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» EVAPORATI ON PROCESS 5 This invention relates to deposw of
thin stable, adherent abrasion resistant filns or coatings &%}"gl.
surfaces, particularly pl astic surfaces and to articles having such
coati ngs. BACKGROUND OF THE | NVENTION 10 Engi neering resins
are well -known, comercially available -1-materials possessing physical
and chem cal properties which are useful in a wide variety of
appl i cations. For exanpl eSILICON REOXIRE PEROSEIODEBY RIASMA hei r excel | ent
br eakage resi st ance, haCFIVAPEBIEVABORATION PRQCESSduct s, such as

autonobil e 15 headl anps and stoplight |enses; safety shields in w ndows,
architectural glazing, and the like. However, major defects exhibited
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Several techni quebrasiondesieiirit ifilrs Orlcoatings ionnwarivus swefaves| pasikulafyp! oyed
such as chem cal vapor deposition (CVD), physical vapor
deposi ti on(PVD), plasticisustacesanddpiarticles hawvingl sushecoatingsced cheni cal

vapor deposition (PECVD) and plasma pol yneri zation (PP). The choice of
process is often dictated by the substrate to be coated especially the
thermal stabilit\gAAKEROONPSOFTREVAVENTION IS 25 the tenperature to
which it can be exposed. A primary goal Is to deposit hard, wear

resistant, sil@icon filEngineerpigagesiosfane welldrmowrny edmmerciaifip@viadableons such
PP 8 o bl Gobdkind S aoe AR W 8™ i
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polycarbonates, because of their excellent breakage resistance,
have replaced glass in many products, such as automobile
15 headlamps and stoplight lenses; safety shields in windows,
architectural glazing, and the like. However, major defects exhibited
by polycarbonates are their very low scratch-resistance and their
susceptibility to ultraviolet light-induced degradation.
Several techniques for depositing silicon films are commonly
20 employed such as chemical vapor deposition (CVD), physical vapor
deposition(PVD), electron beam epitaxy and plasma enhanced
chemical vapor deposition (PECVD) and plasma polymerization
{PP). The choice of process is often dictated by the substrate to be
coated especially the thermal stability of the substrate which limits
25 the temperature to which it can be exposed. A primary goal is to
deposit hard, wear resistant, silicon films on plastic for a variety of
applications such as optical glass, architectural windows,
automobile windows, and the like. Key to production of such
products is the development of high rate low cost processes that
30 can deposit a high quality oxide film on the surface, particularly on
plastic surfaces. Physical vapor deposition techniques such as



pl astic surfaces. Physical vapor deposition techni ques such as

- 2 - sputtering can yield good quality coatings but at |ow rates
whi ch are not cost effective. Hi gh tenperature chemnical vapor

deposi tion techni ques can yield high rates but at tenperatures that
exceed the tenperature limt of the substrate. 5 BRI EF

DESCRI PTI ON OF THE DRAW NGS Firdme 1 is schematic illustration
of an apparatus for coating sheet material by the method of this

i nventi on. sputtering gan yield igood qualiyreoatings but atllowratespahichuare or

coating 10 flexible fil . . SUYMARY THE | NVENTI ON -

Pl asma acti vated @éa%f%ﬁtvngf%%{ﬁor'a&ﬂ%mﬁj%f% CEGHF'S%E'eé@por deim'tm has
been found to be i : | $4188 23 trates
such as pl asticstéa"':sﬂr\ﬁ/\iﬁsegéﬁg'néiﬁi y Fat qﬁg%géﬂ’g uraééI mat g??%&é\esoﬁc as
ceram cs and gl asempéfataredimit ofthe substrtates an el ectron-beamto evaporate
silica or silicon at high rates in the presence of -if trous oxi de, an
organosi | i cond and an argon pl asma to nucl eate and deposit dense filns

wi t hout exceedi n%‘?‘?e@g§§rﬁﬂ%ﬁtdﬁq#@mwmé§f the plastic. An

addi ti onal oxyge be used tO0 provide oxygen in the case of

non-oxi de el enental  FigurevhRpsehamatic am&traﬁon&ifeamagﬁmmfmﬁng ,
evaporating an oxi de. DESCRI PTI ON OF THE | NVENTI ON 25 Thi s

.invention provi dsbeat material by dhe maibed of this sveatiaas d,
Figure 2 is a schematic view of an apparatus for coating

10 flexible film.

SUMMARY OF THE INVENTION
Plasma activated reactive evaporation (ARE) is a process
which has been found to be suitable for deposition on low
15 temperature substrates such as plastics as well as on high
temperature materials such as ceramics and glass. This process
uses an electron-beam to evaporate silica or silicon at high rates in
the presence of nitrous oxide, an organosilicon, and an argon
plasma to nucleate and deposit dense films without exceeding the
20 temperature capability of the plastic. An additional oxygen inlet can
be used to provide oxygen in the case of non-oxide elemental
evaporation, and as make up oxygen when evaporating an oxide.

DESCRIPTION OF THE INVENTION

25 This invention provides a method for deposition of a hard,
stable, adherent, and abrasion resistant coating of silicon, carbon,
and oxygen on a substrate, e.g. a polycarbonate surface or a
polycarbonate surface which has been previously coated with a
silicone hard coat by any conventional means for depositing hard

30 coats such as dipping or rolling. A standard electron-beam is used



stabl e, adherent, and abrasion resistant coating of silicon, carbon,
. and oxygen on a substrate, e.g. a polycarbonate surface or a

pol ycar bonate surface which has been previously coated with a silicone
hard coat by any conventional neans for depositing hard 30 coats such as
di pping or rolling. A standard el ectron-beamis used to
evaporate silica onto a plastic surface pl%ted above the evapor ati ng
silica in an evacuated chanber. Miltiple hollow cathode pl asma sources
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the coating.
Organosilicon modified oxide layers or thin films having
15 improved flexibility, which are resistant to cracking, delamination,
and abrasion can be deposited on substrate surfaces by a process
which combines features of physical and chemical vapor deposition
techniques in the presence of a plasma. A smali amount of at least
one suitable organic monomer improves the properties of the film.
20 The reactive gas and the monomers together with the vaporized
oxide-forming element, such as an elemental metal like titanium,
aluminum, or silicon or a metal oxide such as silicon dioxide are
supplied to the reaction chamber so that they pass through a high
density plasma before contacting the substrate surface on which the
25 film is to be deposited. Passing the reactive gas, the oxide
precursor, and the monomer through the plasma prior to
impingement on th'e surface improves the layer structure and its
properties.
Silicon-containing reactive monomers include silane, disilane,

30 or organosilicon compounds such as tetramethyldisiloxane



density plasma before contacting the substrate surface on which the 25

. filmis to be deposited. Passing the reactive gas, the oxide

precursor, and the nononer through the plasma prior to i mpi ngenent on
the surface inproves the layer structure and its properties.
Silicon-containing reactive nmononers inclyde silane, disilane, 30 or
organosi |l i con conpounds such as tetranethyl di sil oxane
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Fig. 1 shows a preferred enbodi nent of “thHe invention whi ch 't he
substrate 1 is a tetramethyleyclatetrasiloxanes pl aced on top of t he nmovi ng
pal ette 2. The sheet is |ocated over the window in the pal ette so that
as it translates over the windowin the cooling cover 10 3. It is exposed
to the pl asmeg ggfgg CRAPH pRARINGS2! - Sil-Tca is evaporated
froma rotating m 4 byc@;{ﬁ}iln tﬁe surface with an el ectron beam

gun 5 that transl ates Figongshows | 2ngeferrsd tembodimentirofnthas inveatignuim
rotates. The beam.is magnetically deflecte routinel pract I ced.
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React ant gases Sbﬁbt@s@ltﬁdt%n@ran@ﬁtes overﬂ-'fewtrﬁfdwm tHes 6olititfiteveroxygen
are feed into the chanber throug gas manifolds 7 and | ocated on

ei ther side $ t Be lhish@srosed tgdhebelnaémar, rgasgsagnd evaparating Hpatgsighs pass
through the plas @lc%n% evaporated from a rotating drum 4 by striking the surface

with an electron beam gun 5 that translates along the length of the
drum as the drum rotates. The beam is magnetically deflected as

routinely practiced. Multiple hollow cathode plasma sources 6 are
15 located just below the translating sheet and are magnetically
focused (not shown) to spread the beam for uniform plasma density
along the width of the sheet. Reactant gases such as nitrous oxide,
an organosilicon and/or oxygen are feed into the chamber through 2
gas manifolds 7 and 8 located on either side of the window and
20 below the plasma so that the gases pass through the plasma and
react with the evaporating materials. Typically, the chamber is
pumped down to a set pressure to remove residual moisture from
the chamber. The pressure is then increased via the argon supply to
the hollow cathodes and the oxidant feed. After adjustment of the
25 silica evaporation rate and obtaining a stable plasma density, the
shutter covering the opening (window) in the cooling plate is
opened. The speed of the palette 2 containing the plastic sheet to
be coated is then set to achieve the desired thickness based on the

evaporation rate.



react with the evaporating materials. Typically, the chanber is punped

.down to a set pressure to renove residual noisture from t he chanber.
The pressure is then increased via the argon supply to t he hol | ow
cat hodes and the oxidant feed. After adjustnent of the 25 silica
evaporation rate and obtaining a stable pl ?ma density, the shutter
covering the opening (W ndow in the cooling plate is opened The

speed of the palette 2, cont |nin tic eet t oated is
then set to achieve tth ?éﬁﬁarg 5@3 goé]%ﬁmtmgmm pO'SéQPé.' 8Rake on
rate. sheet With and thxout a sd:con hardcoat The mitrous oxide anq]

Deposits were made on 18 cm X cm X mm pol ycar bonat e eet with
and without a sil nxpgemﬂowcraw:swéteeadlusaeddaomntdetHthrth equakflgws td | ow
rates were adjusted fromO to 4 n wth equal flows to the two gas
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achieve a target thickness ranghe of m crons
shows anot her enbbaidapendiig em eﬁe%ﬂ@Wd’ﬁtesrr@enmtt!@umermeadjusm pl astic

filmwhich runs f reel 4 via cooling
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magnetrons 7 in front of the substrate are used to generate the high
density plasn) Asubstrate lhisiaoplastie filrs whichhaums fremepayreutreel2 és takedup0, and
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resistance heated boat evaporators 5 arranged at the bottom of the
cooling drum 3. A pair of magnetrons 7 in front of the substrate are
used to generate the high density plasma. Arranged below the
15 plasma zone are nozzles 8,9,10, and 11 for the introduction of
nitrous oxide and other reactive or plasma gases. Nozzles are
directed towards the surface to be coated.

Example

20 A 18cm x 36cm x 3mm polycarbonate sheet was coated with
silicon dioxide in the’“fol!owing manner. Nitrous oxide was fed at 2
I/min through each of the two feed lines for a total flow of 4 i/min.
The chamber was pumped down to 0.21Pa prior to deposition then
raised to 0.7Pa during deposition. Silicon was evaporated using a e-

25 beam current of 0.32 A which gave a deposition rate of about 250
nm/sec. The sheet passed over the evaporation source on a moving
palette with a speed of about 1 cm/sec to achieve a deposit
thickness of 4 microns. The hollow cathode current was set at 200
A. The plasma color was very light compared to the standard deep

30 purple argon plasma. The coating was very clear and well adhered



Exanpl e 20 A 18cm x 36cm x 3nm pol ycarbonate sheet was coated with
silicon dioxide in the followi ng manner. Nitrous oxide was fed at 2
| /m n through each of the two feed |lines for a total flow of 4 I/ mn.

The chanber was punped down to 0.21 Pa prior to deposition then rai sed
to 0.7Pa during deposition. Silicon was eyaporated using a e- 25 beam
current of 0.32 A which gave a deposition“rate of about 250 nm sec.

The sheet passed_oyer the evaporation source qn a novin alette with
a speed of IOabout tq&@rﬂ%’bﬂ@'&’@“g&]g@% Sé‘i?ﬁ'ﬁg%i\&suaal ‘“sfi’@ﬁt%ﬂﬁg%f %ﬁ“’e&a‘m crons.
The hol | ow cat ho%eﬁyréw%%\?gj 3’3‘?83%0'0’{)%3?8?'&“%9 T% i nﬁagﬁ 9rorwas very

| i ght conpared to the stan e ar gon plasma. coati ng

was very clear apbviogs reactiver with air.
- 6- to the pol ycarbonate sheet substrate. Visual inspection after
sever al weeks s&%@'&fo &hdng¥eren ryppgaa@in éaalegavss itashion| withng, or
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anal ogous. adhi ordlgdr® In flow rete, and oA itelk 26 HBeR KTt Tent as
noted in Table 1Good resuft® Wbre asbtaingd Wit oW pid sheel orinohpla SMaPRsiiRgOr o

pl asma show ng the main benefit of this process. An added benefit of
this process is the main benefittof thisrprocess. Ana thengfit of this peocetisuist ed from
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pl asma current as shown in Ta shown, by conparison wthout a
oxi dant gas 10 oXided reactivity with the air caused flaking of the coating
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coating but with variation in the type of gas feed and the plasma current as
shown in Table 1. As shown, by comparison without a oxidant gas
feed reactivity with the air caused flaking of the coating independent
15 of the level of plasma activation. Using oxygen at high plasma
activation and high flow rate did result in a non-reactive coating but
the operating window was not sufficient since.any lowering of the
feed rate or plasma current resulted in tlaking of the coating.

20 Table 1 Silicon Dioxide Coating By ARE

Example Plasma Gas-Flow Stress  Description of results
(amps)  (Vm)

1 2200 NO 22 T clear, no flaking, welf adhered
2 2200 - C flaking within minutes
3 2200 O,2x1 T clear, no flaking, poor adhesion
4 2200 0,2x0.5 T flaking within minutes
5 . 0, 2xt - flaking within minutes
6 - N0 2X2 T clear, no flaking, well adhered
7 2125 N0 2x1 C clear, no flaking, well adhered
T

= tensile stress
= compressive stress
Examples 2-4 in Table 2 were run in an analogous fashion

C

with variation in organosilicon flow rate and plasma showing a



t he operating wi ndow was not sufficient since any |lowering of the f eed
rate or plasma current resulted in flaking of the coating. 20. Table 1

Silicon Dioxide Coating By ARE Exanple Plasma Gas-Flow Stress
Description of results (amps) (I/m 1 2x200
N[ err] O 2x2 T clear, no flaking, well adhered 2 2x200

C flaking wwthin m nutles 3 2x200 gerr]
2x1 T clear, no flaking, poor adhesion 2x200

Jerr] 2x0.5 T second bengfit g@tmﬁ pPrAGeski hbe gsinciple geneﬂt of this process g err]

'2I'X1 cI- ear, no f“if Ztﬁtn@e%p ﬂb&%‘@bj gsan orgap%s:llcon mcm thehf@tﬁx 5 (ZDXiX2

C clear, no afnbakbﬂ%@orv\@éétstaﬂbér&dhe coatfﬁg—l%yfuﬁrh @ &émBied CVD C =
conpr essi ve stress Exanples 2-4 in Tab were run in an

anal ogous fashi orand PVDwapproach tedepositing thegeoadinigh i con flow rate and pl asma

showi ng a econd benefi,t of .thi rocess ..The nci.pl e

benefit of thPs proced$ ShOWn@Pﬂ@Pa{'ﬁ@ i Wﬁ@%a?fﬂaﬁoﬁ‘#c‘afhﬁﬁ gRdsi 1 i con

i ncreases the du re3s t by
?%géﬁér abraa%gvgﬁ@ ) ét?é‘in &6 wike 6. '%\91

usi ng a conbi ned appr oac epositing the coaé
As shown, by conmuagarsasilicert ircreased dhgattostrairc o cgaekihgednd the Taber Taber

abrasion and % strain to, cracking were | ow, ;g r] or ganosi ] i con
i ncreased the % &0fasiang B OW&%'lﬂ%j’V&nﬂl qerain el it caus%raagﬁﬁfﬁa%lﬁever
above a certain Layal il ggiised a decrease in Taber abrasi on.
10
Table 2 Silicon Oxygen Carbon Coating By ARE
Example HMDSO N, 0Flow %Haze %strain %C
(g/m) (Vm)

1 0 2x2 18 0.8 0

2 1 2x2 12 1.2 2

3 2 2x2 4 1.5 6

4 4 2x2 13 1.9 12



. ow % Haze % strain % C (g/'m (1/m
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——Jable- 2 Silicon Oxygen Carbon Coating By ARE Exanpl e

4 2x2 13 1.9 12
- 8 - C ai s =8A nethod for deposition of an
abr asi on resi st ant coating on a polycarbonate substrate by plasma
enhanced reactiveélaims evaporation of silica in the presence of nitrous
oxi de introduced into t he plasma region. 2. A

nmet hod according to claim f r cpatj | asti substrate with an
abrasi on resistant netal oxi 5@’@‘1 \%ﬁi 8ﬁ8°s£°”c‘gr’r§?|%@'§s'}9ﬂa@§‘@aﬂhe

| astic substrat gqi [

p Roafing ofP4 ygg&dﬂmé substratéﬁyrﬁlgéhé‘ B Bt

chanber, depositing t I on resistant asma
reactive evapor atevaporgticanofesilicieinf therpregence of mtlmis @(id@'iﬁ’fﬁkﬁlcedﬁh@ﬁ by

el ectron beam evaporation in the vacuum chanber, passing the
evapor ated netal U P regdi®e into an argon pl asma cont ai ni ng oxygen
and nitrous oxide, exposing the plastic substrate to the plasm

wher eby the abrasion resi span théthed doeoiding 4SRRI hoeodtity £HRARS
surface of the substrate.
substrate with an abrasion resistant metal oxide layer which
comprises placing the plastic substrate in a vacuum chamber,
forming a vacuum in the chamber, depositing the abrasion resistant
§ layer by plasma enhanced reactive evaporation of an oxide-forming
metal or a metal oxide by electron beam evaporation in the vacuum
chamber, passing the evaporated metal or metal oxide into an argon
plasma containing oxygen and nitrous oxide, exposing the plastic
substrate to the plasma whereby the abrasion resistant layer is

10  deposited on the exposed surface of the substrate.

3. A method according to claim 2 in which the plasma
contains oxygen, nitrous oxide, and a reactive organosilicon
monomer.

4. A method according to claim 2 in which the oxide-
forming metal is silicon, titanium, or aluminum.

5. A method according to claim 3 in which the reactive
monomer is selected from the group consisting of silanes, siloxanes,

and silazanes.

6. A method according to claim 3 in which the plastic

substrate is a polycarbonate.

7. A method according to claim 3 in which the metal
oxide evaporated into the plasma is silica.



3. A net hod according to claim2 in which the plasm ~ contalns-qxygen,

18 S‘.“ ERTHAS Egéﬁttal is

ni-t rous a reacti-ve organosilicon
4. Arret Wlﬂ Ia|m2|nvvh|chtheOX|
silicon, titaniu num 5. ARERLAGER.aeeerfdi ng to

claim 3 in which the ‘reactive nononer i s seletted fromthe group
consi sting of silanes, siloxanes, and9si | azanes. 6.
A nmet hod according to claim3 in which the plastic substrate is a

pol ycar bonat e. 7, ﬁ met hod according to claim3 in which
t he met al oxi de evapor®t &4 mathed rAccerdingate sclaimi sain which the

8. A net hod acc&gghagh&&‘ 86"?'?6}‘83 lé ngvm ch the organosilicon conpound is
exalrret ISl

t et ramet hyl di si | ox xane tetraethylorthosilicate,
hexanet hyl di si | ane, oct anet hyl cycl ot etrasi | oxane or
tetramet hyl cycl ot etrasi | oxane.
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