an adapter

for nmounting the nozzle-injector to the arfodle and I njecting oxygen into 35
the plasma, and an extended portion that expands toward the
substrate. The 25[err] 2-stage is a nozzle-injector with an anode adapter

i nj ector expandi REererator dutsidé thewactiaml chambédrycammyuhicatingasith tecinteriorat
11 mmdianeter, and a mai n body expandi ng at 25. The 25- 4 inch

- 10 - coniaf the vacwanMia ajsyitablecyacim tightseakt an angl e of 25
t hroughout, wth an oxygen injection adapter, and a conic extension 4"
| ong. The 40-4 i nch conic is a nozzle-injector expanding at 40

t hroughout, w th pRPERIMENTAL adapter wi th oxygen injection and a conic
extension 4 inches 5 1long. The 40-4 inch tronbone is a nozzle-injector

sinilar to thé 40- A4'veater-coelede (zascadedt |asc evasndised fasir the oplasms e by

using a 4 inch section.cut o I '

- 11- VWHAT IS CLORTRANTS: T Brd Hgﬁé{?gﬁg‘]t ﬁg@dﬁgz‘i?‘gﬁ?‘% I SHratsd trom

pl asma deposi t i onpgd HeakiscAABBES Tf WordtedtGnGStan by AEIBAEEHAE Ord Eeries

pl asma gas inlet, at |east one cathode, an anode having a divergent plasma

channel , a nozzl eef ejestricallynisalated coppen disksod dVith argom flowviagi thyaughothe
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reagent injeci@r heherdib Y plditnd.cAHe prRasHP 8kpaRd® through the nozzle-injector

into a chamber at a reduced pressure maintained by a vacuum pump,
thus forming a plasma jet. The nozzle-injector is heated to about ‘
200°C to avoid condensation of the high boiling point organosilicon
reagents. The substrate to be coated is supported on the jet axis by

16 means of a metal stage at a suitable workirig distance, e.g., about 15 to
70 cm from the anode. A retractable shutter is used to regulate the
exposure of the substrate to the plasma.

in a typical deposition procedure the argon plasma is
established with the shutter in place between the substrate and the

20 nozzle-inje'ctor. Oxygen is introduced to the nozzle-injector to produce
an oxygen/argon plasma. The shutter was retracted and the substrate
was exposed to the oxygen/argon plasma for a short time before the
silicon-containing reagent is introduced downstream from the oxygen
injection site to initiate deposition. '

25 In Table 1 the effects of nozzle-injector on coating area,
deposition rate, and the Taber abrasion resistance of the coating are
compared. Coatings were about 2 microns thick. it was found that a
conical nozzle-injector (G273, G241) is most effective for large-area



the plasma as the plasma expands into the divergent channel. 2.

Apparatus for surface treatnment and deposition of an optically clear _
adherent coating on a substrate surface by reactants injected into a plasna
whi ch conprises a plasma generator having one or nore cathodes and at | east
one anode downstream of the one or nore cathodes, the at | east one anode
havi ng a downstream end whi ch diverges from@n upstreamend of the at |east
one anode, a treatnment chanber operable at sub-atnospheric pressures,
substrate support neans |located within the treatnent chanber to support the
substrate, vacuum I.ng ' LN | t t nent _chanber
for evacuating the&%ﬁmw Séﬁ@%ﬂﬂgﬁ%fgﬁ}é{é?%E’Eﬁ@%"?ﬁ%m}%zz| e-
i nj ector device nowBiegemdrallyobiiié® end of the plasma generator for '
directing the plasnma Jet towards the substrate and delivery of reagents
into the plasma within the nozzle-injector. 3. The apparat us accordi ng
to claim2 in whi clablect ricffedt®f Ngzzie-injectompn Coating Pegifontnadeéi very neans
for injecting rggagents into the plasma as the plasna energes fromthe

pl asma generator. 4. The appar aGe® of G4tai mEAsiher &2 t he G147 G133
nozzle-injector is—conical with the wde end directed towards the
substrate. 5. Thezziepipaor ps Of ehicd NBcodical N vdaicalh t boicsl e agemdyl-del | casayty
means for injecti naergsd?mﬁ(éegieﬂto t#e pl addm ar@5| ocat @¥l at th¥ narr oW end
of the nozzl e-10 nj edindjeal efigndia{femude -at | east two separate injektion 3¢
conduits and annul Xt epzze lengllam on n¥ns 4% uni 2br m i nBroduct ¥R of 99
reagents into the Qtva@mposﬂonb(cfn)'l'heo-&ppar 8bus of4 claim®L in whdch t heds
nozzl e-i nj ector exsiexasfeédposttioPlom) andde ends of the pl asrda gener &tor in6o the
treat ment chanber. woring distah@E(cppar aisgs of 258l ai N3l or 23additiggal ly 38
conpri si ng: 15 Substrate ~a cascadeMRzl at esidsavi rMR7aN aMR7t ure. PC MRS*

- 12 - 8. The apipeugendus of cl ai npy, Whgisel NTHOS® Camdosde PIHRDEO ap emMotd €
diverges in the fl axgorchow ai(ina). 9.1.0 The1gppar asus of 18l ai m 82mhereizx t he
cascade pl at e aper Dxygen flow fate (lminpde ap&rt ur 68 and0Bhe nodsl e aPH6DBre GDES
conical. 10. The Siopgrafomrale(min) cl 03ts 1 o618 2, Ofer ei n0.the noAdlle i ndBdes
an inlet throud® wkhamperprepuigdlamit s hid roQ\g5 0i15 0.15 0.18 0.2

Deposition rate (um/min) ) 0 10 4 1¢
Area of clear coating (cmdia) 43 43 15 75 10 75
AHaze at 1,000 cycle (%) 3 - 7 3 6 10

Aconical, conical-cylindrical-conical, or conical-cylindrical
25  Ddistance from anode
Cdistance between substrate and anode _ :
dD4 = octamethylcyclotetrasiloxane, TMDSO = letramethyldisiloxane. HMDSO = hexamethyldisiloxane
©polycarbonate with a silicone hardcoat layer

Working distance is the distance from anode to substrate.
30 D4 flow rate was conlrolied by keeping the liquid temperature constant at 80°C

In particular experiments described 'above, the nozzle-injector
comprises a main body with two showerhead injection rings, an adapter
for mounting the nozzle-injector to the anode and injecting oxygen into

35 the plasma, and an extended portion that 'expands toward the
substrate. The 25° 2-stage is a nozzle-injector with ah anode adapter
injector expanding from 4 to 11 mm, followed by a cylindrical section at
11 mm diameter, and a main body expanding at 25°. The 25°- 4 inch



11. The apparatus of clains 1 or 2, wherein the nozzle includes first and
-second inlets through which first and second reagents can flow 12. The
deposition apparatus of claim 11, wherein the first and second inlets are
inthe formof a plurality of holes or slits jn a ring configuration. .13:
The deposition apparatus of claim 11, wherein the nozzle includes a third
i nl et through which oxygen flows. 14. THh@.deposition apparatus of claim
13, wherein the third inlet is closer to the anode than the first and
second inlets. The apparatus of clains 1 or 2 wherein the nozzle

15.
o) ocat ed ol os &P Hossle Ml bl s ahbf.o 7S Fradiiodyfuh™ 06
The deposition afpaxgiesinféctiohcadapts, andes ebhictdieensibat4"ilongonfieyoed to

direct a gas toward a central axis of the deposition apparatus. 17. The
deposi ti on appariB€£opic is &i maﬂg-lmmimamlngmw%@mu@a@uta wittueal ity
of holes or intﬁﬁgpacgd @{ou.d ths inner.surf%fe of .the,nozzle, . :H% The
apparatus of cl ANRTC agAPier WiE) Sxyegn | &'ﬂncﬁn ﬁe%ﬁquéeri‘ﬂo?rﬁ NeEn
three times & dijghgncrd ugmd ignangifiBone it Bendzaé injedibp similanth Weeaghn t he
| ength of the nozzl'e is nore than two tines a distance f&¥omthe anode to

t he second i nl et4"conie. exdapt thapdhe textensipm flases oubfmeotea by uSingvek diah t he

nozzl e has a divergence,angle of l.ess than or equal to 60 degrees. 20.
The deposition a Patqﬁ'éoﬂg*"eﬁh b8 °f\ﬁn@9@$ﬂ"?he_ nozzl e has a divergence

angl e of 25-40 degrees. -

13 - 21. A deposition appartus conprising: a cat hode

an anode a nozzl e which extends fromthe anode; a
first supply of oxygen; a first conduit which fluidly connects
the first supply of oxygen to a first inlet on an inner surface of the
nozzl e; : a second supply of at |east one of an organosilicon

mat eri al and an



organonetal lic Lal - - a second conduit which fluidly
‘connects the s#ﬂﬁ.&ﬂj H second inlet on the inner surface of the
nozzle. 22. paratus of claim 21, further conpri sing:

a vacuum chanber in fluid comrunication with the nozzle; and a
substrate support In the vacuum chanber. 23. The deposition apparatus of
claim 22, wherein the substrate support is-pbsitioned in the vacuum chanber
such that a distance froma substrate surface to the anode is between 23
and 38 centineters. 24. The deposition apparatus of claim22, wherein the

first inlet is clpa8ATYS GHAMESJS: t han the second inlet.
- 14 - 22. A deposition apparatus conprising: a cat hode;

an anode; and a nozzl ethaNiypitafy hokzleldjetRF 39t ahMretfasma depdigisi N 2
| ength of the nozzle is nore than three tines a distance fromthe anode

to the first inleBppaigdus compiising:ian areplasma genératorchavingl a plasnmar gas _rll_ﬁn
two tines a dista f t a o_the _second.inlet.,. 3. e
deposi tion appar apﬁé' At Lq%;% ré%%%ﬁ§qéﬂ il ﬁ8°§? ?‘g?‘"f'ﬂl 8t d'_Ve_f@rHeP 0.5
and 4.5 centi net ecRahfdlMat Aszzfltfjéctor mounted %th the4RodiEP thdﬁlé‘-ﬂﬁé‘&a’ us

of claim?22, wherein the second inlet i1s between 5 and centinmeters from
t he anode. 5 haging aTdivergendschanmelapxtendingsfrom ¢hei an@de, aheogygen he

nozzl e has a length of between 13.5 and 21 centipeters. . . 26..  The
deposi tion appar af’ﬂ%‘%f ;%I'@P\ﬁﬁ% oxygen éﬂqﬂ téﬁé’?qﬂﬂaz !’b{he viginity of the angdee e
angl e of |ess thagt pasPOHE reddertinféREr¥8F injecting reactive gases into the plasma

as the plasma expands into the divergent channel.

2. Apparatus for surface treatment and deposiﬁon of an
optically clear adherent coéting on a substrate surface by reactants '
injected into a plasma which comprises a plasma generator having one
or more cathodes and at least one anode, a treatment chamber

‘5 operable at sub-atmospheric pressures, substrate support means
located within the treatment chamber to support the substrate, vacuum
pumping means communicating with the treatment chamber for
evacuating the treatment chamber to sub-atmoéphen'c pressure, a |
nozzle-injector device mounted on the anode end of the plasma

10 generator for directing the plasma jet towards the substrate and
delivery of reagents into the plasma within the nozzle-injector.

3. The apparatus according to claim 2 in which the
nozzle-injector comprises reagent delivery means for injecting reagents
into the plasma as the plasma emerges from the plasma generator.

4. The apparatus of claim 2 wherein the nozzle-injector is
conical with the wide end directed towards the substrate.
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The deposition apparatus of claim22, wherein the nozzle has a
:dl ve 5-40 degrees. 28. A deposition apparatus
corrpnmmﬂllmﬂ "IlﬁHI at hode an anode, a nozzl e which extends

hec anode; s first supply of oxygen; a first conduit which
fI UI dIy connects the f| rst supply of oxygen to a first inlet -on an inner
surface of the nozzle; a second suppltg -of at | east one of an
organosilicon material and an organonetallic material; and a

second conduit which fluidly connects the second supply to a second inlet
on the inner surface of the nozzle.

- 15- 29. The deposi§.i Tihecappraratussofadlaiot Aiimwafich the téugemmtqhvée/i ng:
a vacuum chanmber in fluid communication with the nozzl e

an
substrate suppor tmeans fier iniecting (eagepts into the plasma gfes %Féf%’s?% F%“ﬁﬁ'ﬁ&f at us

of claim29, wherg S I cludeP

chamber such that® 'ﬁa&]@t@ﬁ%r{g?é@ﬁr\ggﬁgu gtfpg eesﬁt'rsktg%g“?g %%gtrgﬁoﬁﬁl S

bet ween 23 and 38:&syilits"BhET annular digtibulite reansifor amifoppairttoductibncbhi m
28, wherein the first inlet is closer to the anode than the second inlet.

32. A depositifon weagentsinto thenplasgiang: a cat hode; a cascade plate
havi ng a coni cal aperture; and an anode.

6. The apparatus of claim 2 in which the nozzle injector

extends from the anode end of the plasma generator into the treatment

chamber.
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