PROT‘éCT I'VE COATI NG BY H GH RATE ARC PLAS —PSI
This i n(vent fon relates to deposi tion of prot ective coati ng%%lm
yarious substrates such as glass, netals, and plastics. Nor e ~pp.
Jparticularly the invention is directed to adherent protecti vd/(fgj ngs

on plastic surfaces such as sheets, filns, apd shaped articles.

Coati ngs which are abrasion resistant and protect agai nst radiation

damage to the plastic substrate are ovided b the i nvention 10 discl osed
herein. The term protective coati g E’éreﬁgr WECOATINGSBY | ayers of
deposited material which provHiGH MBEQRRGGLPGSJ&AMPOSITIQNM& on and W
degradation and reflects IR radiation. ‘BACKGROUND OF THE | NVENTI ON
15 The technol ogi cal inportance of thin film has led to the .

devel opnent of a vari et yThis idention relatasetongdaposition of protectivereaatings oapor
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BACKGROUND OF THE INVENTION
.15 ‘The technological importance of thin films has led to the
development of a variety of deposition methods. '
Chemical .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.
20 Energy required to pyrolyze the reactants is supplied by he"ating the
substrate. For reaéonable reaction rates the substrate is heated to
relatively high témperatur'es in the range of about 500° to 2000°F
degrees. These temperatures preclude application of the process to
heat sensitive substrate materials.
25 Plasma enhanced chemical vapor deposition (PECVD)
| supplies energy to the reactants by an electrical discharge in a gas
which forms a plasma in the deposition chamber. Generally the
subétrate is immersed in the plasma.
Polycarbonate is often the engineering material of choice for

30 glazing and optical applications because of its high impact strength,'



- 2%- “low density, optical clarity, and good processibility. However,

t he pol ycarbonate material is soft, |acks glass-like abrasion
resi stance, and is sensitive to tenperatures above about 300F. Prior
wor k had shown that a silicon oxide coating by plasnma-enhanced

chem cal 5 vapor deposition (PECVD) can inppave the abrasion resistance of
pol ycarbonate, qualifying it for glazing applications. However, the

prior PECVD technol Q usi. S|Ja e,.apd nitrous
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pl asma generated by an arc plasma torch. In the practice of this

i nvention t he alwrasigpgesistant peunen qoatipgs but tedepasitina rgie nwvag nehe
“active speci es e plasma as they pass into and through
the 30 deposition %&n'ﬁ F &&ﬁg%er of the apparatus.

SUMMARY OF THE INVENTION

16 A plasma arc method for preparing a clear weather stable
protective coatings on polycarbonate (PC) has been developed. The
coating can be essentially stoichiometric silicon dioxide or silicon
oxide-based which contains small amounts of carbon and hydrogen.
The term “silicon oxide-based" as used herein means a material

20 which comprises oxides of silicon and small amounts of carbon and
hydrogen, organic residue from the organosilicon compounds used
to form the material. The coating imparts glass-like abrasion
resistance to the polycarbonate article. The coating was deposited
at rates of up to about 20 microns per minute- at a reduced pressure

25 with oxygen and ~an organosilicon compound such és
hexamethyldisiloxane (HMDSO) injected into an argon plasma
generated by an arc plasma torch. In the practice of this invention
the surface to be coated is positioned in the path of the active
species generated by the plasma as they pass into and through the

30 deposition or coating chamber of the apparatus.



- 3=- The pol ycarbonate substrate surface can be pretreated

with a primer interfacial |ayer before deposition of the abrasion
resi st ant coating material. The term "substrate", as used herein,
refers to a structure such as a sheet or filmwhich acts as the base
or support 5 for the material which forns the_coating or is one of a
series of coatings. Generally, the substrate, although it can be a
thin film is relatively thick conmpared to the thickness of the .
coati ng. Thi Jherpelvearbenatapsybsteatasudgge gany beirgetreated with

deposi tion of ilicon . i de- - . .
abrasi on-resi stant, 3 %[Hﬁgﬁdn%?%ﬁ?@%ﬂ%%%??@ﬁ#@{)@?{ ?‘?/% ab(';%sa'?rfl r{Sg'St%nr%
plastics such as coatingOhitenidlo TR termsubsirate"h s fusedt Réraitepriels @a
refers to deposit of coatings at a rate greater than about 5 mcrons
per mnute. The strachure syiehmassa sheet wrifiml whichl acds asthediasesposupport
resistant and nma satisfy other functi ui rements
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tenperature, of the relativelp!thiekiconipdred tatise thickaessof theresatiige f unct i onal
I'ayer, such as an ul fravi ol et radi ati on absor bi ngdl ayer, on which the

coating or coatings 20 Thisinventionteamprises methedsfardighsaterdepesitiontaf t ne
Substrate at a tenperature at | east _20[err bel,ow t he ql

transition tenperat |§|“l9?;R oxi .'B.as%%ouweféér'éqi?l}'g fo#brggﬁo)li}é’}f?’bsg%@% e and
substrates. iati tiid ON d for @Padticed VERS| @8
resi st ant 1%oatr|a%'§g6g%ll%ﬁ§2t gagg“?lg a(r:la%ﬁo@gnded thermal plasma of
argon 25  gener at egpoiycarborrate. [Thestarnt thigh rate! depasitidimncefars to gieposit| éfcon
precursor and oxygen into the plasnma as it exits Lge torch to de Sitl'he

a silicon oxi de- bas&@atiogsiatga Lfﬁé%rgméméééf‘p?% dNGFERh Pef Angette.
surface e, been, Aoy RGE.mbBL KeCHBACAH gy Y Befldio Hebidart"dho may
silicone hardcoat weyfisfoathRe fuhétiorl IregQitementiesbers @8 providing hinfrared or
- - ' .15 ultraviolet protection, and adhesion improvement. The coafing
process must be operative at temperatures below the thermal
'damage threshold, generally the glass transition temperature, of the
plastic substrate or an intermediate functional layer, such as an
ultraviolet radiation absorbing layer, on which the coating or coatings
20 are deposited. It is preferred to operate with the substrate at a
temperature at least 20°C below the glass transition temperature,

e.g. about 135°C for polycarbonate substrates.

A plasma deposition method for coating abraéibn resistant
coatings on plastic using ah expanded thermal plasma of argon
25 generated by an arc plasma torch and injecting an organosilicon
precursor and oxygen into the plasma as it exits the torch to deposit
a silicon oxide-based coating under reduced pressure on the target
surface has been developed. Polycarbonate film (10 mil thick) and
sheet (0.125"-thick) pre-coated with about 4 to 8 microns of a

30 silicone hardcoat were coated with silicon oxide-based using the



pl asma deposition nethod of this invention w thout direct cooling of

the substrate. Optically clear coatings free of mcrocracks were

produced wi thout thermal damage to the substrate. The silicon "~ oxide
coating greatly inproved the abrasion resistance of the 5 conposite as
evi denced by Taber abrasion tests. The term_4_ "conposite" refers to the
substrate with its silicon oxide-based é%rasion resi stant coating and
any ot her functional coatings which
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stream The nozzle-i a tenperature s ci ent,

e.g., about 200C, t gLrasibe rédistartnewativgl Bnd arfy othertfunetiorad coatings sivhichons
such as HVDSO. The substrate is nounted on the jet axis by neans of a
netal stage at a maybelprésendi st ance of about 15 to 70 centineters from

Stage and | the nozs & pAeEOIPIRACEERRE B, AAHE b ortRl LEFE o B b e
pl asma. 25 POHMCardﬁb@iteggéggbsﬁdlngsoashaégﬁ%@dwd?einycarhéna_f@ gotvsrhtart es

can be prepared’tor n coating by washing wth isopropyl
al cohol and vammsistsirofiangoppenlanodessdparaled fromr 8nneedleotathodes of

heed not be. cyhprieiedclingSIRRL by Rtcieash ope BBRECEGMASIESR BB |t
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generate a plasma. The plasma expands through a diverging or
15 bell-shaped nozzle-injector into a deposition chamber maintained at
a reduced préssure by a vacuum pump. The stainless steel nozzle-
injector has two or more shower-ring gas distributors for the injection
of reactive gases into the argon plasma stream. The nozzle-injector
is heated to a temperature sufficient, e.g., about 200°C, to avoid
20 condensation of reactive gas organosilicons such as HMDSO. The
substrate is mounted‘ on the jet axis by means of a metal stage at a
working distance of about 15 to 70 centimeters from the anode. A
retractable shutter can be inserted between the mounting stage and
the noz_zle to regulate the exposure of the substrate to the plasma.
25 Polycarbonate and silicon hardcoated polycarbonate substrates can
be prépared for deposition coating by washing with isopropy! alcohol
and vacuum drying at about 80°C to remove volatile contaminants.
~ The bore or central channel of the plasma torch need not be
cylindrical. The bore can be cone shaped, widening as it approaches
30 the discharge end of the torch.



established with a manually or automatically controlled bl ockade or
shutter inserted between the plasma source and the substrate. Oxygen
rs then introduced into the plasma to produce an 5 oxygen/argon plasna.
The shutter is retracted and the substrate is exposed to the
oxygen/argon plasma for a short time, up abaous _30 sec, before the
organosilicon reagent such as HVDSO, is I ntroduced into the plasnma

for silicon oxide deposit,ion qver la eriqd ran iq fromabout 3 tp 30
seconds. Table 1, below, 18h SnJYRIFR f%posﬁ@ﬁ'osqrpf:%‘ﬁurgat ﬂefarg%veﬁiérﬂa IS
deposi tion condi ti O.ré%taﬁlﬁh@@r\ﬁm' ’mtahﬁﬂl% or %R@ﬁ\aiieéigls%ﬁ@%ge&o%ké%%rca”

be reduced by | owering the argon y I ncre rking

di stance as neasur edhittem ihberted betaeerietharplagmal svarcenanththersubstats..
Condition G770 all ows_an . exposure of 60 sec without thermal damage to a
0.125" thick sheet fxygest isolthenr kiraducedantey thesiplagpa Rar Rreduceugnace

| ayer. Condition G/1l, permts osur.e o L.&hout t her mal
damage to a 10 5 Wpe{\{ﬁ[} ggn @Eﬁiﬁgr ﬁi‘%a?’é“‘?% |%]r%éaét%% yﬂ%ﬂl‘% sEbstra{éat_s
[I'lustrative coatin ey h 4 i -
it Gt a0 QgeseutpIng GieRRREsh Hama LR St time, up about g0
MR5* G ass d ass d seg, Gbefose the organbsilicon reagentr guchrase HMBDSO, 1is5

2.0 3.0 40 6.0 6.0 . Ocgenflow I/mn 05 .05 05 05
0.5 1.0 r at e introduggebinte thaplasma farrsiliepm oxidg deposifionyover. 3 perigd 2

distance | ChanbdfnOing gy, ab6R 3,t0°40 secdids, Tl 1. Below. Hhoys e
- 10  deposition rate for several deposition conditions. In general, the .

heat load on the substrate can be reduced by lowering the argon

flow, by increasing the working distance as measured from the

anode, and by lowering the arc power. Condition G70 allows an

exposure of 60 sec without thermal damage to a 0.125" thick sheet

15  of polycarbonate having a silicon hardcoat.surface layer. Condition

G71 permits an exposure of 15 sec without thermal damage to a 10

mil thick polycarbonate film.

Table 1. lllustrative coating conditions and deposition rates
20 .

unit |G71 |G70 |G66 |G67 |G64 | G59

Substrate PC MRS5* | Glass | Glass | Glass | Glass
film

Argonflowrate | Imin | 1.5 20 130 40 |6.0 6.0
Oxygenfow | Vmin | 0.5 0.5 0.5 0.5 0.5 1.0

rate
HMDSOfow | Umin |0.12 [0.12 |0.12 |0.12 |0.12 |0.12
rate
Working cm 38 38 38 38 38 33
distance

Chamber torr 024 1028 1033 1041 |055 [0.59



- 6+- pressure Arc power Kwat t 4.19 4.38 4.53

4.71 5. 00 4.95 Deposition rate [err]/mn 5 8 8 8

14 16 * Pol ycarbonate with a silicone hardcoat - Table 2

conpares the abrasion resistance of two pol ycar bonat e sanpl es

(0.125" thick) with and without silicon oxidgg. 5 based coating deposited

as -di scl osed herein and that of an uncoated gl ass plate. Haze was

nmeasured. by using a_Pacific Sfi entific XL 835 cal oringter bqifore and
PN Taol bl i o -

after the sanpl e i sPES* Bed—of—a Fetpayne—fFaber—b+50—= H-we—
CS10F wheel s, SOOQ_A&ML\E.M.&Q!&& 4c38 4193 3c95al | y
gl ass-1i ke abrasi onDepesitiohzaie & uigin b5 t he| 8anpl e8wi t hiBhe 134 er]18.
silicon oxide coat |WW
(no solid sanple) béF&lycaikenateydth a silicepgfiardecateadi ngs at 0 cycl es
(before Taber abrasion) iy f t | bra.l rogedure. .
15 Table 2. Abrasion re?iraggé;n?e. g&@oﬁ?y%art %na%*gr#ﬂrt gﬁﬁ%ﬂcﬁouﬁF o
PECVD silicon oxi dep&WcE%ét@%hfﬁiﬂesc) (0'12?.6tohi0k)3“6i6h and withogt silicon oxide-

% Haze Sanpl e ) ] .600 1000 cycl es
PC w silicone Hardbaased coating depositedas disclosettharein and that of aroungaeated. 3

ge;;]s S| ll feon - ng’assopé_te; Jl-@)a?’zgg w%'fflr{leaéir%fi by i:s?ﬁ% %gg%lcﬁi%ngciggﬁﬁci: r)laﬁ-gh
te d I ti f ' s dy - d
[T anspar ent conti ngtay. SPLy e LThR Hheafy P SR is giadedCBA, o

was achi eved by usi Teledye Talséra$150 abrhder #wRCH1OF wheelsy SO0 a¥ch) fosa
i nvention. The coating was deposited at a rate of 25 .about 8 m crons per

mnute at a reducednpmkenafeycigs: NaIg e essentially glass-like abrasion resistance
10 of the sample with the 1.3 pm silicon oxide coating. The. colorimeter

was zeroed with an open path (no solid sample) before use. The
negative readings at O cycles (before Taber abrasion) are artifacts of |

the calibration procedure.

15 Table 2. Abrasion resistance of Polycarbonate with and without
PECVD silicon oxide surface coating

% Haze
Sample 0 100 300 600 1000 cycles
PC w/ silicone hardcoat -06 23 | 57 121 16.2

PC with 1.3 p silicon 03 08 1.3 1.4 1.9
oxide plasma coating
Glass 07 05 1.1 1.7 1.7

20
High rate deposition of a continuously-graded or a discretely-
graded transparent coating on plastic resin substrate, e.g.
pblycarbonate, was achieved by using a wall-stabilized plasma arc
system of this invention. The coa'ting was deposited at a rate of

25 about 8 microns per minute at a reduced pressure, with oxygen and



-7 an organosilicon conpound as the reagents. G adation was

achi eved by varying the feed rate of oxygen, the organosilicon

reagent, or both. These graded coatings are characterized by © gradual
transition from a conposition which'is essentially an 5 i nterfacial
material to a conposition which is substantlaQIy an abr asi on-resi st ant
material. An interfacial material is one which is - situated between the
substrate surface and the abrasion-resistant mat er i al eneral the

interfacial materia@MmAfIaResiiced eompound %ym%éea@ﬁﬁﬁact @rﬁgg?'@% Wi@Sch

brasi onoren stant Heniar b TRENTY Qb BAEN of WM 68 Brditibslighn o,
resistance of the C?éégént or mhycmé%@ngf@dé&rmmg% are characterizBd by

continuously graded coating was deposited by varying the feed rate
conti nuously througlgnaduahdrarmtomgfrqmoaemmpbsihlcm:rwhlmy ig5esgprdigdly an

Sgﬁéhé‘?rﬁ’?id”ﬁ‘ﬂiﬁbéaﬁ% i omalonaluf4 Booompestion Sehich ojs SUsATIAIK elich
h d J
cbraston. 1 esi stant ZD‘?Q?'BQE@?E@?O%@E&JW o0 inperiadlr iReAa \sTURE N8

nmade in an integrat %‘ﬂuﬁté&@%ﬂveé‘n dhe Gibistrate gﬂﬁabetmd)fth@tubtbsi&ntfesrsm per
m nute was typical. Good abrasion resi stance was achieved with a

[err] mthick abrasi onatesial. stlrangeneryérthe integfacial prrt%@malgm@atchemwyandon
pol ycar bonat e. si_li.con-contai nin &3 nts.includ
silane, disilane, ofPhysical GEGE?rfg ) 1%%'%% gLqmpaible W et
tetramet hyl di si ygxang 6§h43§9b ﬁéstrataeéﬁaemyléb@bi&%@s%témnal The

tetraethyl orthosilicat exanet di si | ane

oct anet hyl cycl ot et ramdt|ngageea(tl94)mpmves the am'asnmeregq‘sta;ncewfatthascdmbedne
The oxi dant can be oxygen or nitrous oxi de. In a typical
deposition procedur & Yearbpaele GamRIfewas 30 established with the shutter

inserted between the subsraf6n809si Yraded coating was deposited by varying the

feed rate continuously throughout the coating process. A discretely

15 graded coating was made by changing the flow rate in a step
fashion. It was demonstrated that an arc plasma could be operated
smoothly with such changes in 'reagent feed rates, and both the
gradation layer and the abrasion-reSistant layer at the top surface of
the cbating could be made in an integrated process. A deposition

20 rate of about 8 microns per minute was typical. Good abrasion
resistance was achieved with a 3 pm thick abrasion-resistant layer
on a proper gradation tayer on polycarbonate. |

Suitable silicon-containing reagents include silane, disilane, or
organosilicon compounds like tetramethyldisiloxane (TMDSO),

25 hexamethyldisiloxane (HMDSO), tetraethy! orthosilicate,
hexamethyldisilane, octamethylcyciotetrasiloxane (D4), and
tetramethylcyclotetrasiloxane. The oxidant can be oxygen or nitrous
oxide.

in' a typical deposition procedure the argon plasma was
30 established with the shutter inserted between the substrate and the



- 8- nozzl e-injector. Oxygen was then introduced to the

nozzl e-inj ector to produce an oxygen/argon plasma. The shutter was )
retracted and the substrate was exposed to the oxygen/ argon plasma for
a short tinme before the silicon-containing reagent was introduced 5
downstream from the oxygen injection point tquinitiate deposition over
a period ranging fromabout 3 to 60 sec. The Teed rates of both HVDSO
and oxygen coul d be varied during deposition to change the coating
properties. Typical |qqzzlaamjefstgge%)m©s®/aamm inteequgesktp- the nogge-injestor

gradation .portion of the,coating and, high oxygenfHVDSO 10 rati oS re ,used
for the abrasi on-reé??trgﬂ't'c‘? 35 YQSU@&Q%%E%#‘%/eﬂeS uther was retﬁ#ﬁ}"ﬁgpg 3

t he abrasion resi st r t P p i ck)
with and wi thout gr gﬁ%ﬁ@fﬁt@?ﬁpﬁe _@6 tgoﬂ%l_gxzyegemr}ég rreaé%rgg%%%%?%gpﬁg a

Pacific Scientific Xmé3Dafoter ithet esilicon-cortaining: aedgent ewasheirtrducedwas
abraded on a Tel edyne Taber 5150 15 abrader (two CS10F wheel s, 5009 each)
for the indicated ndavnstegam fromcthg exygen injectiqnpqink to dgitiete gepasition

Voadurenents 20 Ovgs o Rk T shaut TH%R 96" e Rg ik Ry
([err]) Initial % g?Mb%&&d oxygen could be varied dbfihg%depdsien to change'thded

Abr asi on haze ter es

(N 600 1,000 coating9tropedies. Typically, &a¥ @xygen/HMDSO ratios were used

2 0.7 49 - Gl15 discrete, 2/0.16-0.62/0,12

3 1.7 o for theg gradation portion °tffﬁ?s@%%?ﬂgn{“ﬁhoﬁwlémqw

for Preparing cyGar bt afte used 1hEHnPAsEE-rE08ta dpr ddindd igerY

pl asma arc deposition. nstration of uses si or an _
organosilicon conpoundT ablet Bahsidbrasionsr@sistanceiof coatee polycarbormates

oxi de as the ,
" - samples (0.125" thick) with and without gradation is compared.
Haze was measured by using a Pacific Scientific XL-835 colorimeter
before and after the sample was abraded on a Teledyne Taber 5150
15 abrader (two CS10F wheels, 500g each) for the indicated number of

cycles.

Table 3. Coatings on Polycarbonate and Their Performance in
Taber Abrasion Resistance Measurements
20

No. Gradation Flowrate(fmin) | Coatingthidness () | Initial | %ahaze
AfO2HMDSO | Graded  Abrasion | haze | afterCydles
1(%) |600 1,000

G966 none 2062012 0 2 0.7 49 -
G115 discrete 2/0.16-06200.12 2 3 1.7 0 16

This invention provides a method for preparing clear silicon
oxide-based coatings at high rates by plasma arc deposition.
25 Demonstration of the method uses silane or an organosilicon

compound as the silicon source, and oxygen or nitrous oxide as the



- 9:- oxi dant. Deposition rates up to about 30 m crons per mnute .
wer e achi eved. Thi s enbodi nent of the invention is a method
for high-rate deposition of silicon oxide. Prior work had shown that a
silicon oxide 5 <coating can be made by pl asnma-enhanced chem cal vapor
deposition (PECVD). Coatings so prepared she®sd good gas- barrier
properties useful for food and nedi cal packaging, added abr asi on

resi stance to pol ycar: t i b ' : 0, i es
suitable for an insﬁ}Fiegﬂt’j1 Pe%:a% t@bﬂ%{t ﬁpcﬁt??%t%grﬁﬁ E‘B{SCB?B e'g ﬁ'@gFé
function for anti-cacHiegedn applications. However, the prior art PECVD
process is slow, with a typical deposition rate of about 05 m.crons
per ninute. It is very iikpisreabodineateoktiyp invemtign- isag enethod ﬁlfpblghtﬂatm

hod of [ h h
A ot hod of rﬁ;ﬁfﬁbv o oSion B PSR oxiER G2k etk i shEn et a STRBGRHS oo
by using a wal | g5t aBhddrffdcah 2pER Male Qﬁl dﬁ&@fn‘abéﬁhanced héﬁé’t'nn@al WiapBr

conpri ses generatl ng an -argon plasma | et “vacuum ¢

injecting a silicondepositiomi (REGVBYR.Ur eoatmgsi $0) preparexkishowed rgomdt gas-
plasma jet, and inpinging the jet or the residue of 20 the jet and its
reactive species onb arrtaﬁbemée%lurse&tieferlfﬁoa aad umedical packgging; jadded

poi nt “beyond tho pi e, AERERERE o' BOFERBEnaR BridBiner piaRidS, Heleiric),

gener ator. propérties $uitibié| fodeBAS indubitoP! AT Sifits %’aﬂe‘@ﬁ cifcdfts, péﬁcf”a
was 25 established with the shutter inserted between the substrate and the

nozzl e-i nj ect ori0 Oxprpdective ﬁmnctmxmﬁorcantlemmom applicationsd udewever, ﬁh@prlor

nozzl e-injector to produce an oxygen/ | asma,. The shytter
retracted and the sg Eéyp R&C%g 'tW' Bh% typicgbAppesiion rate °E)Ia§§h'ﬁ for

a short time (1to gheshidrofe! %F‘?mhtlfeesitil $ S8R RSt t8PGevilop ' hiGRGUES

downst ream from t he 0Xygen
deposition method of protective coating which improves the coating

economics.

15 A method of making silicon oxide coatings at high rates was
developed by using a wall-stabilized plasma arc, as described
herein, which comprises generating an argon plasma jet in a
_vacuum' chamber, injecting a silicon-containing precursor and an
oxidant into the plasma jet, and impinging the jet or the residue of

20 the jet and its reactive species on a substrate situated in a reduced-
pressure environment. The reactant gases are injected into the

. plasma jet at a point beyond the plasma generator, i.e. after the jet
has exited the generator.
In a typical deposition procedure the argon plasma was

25 established with the shutter inserted between the substrate and the
nozzle-injector. Oxygen or nitrous oxide was then introduced to the
nozzle-injector to. pfoduce an oxygen/argon plasma. The shutter
was retracted and the substrate was exposed to the oxygen/argon
plasma for a short time (1 to 30 sec) before the silicon-reagent was

30 introduced downstream from the oxygen to initiate silicon oxide
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deposi tion.

correspondi ng

are silicon

deposition rates.
and oxygen,

Table 4 lists coating conditions and the
The maj or constituents of the coatings
al t hough carbon and hydrogen are al so present,

in smal | amounts in sone sanples. 5 . Table 4. Coating Conditions
and Deposition Rates Um%o 639 G59 41
&53 Argon flow rate I/m'n .0 1.0
Oxi dant q E Silic
r eagent 2985 q—ﬁf@ﬁ't}%r Tahipgdistygesting ‘Eﬁf‘d't'onﬁ/\ﬁpﬂ thg °°""93P°"I§'ﬁ9
38 33 e
S aa S eo cger’pcéltlon r%éiB The n‘FHrjérts g%}‘rfﬂltuents%}’atﬁg ﬁ‘,c%atlngs arev?l léon
82.5 42. 5 dnd Dxygen, 4lthbugh canboncamd Gﬁydrogeﬁ\ are alsoGi;résent in60.0
60. 5 61. 0 Dep03|t|on rate [err]mmn 1
24 Thesthalhamounts incyaime spEpIeS/st em  of th| s inventi on was
designed to depSS| t thin-filmcoatings on both high and |ow 10 tenperature
substrates, inclFuding plastics. The system consists of a vacuum
chanber W|th an ar f [ gas and
reactant gas inj ecﬁ%ﬁ%%ar@atg{ﬁgﬁ?gsﬁﬁ?ﬁ?r%aﬁ&?ﬁ?&%1 on .
activation and reacti on of chem| it r ead a |s@pst r at £G4Age, !1}253 a
punpi ng station te=peaw-de—tho roducod—prassy eo—tfge_tho_tac er.
Thi s nmet hod was usAdgonflowrate t rB.0coat i pgo df0silicon
oxi de, from vari ous—sit+eanes—or—%t e$ i e—or f-tgas—exde.
Titani a coatings cQﬂ“‘!ﬁf‘tdepom t(n;d from | O I sop oxi de'%d
oxygen. Zi nc oxid€ fTed fro A | - ™TZ{C With
oxygen. Di anond-|i @ac%é‘rr%@ﬁsﬁgati ngs can %éﬁifm HMDSO TMDSO' | D4 .
' Working cm 38 33 25.5 255
distance
Chamber torr 0.33 0.59 0.15 0.16
pressure
Arc voltage \' 82.5 42.5 41.5 415
Arc current A 61.5 60.0 60.5 61.0
Deposition rate | pm/min {1 16 12 24

The high-rate deposition system of this invention was
designed to deposit thin-film coatings on both high and low
10 temperature substrates, including plastics. The system consists of a
vacuum chamber with an arc torch for plasma generation, plasma
gas and reactant gas injection means, a nozzle-injector for injection,
activation and reaction of chemical reagents, a substrate stage, and
a pumping station to provide the reduced pressure for the vacuum
15 chamber. _
| This methed was used to deposit abrasion-resistant coatings
of silicon oxide, from various silanes or siloxanes and oxygen or
nitrous oxide. Titania coatings can be deposited from titanium
isopropoxide and oxygen. Zinc oxide can be deposited from diethyl

20 or dimethyl zinc with oxygen. Diamond-like carbon coatings can be



deposited from various hydrocarbons. Substrate materials included

metal, glass, netallized glass, and plastics. Vari ous coatings
wer e deposited by using the arc pl asna deposition system They include
abrasion-resi stant coatings from5 -various siloxanes and oxygen, silica
coatings fromsilane and nitrous oxi de,_ fqitania coatings fromtitanium
| sopropoxi de and oxygen, and di anond-1i ke carbon coatings from vari ous
hydr ocar bons. Substr mat eri al s i pcl netal.. .al et al |

gl ass, and pl astics c%.?(?ﬁ'tﬁg from va&w?y@gﬁérggns '%’PSI "gﬁ?tﬁg%[s a5'(;@@%%00%
hardcoat. d ear, 1%etﬁp éarmé@ngﬁ bs§,0d MEstics30 cm x 30 cmin area
vmthadep05|t|on of 30 er?qlen at the center, were
denonstrated. The coati ng/anous goatmgs' wene depesitét bybuamgoﬂwe egcsplasma of
pol ycar bonat e. A wat er - cgol ed C%@ ed arc wth either a

cylindrical or a  depgsitiongsystefy.c %en-fq#ﬂﬁt%t&%m%fﬂam

Choriated . t8ngSeRRan ABRAeS SHA'BYERn. R SoffR fodieiind hivgus,

Wth argon f'OVébd'uh ftaRfe YOALIRIEfroRs tlmmeﬁoﬂfbﬁdiﬁieebﬁdté)éyé@ﬁ tapd
generate a - plasna. ‘The pl asna expanded t hroug coni cal

nozzl e-inj ector i nt aiamondediketearben ceatingaifres vatioss hydmamm%sgubétratehus
f | 20 Th | t | -

st Butors T hvkiegals G Hetal lases Metalited iS5 tnd Pasie sth %
slit-ring injectors goonycarssﬁaéehewnw E‘é‘ﬁd Withoutd 2/ difibie | RACHEE 2" Gear,

plasma jet. The ox ctor was upstream romthe si I oxane

injector. The M@Zl eabrasiontresistant comingspd0eth k Bbmlih 88 [with h@epositioni d
condensati on of the high boiling 25 80I nt reagents such as HVDSO and
titani um i sopropoxi dete of30 Umflﬂ%ﬂl Bt dhe sranter, svaret demensisatedy p Ibetceating t he

wor ki no_di 5t ance of Al improveRhe pBREsER beiRenes of BRRRRrRAEEE O %

retractabl e shutter was ugagater-cooléd 'caSbadéd drb Swil RSither ca Py nhaﬁcau&sw ate
to the plasma. 30 Pol ycar bonat e and pol ycarbonate with sili cone har dcoat

substrates divergent arc channel was used. The arc gengpator consistedt ot a
washed with | al cohol d t
W ! So|[1)r50oncopé;‘)ecroar(%odt(;f-1 nseg\nlgrca #“ ° aneea e cat?woges of thoriated

tungsten by from 1 to 8 electrically isolated copper disks. With argon
flowing, a DC voltage was applied to the electrodes to generate a
plasma. The plasma expanded through a conical nozzle-injector into
a chamber maintaiﬁed at a reduced pressure, thus forming a plasma
20 jet. The nozzle-injector had several Shower-ring gas distributors
having from 8 to 32 holes each evenly distributed or slit-ring injectors
for the injection of gas/vapor into the argon plasma jet. The oxygen
injector was upstream from tﬁe siloxane injector. The nozzle-injector
was heated to about 200°C to avoid condensation of the high boiling
25 point reagents such as HMDSO and titanium isopropoxide. A
polycarbonate substrate was supported in the jet axis by means of a
temperature-controlled copper stage at a working distance of about
-15 to 70 centimeters from the anode. A retractable shutter was used
to regulate the exposure of the substrate to the plasma.

30 Polycarbonate and polycarbonate with silicone hardcoat substrates



before use for deposition. As previously the argon plasma was
established with the shutter inserted between the substrate and the
nozzle-injector. 5 Oxygen was introduced to the nozzle-injector to
produce an oxygen/ argon plasma. The shutter was retracted and the
substrate was exposed to the oxygen/arggw plasma for a short tine (O
to 30 - sec) before a siloxane such as HVDSO or D4 was i ntroduced
downstream from the oxygen .to initiate deposition over a period of 10 tinme
rangi ng from about yqrég’ﬁf@éjcw{g 'MBQYf&Sﬂh‘PEﬁ@ YACUm gged at atﬁ-‘é’%@n@ per

m nute was typical, pardid fop itidgege to the ~ pol ycarbonate
substrate. Polycar bo‘r?;tel{giél m;agga%%gﬁ as 10 mls have been coat ed.

The coating greatly incrdeaspdevibasipbtrasiadgon plasmaswatasstabiéhddvith the
pol ycarbonate, exhibiting a haze increase of Iess 15 than about 2% after
1,000 cycl es of Tab&ShuHgf doserdedybetweaan the substratsiamt thiee diazzig-infecior. oad

! g . : \ : e
{1 tant um oxi de, 5 Oxygen;was, DrpEkesdold offe ERER-HEHotHoo RTaRUGH 0801 nc
oxi de coatings di?g@tg%gg?ﬁ glﬁs‘méJV “THe él’i\ﬁtié?&yé@?%?éﬁté& Yand'the substrate

di anond-1i ke 20 carbo exhi bi ted superi or ectric properties

With a br eakdowrassexposgchta the brygenigegart pRBIEDTDr\d [short] time (0 to 30
nat e surfaces were pr epar ed

d titani id ti_ngs on_pol ycarb .

at Tow tenperat ur es 585 Heidfn & SIOYRNR SUGhoas HIMRSO or L4 awas giniesuced
typically d ited 1. CE QDS . 1 nut t.a
oLy, deposi e lagyEahP o B hyled A ARRI STREH oy Bt oo
into an argon pf@sniinisraidihg droty dboias P rd0aéso. A depclasition rafé2 of AY-50'

titani um oxi'de coatings have been used on optical |lenses on
UV-sensitive plasti érictans prr fminute iwas typicakswith no theroral odamigientcs tthe k

. . \ . . . ' v b
s e e BNk % Hautte PO B GIe s 4t S35 18 HiF °°
- 13 - deposi i é@p@% eaghiV t L hag i ; F&q@qed
chem cal vapor depob:atgleoél (PE ?& bD&r)éq r@éé{“ﬁén%g ra@'eé aB_ e
heated to about 400€sistanse wirthernpolybarbapate, eskhilsitifg @hhaze increase of less .
15 than about 2% after 1,000 cycles of Taber abrading by a pair of
CS10F wheels with a load of 500 g per wheel.

Other coatings deposited include zinc oxide, titanium oxide,

and diamond-like carbon. The titanium oxide and zinc oxide
coatings demonstrated a UV-filtering capability. The diamond-like

20 carbon coating exhibited superior dielectric properties with a
breakdown strength in the range of 300-400 V/um.

Clear titanium oxide coatings on polycarbonate surfaces wére
prepared at low temperatures by plasma arc deposition . The
coating was typically deposited at a rate of about 0.2 microns per

25 minute at a reduced pressure with oxygen and titanium isopropoxide
being injected into an argon plasma generated by a cascaded arc.

Transparent titanium oxide coatings have been used on
optical lenses on UV-sensitive plastics for UV filtering, ‘and as a
component in stack coatings for IR reflection in glazing applications.

30 The coating can be made by metal organic chemical vapor



tenperature substrates such as glass. Reactive sputtering or 5 PECVD can
be operated at | ower tenperatures, but the deposition rate is | ow at
about 0.01-0.05 mcrons per mnute. The nethod of this invention
provi des high-rate deposition of - nmetal oxide filns such as titanium
and zinc oxides on substrates such as gl,gss netal, and plastics. 10

Ti t ani um oxi de coati ngs were deposited at hfd rates and | ow

tenperatures by using a an argon plasma jet in a vacuum chanber,

i nj ecting an or ganodepasitiom (ﬁé&Vﬁ).aﬁ%@k&g@@uﬁaﬁl@gi leadpIpdasmajaenhanced

and directing the jet to substrate,.sit i uced pressure

envi ronment. Opti caFf‘ﬁﬂu?ﬁa’PPPr f’ﬁﬂ?ﬂﬁ%%ﬁgmaw@& FAUE ﬁf%ﬁldbﬁtf)atew th
no m crocracks. The | gy N igert Vi t hag PR
denonstr at ed. bWhE?lﬁi t%a PG@F%H Fiet99%| gﬁa&g?cbe\d ta a dcyt [ r%qr} cal
bor e, pr evi ous temgerature eslibstratesiseith Ese gidssi nl Reactiveeedputtering or

nozzl e-inj ector had two shower-ring gas distributors.raving 8 to 16
hol es each for 2B HRCYRc&n b@rPRﬁratﬁ%ﬁt/&Wﬁf temreretses, Buhthe depasition. A

eractanle oSS SRSH R D B4 MRl BRERRR oL L U0t
inserted bet ween t hqhaumeticd 6f B8 infshtioPZErofided Ightate dEPYSIABN V&S

i ntroduced to the nozzle-injector to produce an oxygen/argon 25 plasna.
The shutter was ret metakdxiedfilnis ssichsas difaniuas and mine dxides onosubstrates

oxygen/argon plasma for a short tine, nerally up to about 30
seconds, before tit&HFRAS| %‘fﬁ@ﬁ&ﬁ!i %d%&s%pﬁ.t r oduced downst ream from

the oxygen to ightiate tigdant LM Qx| WL : ; ' hANgI Ng
Lhe oxygen Lo, 1 Tt 1At MERHTOHEe e 8RRR bl Heposiied HSHigh cBidd SHaan N9
essentially sinlar teénpeirdidresomyusingns ahaargbn plastia jet in a vacuum chamber,

- 14 - for coating deposition on polycarbonate w thout causing

t her mal damage injectingaplarganetitanivna feagantngndoxygen inte dhe plasmadet,

ahout .23 m o ADA<ORsting bR oY 61 STBaRRS s flatd R Bebly WSl
filtering 5 capabilniifomfent OgticaRyl ciiar-Hakivhl BkRIcBERIHRSGRRY oblhified

coating was chemcally st war m wat er soak test. aze
i ncrease 15  with no microcracks. The UV-iltering capability of the coating was
demonstrated.

The wall-stabilized plaéma arc with a cylindrical bore,
previously described, was used. The stainless steel nozzle-injector
had two shower-ring gas distributors having 8 to 16 'holes each for

20 the injection of gas/vapor into the argon plasma jet. A retractable
shutter was used to regulate the exposure of the substrate to the
plasma. The argon plasma was established with the shutter inserted
between the substrate and the nozzle-injector. Oxygen was
introduced to the nozzle-injector to produce an oxygen/argon

25 plasma. The shutter was retracted and the substrate was exposed
to the oxygen/argon plasma for a short time, generally up to about
30 seconds, before titanium isopropoxide was introduced
downstream from the oxygen to initiate titanium oxide deposition
over a period ranging from 1 to 2 minutes. Although glass was used

30 as the substrate, essentially similar coating conditions can be used



was -observed after the coating was i mersed in 65C water for 15 days.
Zi nc oxi de coatings have been depostited on glass, quartz, 10 and

pol ycarbonat e substrates using diethyl zinc and oxygen as reagents.
The UV filtering capability of the resulting coating was denonst r at ed.
A cylindrical vacuum chanber 0.7 min diamtff_and 1 mlong i's

oriented horizontally.” At one end is a 0.7 m sw ng-open door for 15 excess
to the.inside of th cha enerat or munted at . t he
center of the door %E‘gopepﬂé%ﬂa epogﬁﬁrqogaéq é‘&%‘?"ﬂa??‘g‘/smg thermal
supported by a po t dnPRZ HELtilamifnt

attached to the ar ca?ﬁ"é%g tﬁélﬁ%g'éjﬂ'gsclﬁ ex E%Zvarlﬂoagi oid Eo t“P#oughs '

are used to penetraggodith®.5dpar thiok waaaanadel(htgasdémsntm rater of abdut 0.23
el ectrical heating to support the nozzle-injector, | i nes and

t he nozzl e-i nj ect orrrmr@nﬁgﬁr ninuw@outhe soating was traﬁaaaneﬂg t'&pE’é’ fikedn®i d

0 d o roul at fon’ PAReiBFS connDaH o UV-TbiEio SPERUSRAER "THe bBEAE0
along rails for mr%@%ﬁl&éﬂf&&% iR hathi Weitér sé‘al(f!’éétbdﬁatﬁﬁﬁ‘ﬁdréésés

pl aced between the noz I njector and the substrate stage.
nmounted to a novabl waéldbseaved after the coalind et immersed nresﬁemateofora‘rﬁi

retraction. At the other end of the chanmber is a 12" flange leading to
a throttling gate veaY¥® and a punpi ng station consists of two Roots

bl owers in series backed

- 15 - Pol y%%%ég cﬁ@@hﬁ@éqﬁ%&ﬂﬁ%ﬁgﬁ@ N Elass se 'as
the subst rag e. afl hedlysarbohats asubsiretes mrsinqiemhgis&uﬂi Iadﬂs oxygéncesl

waf ers, polycarbonate sheets and fil ns yimde filnms graphite

sheet , car bon seegantsombenlslVaﬁlﬂermmpabwne@fg}has@esutmg costing wascan

5 be prepared by first re ing any masking filnms, washing the
substrate twice witHemop Vg@ al cohol to renove any residue of the

adhesi ve, and baking ' n AaGHHER tlﬁ%ﬁmb&mbérw nRTiAMERT hd 15h 1RG

vacuum oven and qui ckly o the substrate stage pre heat ed
is oriented horizontally. At one end is a 0. 7 m swing-open door for

15  excess to the inside of the chamber. An arc generator is mounted at
the center of the door outside of the chamber and is electrically
supported by a power supply and an starter. A nozzle-injector is
attached to the arc from inside the chamber, ~and various
feedthroughs are used to penetrate the door for vapor and gas

20 delivéry and electrical heating to support the nozzle-injector. The
vapor lines and the nozzle-injector are kept at about 150°C by
heating tapes to avoid vapor condensation. A vertical copper
substrate stage with forced liquid circulation for temperature contro!
is on whee|s and is movable along rails for working distance

25 adjustment. A molybdenum shutter is placed between the nozzle-
injector and the substrate stage. It is mounted to a movable (linear
motion) feedthrough for insertion and retraction. At the other end of
the chamber is a 12" flange leading to a throttling gate valve and a
pumping station consists of two Roots blowers in series backed by a

30 mechanical vacuum pump.



to 80[err]C or other pre-set tenperatures. The door is closed and the 10

chanber is punped down by opening the roughing valve to the nmechani cal
punp. When a partial vacuum (10 torr) is reached, the gate valve is
opened and the Roots blowers are turned on to establish full punping.

Wth the shutter inserted, the arc is igniteg.with argon flow ng. 15
Oxygen is then introduced through the nozzle*Ynjector to produce an
oxygen/argon plasma. The shutter is retracted and the substrate is
exposed to the oxygen/ ar Bolycathonate fsheeh 45 esquarepf /8" thick wasi used yasothe
to 10 sec, for pretreatnment. .  After that, the silicon r ent..i S
ntroduced into t heSURSHERS o OtheLARSERRs useRingluds GlFGs STRRs cxilicn Wafess,
initiate depositio T | 1l S¢; : n ;

minut os. dependi ng BAVPRECHERS shasts BAUCKIc Bdlyiide HRS" ieraphic te,
targeted, and is enggthonpysteblédupuhsobhd tdpoxyidoated glassgeThe Shisstrate can
coating is post-treated by oxygen/argon plasma for a period of tine,
typically 0 to f0 ske, pieparac tynéirstr temaviag: eAyui ASkng L filgis awashingbthe 25

2, L cal oper oL i S0kl GAR RSP cEIBFERRIRLAS AP e
oct anet hyl cycl ot et r 3§45 8%8 Nehd bﬁiﬁ'@ublt ifewij\%uhﬁ{ gt BosS. s theAttakers out of the

prepared fromthis precursor ex a surprising I nprovement in

stability. The | ow gaqairhaven afd ghieklyaabunteddo thevabstrate stage preheated
- 16 - wavel engths correlates well w th superior performance in
accel er at ed weat her tn§0tG or othey pre-sehtampergiuresi | The dopeigyelesed and thech

oxposur s, - Seo. ith) cEhmERt 6 BUiRpe, dobuf Y SR YE 008fg vkl or

D4 and TMDSO Coati n ' ial v
ooating o TNDGD Logﬁcﬁgnﬁai 6&?’]% Whérkags4rtial vacu&ﬁggﬁdl o9} 3 reacg?gg%

gate valve is opened and the Roots blowers are turmmed on to

establish full pumping.

With the shutter inserted, the arc is ignited with argon flowing.
15  Oxygen is then introduced through the nozzle-injector to produce an
oxygen/argon plasma. The shutter is retracted and the substrate is
exposed to the oxygeh/argon plasma for a period of time, typically O
to 10 sec, for pretreatment. After that, the silicon reagent is
introduced into the injector downstream from the oxygen injector to
20 initiate deposition. The deposition lasts from a few seconds to a few
minutes, depending on the deposition rate and the coating thickness
targeted, and is ended by shutting off the silicon reagent. The
coating is post-treated by oxygen/argon plasma for a period of time,
typically 0 to 10 sec, before the arc is extinguished. Listed in Table
' 25 7 are typical operating conditions and the corresponding deposition

results. | _ |
A particularly preferred silicon reagent is
octamethylcyclotetrasiloxane, identified herein as D4. Coatings
prepared from this precursor exhibited a surprising improvement in

30 UV stability. The low absorbance of the coating at several



300 -( UVB) 0.012 0. 057 325 ¢ 0.012

0. 040 350 (UVA) 0. 007 : 0.031 10 G339 deposited
at 0.04 torr; G168 at 0.21 torr Table 6 Taber Abrasi on-Resi stance
of D4 and TMDSO Coati ngs bef-ore and aft QUVB 15 Coat i ng

Thi ckness ([err]) Precursor Deposition QUE’ “[err]Haze@ _

Pressure (hours) 1,000 cycles - '

(torr) wavelengths correlates well with superior performard¥ ¢ each
&265- 6 1.3 TNDSeS 8 11 , ({) % 7% &265-3 -~ 1.3
TNVDSO 0. 11 agcelggate wegthgring testgp d¥ith other corganosilipan reagents 0. 03
0 1.6% . . 00 1. 4%
Al Suoft A TMDSQ T asion sr¥iptanca aerrefc deprad fiterotooo

coatings were deposited on polycarbona
hardcoat surface. 2fours of exposure.|SeedT4tsles ©eHib S5elo@W295, (296), the
| sopropyl al cohgl wash and vacuum baking of the sanples were omtted
and t he deposititbn was done at roomtenperature. No l-ess of deposition-
rate or the abfa@blef resistance of the coating was observed (vs. '
&97) . - 17 - i :
Chemi cal reactions Pé(k%bf)‘?@é@cﬁﬁf PﬂgaQ%EM@e%%Q%t'Bﬂs&‘éclég‘sTh"-’knequossi_ bl e
reactions include axidation and polynerization The oxi dation
reaction is encour agéavetgngthe pr esebdcoatingxygefMDSO beating pl asma. Wth
an increase in oxyg@m)o-siloxane r@B8g9 in the ¢¢gg, the 5 coating
deposi ted showed an i ncreased oxygen content and a decreased carbon

content as nmeasuredy >((@5‘VB§‘V phot oebﬁqgron T 0.8BFCTTUSTOPY Beyond a

certain oxygen-to-s:J3 gxane ratio, tBbq |y 0.040
350 (UVA) - 0.007 0.031
10
(G339 deposited at 0.04 torr; G168 at 0.21 torr
Table 6
Taber Abrasion Resistance of D4 and TMDSO Coatings
before and after QUVB
16
Coating hickness (1) |Precursor |Deposition | QUVB AHaze @
- Pressure (hours) 1,000 cycles
(torr)
: 500 g each
' G265-6 1.3 TMDSO 0.11 0 3.7%
G265-3 13 TMDSO 0.11 1,200 6.8%
G297 20 D4 003 {0 1.6%
G310-1 1.9 D4 10.04 1,000 1.4%
All coatings were deposited on polycarbonate substrates with silicon
hardcoat surface.
20

In other examples (G295, G296), the isopropy! alcohol wash
and vacuum baking of the samples were omitted and the deposition
was done at room temperature. No loss of deposition rate or the
abrasion resistance of the coating was observed (vs. G297).



i norgani ¢ oxi de coatings were obtained. For oxygen to HVDSO ratio of |
about 5:1 produced an essentially carbon-free coating of silicon 10 oxide.

Pol.yneri zation of siloxane is a conpeting chem cal reaction ‘whi ch can
form.a clear adherent coating fromsiloxane alone in the absence of
oxygen. Plasma assisted polynerization of sjhkexane is al so wel |

docunented in the PECVD literature. In the presence of 15 oxygen, however,
oxi dation be the dom nanggjI eaction of sj.licon oxide

- : mlcal reachons taek @r et Qhen '

and consunption of SI | ox § Placeydying, the HeReSIHOR Precess.

reactions occur in phshis apdshs includBubxidativh 3haC peRRIAOR THE
surface i ons

reaction continues at t substrat em cal reac

require the collisi oxidationaeatton s eaeourﬁgedelbyﬁrthe pirbsaeriuegbebxydjm i ¢RGUr €
t he hi gher the probability of reaction e pressure along the plasm

channel drops from fiasma. With gminarease in oxygenztqysiloxanedatio in the fead, 4beo. 03
torr in the cha ] Q [ itio akin |l aee i,n rc and
t he nozzl e-inj ezz?or co\é\}h%g deP°sr"§§ Ff'% e?oﬁ rgc??%%ede ‘gﬁyﬁeﬁrm‘(eﬂiyau Bhe
nozzl e-injector, 25 qednnnahr egwofnr Wnidift bSI AEsARed By X-Lly Ziﬁo‘?dé]@@troﬁhe
substrate surface I S.ano | ace where col n of “speci es occurs

The argon pl asma cospectosepyt o Béynmica cattaim m(ygen-ygerbmnb ratio, tofallyane.
The arc is known for its 'hiqgtriltjg asira den5|t and_ igni zati on

efficiency, and is ¢HEABRKC F@QQQ?WB"%Q tainad: far opiggada HMDSO ratio

P37 10 O AR Y phod e el o e i of tcon

Pol ycar bonat e vvq@h oxide. Har dcoat “Run no. @5 2
&X65 &X97 5 Appar at us Arca

8C(4m)  8C( 4m’r) 3D( 3 Polyanedizationeofi stoxgne isl B(corapeting chemical reaction

which can form- a clear adherent coating from siloxane alone in the

absence of oxygen. Plasma assisted polymerization of siloxane is

also well documented in the PECVD literature. In the presence of

15 oxygen, however, oxidation be the dominant reaction in the

formation of silicon oxide and consumption of siloxane.

It is believed that chemical reactions occur in the gas phase,

but it is also possible that the reection continues at the surface of the

~ substrate. Chemical reactions require the collision of reactants.

20 Therefore, the higher the pressure the higher the probability of

reaction. The pressure along the plasma channel drops from above

200 torr at the argon inlet to as low as 0.03 torr in the chamber, with

major transition taking place in the arc and the nozzle-injector. The

reaction zone is therefore primarily in the nozzle-injector,

25 downstream from the injection point of siloxane. The substrate
surface is another place where collision of species occurs.

The argon plasma contributes to the activation of oxygen and

siloxane. The arc is known for its high plasma density and ionization

efficiency, and is generally referred to as a thermal plasma

30 approaching local thermodynamic equilibrium.



Nozzl e- I njector[err] 25[err] 2-stage 25[err] 4"conic 40[err]
4"conic 40[err] 4"conic 40[ err] 4"tronbone Operating conditions
Yor ki ng 38 25.5 23 25.5 25.5
Substrat e. 25 80 80 80 80
temp ([err] O Arc current 61 60 61 60
60 (A Arc voltage 77 -1877 42 42
30 Pressure 0.17 0. 16 0.11 0.14
. 0.03 (tor r) Si I oxane HI\/DSO TI\/DSO TNVDSO

D4 Ar/gerr]/
si | oxaned 2/ OT%Q')ECY 1'ﬁyplgal5ﬁl@ra@m Bsswiard Coafings onlli’glyeam{aée with)
1.5/0.8/(80[err]ldardcbad  Results Dep. rate[err] 12
8 21 14 Coating area <10 10 >40
>40 40Runmo. (CGR8Ta) G202 ckiegee e 1605 1M 6287
2.0 : Coati ng pe+for mance
[err] Haze at51 000 3.5 2.9 3.7 3.9 1.6
Taber cycl ApparatusOr) Wat er soak (65 - pass
pass passprca Petsmm)  sci4im) C, 30(D.48ayh) 3D(3,4,5mmj henpr-shng! | ng
- pass pass pass pass [err] The
8C(4mm is a 8-pNemzle-arc with a 4mm cyI i ndrical arc channel. The 15 .
3D(3, 4,5m) is adngcloPai e 26e2viRee 2554"6pns s@°é>s=peaﬁdu4ﬁg4'@¢m¢1ne|40at4“tr9mbnne and
5

Operating conditions

Working 38 25.5 23 255 25.5

distanceC (am)

Substrate. 25 80 80 80 80

temp (°C) _ ’

Arc current 61 . 60 61 60 -60

A '

Arc voltage 77 77 42 42 30

I\

Pressure 0.17 0.16 0.11 0.14 0.03

' (torr) _ .

Siloxane HMDSO TMDSO TMDSO D4 D4

used '

Flow rate

{/min)

Ar/O5/

sitoxaned 2/0.62/0.12 .1.5/0.8/0.18 1/0.4/0.14 1/0.8/(80°C)  1.5/0.8/(80°C)

10  Results

Dep. rale® 8 12 8 21 14

(umimin)

Costingarea <10 10 >40 >40 >40

(amdi) .

Thdm&sse(um) 14 20 1.3 1.8 20

Coating performance

AHaze at 1,000 35 29 3.7 3.9 1.6

Taber

cycles (CS-10F)

Water soak (65 - pass pass pass pass

°C, 10 day)

Thermal cycling - pass pass pass pass

2 The 8C(4mm) is a 8-plate arc with a 4mm cylindrical arc channel. The
16

3D(3.4,5mm) is a 3-plate arc with a stepwise expanding channel at 3, 4, and 5



- 19 - mm The 1 D(2-5mm) is a 1 -plate arc with a divergent arc
channel expanding from 2 to 5 mMmin dianeter. . b A

hozzl e-injector may consist of a main body with 2 shower injection

rings, an adapter to the anode with or w thout an oxygen slit injector, and
an 5 extension that expands toward the suhstrate. The 25[err] 2-stage is
a nozzl e-injector wi th an anode adaptér¥éxpanding from4 to 11 mm
foll owed by a cylindrical section at 11 mmdia, and a main bod
expandi ng at 25[ er r im.THie UXR-SavIY) isq frdlgtecdspwith @ divargent arc Cf\‘iﬂ'ﬁF@aF‘WPQg’P‘Br
expandi ng at a totaR@pgimeingfameiiterr] t hroughout, with an anode adapter
with oxygen injection and® A& neezi¢-iniester a1ayicensist of jagmain W%WKRD§(§“P\]Ief4iﬂleﬁi9lﬂ
conic is a 10  nozzings. ianjasapter taotheanede gvithtor Adtheytran exypen gk duiectorwiang aan
anode adapter wi®h @xggsion that expandsteward the sabsirate. cgi2S° &xtagn & dRpzaleiiniegiers
|l ong. The 40[ err] - 4withan anogderisdarten expanding frompd do [13.mm; Ellewad By & gvlipdricyl  he
40[ err]-4"conic excépetion Bht! mmdieada gialrbofy expandied gt 23p Hhe-25=-dincihgonicsis gy o
4 inch section cut eorzieniseoeexparsdingst @ total angle of 25 throughout, with &1 #9dERdIRiRIce
is the distance fromithrsyentigiedionand greoniciextension 4° long.q The 407-fJpch [OBIC\iRE not

measur ed but wa$0 compzzig-hniseongxpreding aAlg4Qeriropghgut, with an anodq @ Hithy oxygen
constant at 80[ err] djection and a conic extengiop\A-inghps 1g1g- 1 Ghe #Puf At tEimbope ds &t
center. nozzle-injector similar to the 40°-4"coniC except that the exdension flares ogl MeEE:

What is C ained i s: byusing a4 inch section cut out from a trombone.
C Working distance is the distance from anode fo substrate.
15 - d D4 flow rate was not measured but was controlled by keeping the liquid
' temperature constant at 80°C. '
€ Average of 10 cm diameter area at center.



1. A nethod for preparing an abrasion- resistant article by pl asnma
deposition of a silicon oxide-based abrasion-resistant coating onto a
- plastic substrate which conprises passing a plasm gas, through an arc
pl asma generator, injecting oxygen and a 5 reactive gas into the plasm
as the plasma exits the plasm generato 0_di_recting t he oxygen and
reactive gas containing plasm t owar ds substrate positioned on the
axis of the plasna Blune in a vacuum chanber so that active species
formed within the pChAWMS: contact the surface of the substrate.’
2. A nethod for depositing an adherent coating onto the surface of a
substrate by plasnma deposition which conprises form ng an

oxygen-cont ai ni ng p{\AstEs @(aiméq]{sgect current arc plasma- generat or,
injecting a reactant gas into the plasm outside the 5 plasma generator,

directing the plasma into a vacauReMBaTECPrdparing an abrésioi-$68i8tant article
nozzl e-injector extending fromthe plasnma generator into .— the vacuum

chanber towards t hebyplasmadeposition of a silicon: dxide-dased abrasiomeesistamtm
chanber, whereby reactive speciges forped by t, | asma, from t he oxygen

he . P |
and reactant gas cofealg eRO & piastic supstraigavhish compeises Passinio aplasmad of

time sufficient to l‘?gﬁ' ﬁ%qé PPRTAPT 3. A

net hod "accordi ng to&%’g}‘{é@ I N \%\;I(I?@{?s € %lﬁ-‘%gtroghwectlng °3:‘¥9‘?’.‘ r?adias_ a netal -
oxi de. 5 reactive gas.in®d thietplasmaesahdipldsn® esitiHs plasimar ei n t he

met al oxide is an oxide of silicon, titanium or zinc.

5. A nmethod accor di ggnereter diracting thegxygentans reactive: gas containiogtplagmas zi nc
oxi de.

o hed accordi ng t oOYaIASASybstrate pRsitinned aRdpe A Gl be plasraa plumeing,

di oxi de. . vacuum chamber so that active species formed within the plasma
contact the surface of the substrate.. —

2. A method for depositing an adherent coating onto
the surface of a substrate by plasma deposition which comprises
forming an oxygen-containing plasma by a direct current arc plasma
generator, injecting a reactant gas into the plasma outside the

5 .plasma generator, directing the plasma into a vacuum chamber by a
diverging nozzle-injector extending from the plasma generator into
the vacuum chamber towards the substrate which is positioned in
the vacuum chamber, whefeby reactive species formed by the
plasma from the oxygen and reactant gas contact the surfacé of the

10  substrate for a period of time sufficient to form the adherent coating.

3. A method according to claim 2 in which the adherent

coating is a metal oxide.

4. A method according to claim 2 wherein the metal

oxide is an oxide of silicon, titanium, or zinc.

5. A method according to claim 2 in which the adherent

coating is zinc oxide.

R



7. A method according to claim2 in which the reactant gas is an

organosilicon. 8. A nethod according to claim2 in which the
reactant gas is selected fromthe group of organosilcones consisting of
sil anes, disilanes, or organosilicon conpounds.. 9. A nethod

according to claim8 in which the reactant _.gas_.is selected fromthe group
consi sting of tetranethyl disil oxane, hexanethyl di siloxane, tetraethyl
orthosilicate, hexanethyldisilane, octanethylcyclotetrasiloxane, and

tetramet hyl cycl otetrasil oxanee.c%I'Reawﬂ?| ﬁgc?fgé{lq éﬁ?’a@ég‘%{‘wc’ﬁﬁgé%&%“&o

claim8 in which the silicon-

oct anet hyl cycl ot et I’éb%'tih@)qglﬁpanium dioxide. 11. A nethod according to
claim2 in which the plasna generator is a cascaded arc plasna torch having
at | east one electrically isolated RI ate. A et hod

. ma 12
according to claim2 in whi ch’tA&gihad secersing ta ¢aim 2 in whish theteagtanty| asma

torch having a plurality. of_ el lgally isolated plates. — .
13. A et hod accorcﬁa}?g'stz?f1 Ef%rﬁégklb *which the plasna is a wall-stabilized

pl asma. 14. A nmethod according to claim2 in which the

adherent coating is an abrasi 8nAmsathed astordirg tongains 24 iwhioh the reletartased
conposi tion conprising, silicon, ox¥gen, carbon, and hydrogen.. -
- 22 . gas is selected from the group of organosilconés consisting of

silanes, disilanes, or organosilicon compounds..

9. A method according to claim 8 in which the reactant
gas is selected from the group consisting of tetramethyldisiloxane,
hekamethyldisiloxane, tetraefhyl orthosilicate, hexamethyldisilane,

octamethylcyclotetrasiloxane, and tetramethylcyclotetrasiloxane.

10. A method according to claim 8 in which the silicon-

containing reactant gas is octamethylcyclotetrasiloxane.

11. A method according to claim 2 in which the plasma
generator is a cascaded arc plasma torch having at least one

electrically isolated plate.

_ 12. A method according to claim 2 in which the plasma
generator is a cascaded arc plasma torch having a plurality of

electrically isolated plates.

13. A method according to claim 2 in which the plasma

is a wall-stabilized plasma.

14. A method according to claim 2 in which the
adherent coating is an abrasion-resistant coating is silicon oxide-
based composition comprising silicon, oxygen, carbon, and
hydrogen.

e ——

|



15. A nmethod according to claim2 in which the adherent coating is an

ultraviolet radiation absorbing coating consi sting essent i aI ly of zinc

oxi de, titanium dioxide, or mxtures t her eof . 16.

A met hod according to claim2 in which the substrate is gl ass.

17. A nethod according to claim2 in which the Substrate-is a

thernopl astic resin. 182 -A net hod according to claim'2

in which the substrate i s pol ycarbonate. 19. A

met hod accor di ng to claim2 in which the tenperature of the plastic
~substrate is maintained bel o8 remetiRssaccording [@a@.mrpm WRitharat ure of . the

pl astic substrate material . A net hod according to

claim1 for preparRAgeeent coatinglis apiultraviclel radsailortaabswbmgmqﬂngsna
deposition of a silicon,.diox rasi o pé%ﬁam coating onto

a plastic substrat Qoﬂﬁ'rsﬂﬂg essentég}yqulzérg‘sogi%gtfwugl O MRS Ugh an

arc plasma generat f{gregf, having at |east one cathode ‘and-at |east one

anode, injecting oxygen and a reactive organosilicon gas into the
pl asma either in the plasm generator, downstream fromthe cathode, or
at the anode, directing 1A piethodeaacording o alagniinrwhiehgbei ti oned in a

vacuum chanber so t{é?'ttgigtive species forned in the plasm contact the
surface of the 1 0SURBiRtEIGlass. 21. The nethod according
to claim20 in which oxygen is injected in the vicinity of the anode.

17. A method according to claim 2 in which the
substrate is a thermoplastic resin.

18. A method according to claim 2 in which the .

substrate is polycarbonate.

19. A method according to claim 2 in which the
temperature of the plastic substrate is maintained below the glass

transition temperature of the plastic substrate material.

20. A method according fo claim 1 for preparing an
abrasion resistant article by plasma deposition of a silicon dioxide-
based abrasion resistant coating onto a plastic substrate which
comprises passing a plasma gas through an arc plasma generator

5 having at least one cathode and at least one anode, injecting oxygen
and a reactive organosilicon gas into the plasma either in the plasma
generator, doWnstream from the cathode, or at the anode, directing
the plasma towards a substrate positioned in a vacuum chamber so
that activeispec.:ies fqrmed in the plasma contact the surface of the

10 substrate.

21. The method according to claim 20 in which oxygen
is injected in the vicinity of the anode.
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