WD 2010/ 056559PCT/ US2009/ 062944 GRADI ENT COWVPCOSI TI ON BARRI ER Backgr ound
Emer gi ng applications such as organic light emtting diode (OLED) displays
and 5t hi rwbi2zbrwvesessar cel ls |i ke copper indium gallium dipcsalseomonesfLl GS)
require protection fromwater vapor. Presently, these applications use a
gl ass encapsul ating material since glass has very good barrier properties
to water vapor, and is also opticall ansparent. However, glass is heavy,
not flexible and costly @MD&NW@@K’%@JH@%W%SM to handl e

i ndi vidual glass parts. There is interest in devel oping a transparent
flexible 10substrate with glass-like barrier properties, to replace gl ass
in these and other applications. Backgré gl y transparent nultilayer
barrier coathag have been devel oped to protect sensitive materials from

damage due t o Kiaeremgsapbeation suchies efganinlaght epettingdinde 405 EDAdisptayspeét r oni ¢
CO”"?”e”ttﬁltnsfﬂ&h ofat c8flsg%gdp%ﬂ$dﬁl%{‘éaﬁh%a;aﬁ'Is§§&de gﬁjﬁ a8 lﬁ%e rB‘t% @&Pfr&gle q

sem conduc evl ces e oSl

directly vostett Viod. Ps@ostly, ith@e applﬁfatlaﬂls usefa gtan eb@p@ﬂ@@rsgbﬁl@&n@mlﬁcefgl@y bl e
transparent substrate such as a polymer film Such arrier filmcan

enabl e | ilghtery gond baaics mqpamey tq pater BrrOrdansigh alpe opfiepllydraaspaent! s, and nore
cost eff 'Iﬁév%l;er %ss .1st ﬁ)ea(zg, r{ot PR ‘%Eesalﬁldac%ktﬁpglpe Q%S ﬁ e@eQMS ]‘t)r.oFess 93&1 @Pproac h
BarTier coa I'ngs has bee d i

for multiTayer 0 produce mu ayer oxi de

coat i ngs,haadiehindisidahlugthsa partoxThige & ingirdst fodevelipliey a tratispirsieiaede wi th thin
pol ynmer f|In120protect|ve | ayers. Each oxi de/ pol yner flln1ﬁa|r i.;s often
ref 8 r ed substie with glassrlike hagicy @Dalticetn aenlang gé%@ﬁ énavhs&ﬂ Perhenapplicagipay.
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noi sture and ox e passes rou a coater ar n needed to

produce tshasiSevmntialdyfias darﬁ@wlureit@ @vated vhpah Tihe edit tseyitivoahtsrigals dai@be
i ncreased |ikelihood for filmdamge. Alternatively, a speC|aI|zed coater
Wi th mul tSlSatenEERMPRECs sushes Oé%?ﬁl%@oa&@il@ red hybridprsanies emplfgén@ever al dyads

in one pags,tAneMGNdRRs CPRL ﬁ{uitllgie@ %m%%' Chh be g%%?%de&ﬁec h't yer

barrier coatings an processes ca oun or ex at ent
Nos15 5, 44@11#146@ hSleaut, of cal be) depB&&ﬂi&n?a]ilBex(ilHadlay@iaf‘eneEu‘t&trat)s suetngk 26 413, 645
(Gaff et al.)._The oxide layers in such mul ayer. oxi de_coatings are

hormgenedwévmﬁ f&Bhp%@htalbéﬁleémmrﬁaE cols lglhter @d potentially flexible displays and

solar cells, and more cost efficient roll-to-roll encapsulation processing.
One approach for multilayer barrier coatings has been to produce multilayer oxide

coatings, such as aluminum oxide or silicon oxide, interspersed with thin polymer film

20 protective layers. Each oxide/polymer film pair is often referred to as a “dyad”, and the
alternating oxide/polymer multilayer construction can contain several dyads to provide
adequate protection from moisture and oxygen. Multiple passes through a coater are often
needed to produce the several dyads, resulting in high production costs and an increased
likelihood for film damage. Alternatively, a specialized coater with multiple coating

25 zones can be designed to produce the several dyads in one pass through the coater.
Examples of such transparent multilayer barrier coatings and processes can be found, for
example, in U.S. Patent Nos. 5,440,446 (Shaw et al.); 7,018,713 (Padiyath et al.); and
6,413,645 (Graff et al.). The oxide layers in such multilayer oxide coatings are
homogeneous in composition and microstructure.

30 Another approach has been to produce multilayer mixed inorganic and organic
layers in a graded barrier stack using a variety of chemical vapor deposition (CVD)

techniques, such as described in U.S. Patent No. 7,015,640 (Schaepkens et al.). It is
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30Anot her approach has been to produce nmultilayer m xed inorganic and
organic layers in a graded barrier stack using a variety of chem cal vapor
deposi ti omOQ2@DS63sechni ques, such as described in U S. Pararstoosos2974 015, 640
(Schaepkens et al.). It is WD 2010/ 056559PCT/ US2009/ 062944 bel i eved t hat
in this approach, the transitions between an organic |ayer and an oxide

| ayer are gradiated to |l essen the stresses that can develop in a sharp

or gani c/ dleecdithafrisithip approach, the tramgitigns betwagresn ergpanic dayce @r&f imegdplageiuced by

the afor earIT% grta'd%?eﬁidtpl sﬁsé}? 2 s&%esgtﬁlgﬁéeﬁnydegi&gg%lﬁ 4 ékgﬁ% %aﬁ#cﬂoltxt?%eat?gls&ﬁge n

transport roug owever, ere’is er rnproving the
barrier propertlicasulahge¢ebartiat coatngdodeeamnylthsifottnisitidged hethodd fmads
descri bed. Summary Generally, the present disclosure relates to

barri er aBedlyrduss thhymoishygandoxwsn daasnorttherigh Sl howaxast dierggoreed and
> th ‘. L
o oef ool RGBSR S gl S e R BRR uflhe 10 ¢ e

di scl osure, arrier asse es a su ate

and an i nostgeds desériyedr adj acent the first surface. The inorganic |ayer
includes a first inorganic material and a second inorganic material, and a
ratio of the first inorganic materi AURBakhe second i norganic materi al

changes in a quf %941@0%@%588&%&6%% eﬁa?esttﬁ%aﬁiéﬁgseﬁ%ii Gt veta*}gdlfc‘&?s.t rate.
I n one enbod|neﬁ}, he barrier assenbly further 1ncludes 15 a protective
pol yner i ardngiyésiodios pasedaps atkmocdsbs fonmakiagitke bayierasasmablagposi te t he
first surface of the substrate. In another enbodi nent, the barrier assenbly
further incl udéona agnesRiihegisplepyr et baTigapesmbly dirbeded ASHPSISENNAVIRE ¥ i r st

surface qﬂgt ﬁlpﬁ %, Q4 gﬁ‘FHuog%aln%/ﬁ er, adg'acent tilﬁ ﬁ?s@gﬁllﬁf‘cre %Qﬂ%%ﬁ%faggr di scl osure,

a barrier assenbl'y 1 nc S a substrate having a first s ce, and an

i nor gani dneMide fieniposjahicanatcliidpas adecamidan@ninit heatdriat, 2ihd auati@cthe Tine

20i norgani ¢ oxi de conposition includes a first oxide _of .a first atomc

el ement, 1BP§ARC MATHAY tolkE deransl inpTgeie HYtaRb Aaaey Brfeditectihperaersiswantat i o of

the fi rStth@h%%&geﬁlg% tsubg’[ra%%elfnscﬁl%%ﬂﬂ)oa éﬂtﬁh B%P&ssﬁ@%@%ﬁhér']nf}ﬁ%es

direction perpendicular to t irst surtface. In one e i ment,
barti er asmetbliye falytbes layacdiygasd adjpeont thetinmganpo lageeandodpayies thdifsgosed

adj acent the inorgani c oxide conposition and opposite the first surface of
the. SubstSHEAE OfithS Sehsifiehd Seatbodr TR HES BT %%SGQEB’JHJBP? inglideer

i ncl udes Sﬂlo%ﬁﬁﬁ)é B&l?ﬂleﬂQ lla)%?&iisﬁosle@%@trween the first surface and the inorganic layer.

In another aspect of the disclosure, a barrier assembly includes a substrate having a

first surface, and an inorganic oxide composition disposed adjacent the first surface. The

20 inorganic oxide composition includes a first oxide of a first atomic element, and a second
oxide of a second atomic element. The atomic ratio of the first atomic element to the
second atomic element changes in a direction perpendicular to the first surface. In one
embodiment, the barrier assembly further includes a protective polymeric layer disposed
adjacent the inorganic oxide composition and opposite the first surface of the substrate. In

25 another embodiment, the barrier assembly further includes a smoothing polymeric layer
disposed between the first surface and the inorganic oxide composition.

In another aspect of the disclosure, a process for making a barrier assembly
includes providing a substrate, forming a smoothing polymeric layer on the substrate,
forming an inorganic layer on the smoothing polymeric layer, and forming a protective

30 polymeric layer on the inorganic layer. The inorganic layer includes an inorganic

composition that changes throughout a thickness of the inorganic layer.



di sposed between the first surface and the inorganic oxide conposition.

I n anot her aspect of the disclosure, a process for nmaking a barrier

assenbl y woebuwdsssspr ovi di ng a substrate, form ng a snoorhirng2@oloyaves i c

| ayer on the substrate, form ng an inorganic |ayer on the snoothing
polynmeric layer, and formng a protective 30polyneric |ayer on the

i norganic layer. The inorganic |ayer includes an inorganic conposition that
changes t hr oughist and ethercdspesssoighe presentgppligatioe Wil pe appapgyt from the

2010/ 056 2CT/ h -
apélicgt?%%ﬁ%aﬁggégggéggggﬁﬁn}P%ﬁgFﬁg)d%%ggb%ga é%%ﬁfggfﬁﬁg%gﬁ%ﬁfnfn no

event, hawaveled asligutatiohd6f tab oMenelyibRict 8ot whhsubjéenaterlid ddflatli ons of
the clained subject matter, which subject matter is defined solely by the

at t ached seley b thersdtaehediclaimg and dieemagivalegtsnasympe ba apaeted WPRng
5prQ§ecu;#&£cm§£#ef Description of the Draw ngs Thr oughout the
specificdtion reference is nade to the appended draw ngs, where |ike

ref erence nunerals designate like or simlar elenents, and wherein: 10 FIG
| is a cross-section schematic of a barrier assenbly; and FIG 2 is a plot
showi ng conposition change BrehReschintiparnfthe Byawingshe i gures are not

i ar componuny S o e S MINGEToAREC idRdo MR RREN LS wiPrs Monber

to refer like rafcemopan@otals des@n@ic ks of kignilae clemennt andwhdrdigad to [imt the
conponent in another figure |labeled with the sane nunber. Detail ed
Des Qiption 20The present description discloses an inproved barrier

assenbly that gan;redugss tGon schematic of a barrier assembly; and

FIG. 2 is a plot showing composition change in an inorganic layer.

The figures are not necessarily to scale. Like numbers used in the figures refer to
15 like or similar components. However, it will be understood that the use of a number to
refer to a component in a given figure is not intended to limit the component in another

figure labeled with the same number.

Detailed Description

20 The present description discloses an improved barrier assembly that can reduce the
transport of water vapor and oxygen. The improved barrier assembly includes at least one
inorganic layer having a composition that changes in the thickness direction of the layer,
1.e. a gradient composition. The inorganic layer includes at least two inorganic materials,
and the ratio of the two inorganic materials changes throughout the thickness of the

25 inorganic layer. The ratio of two inorganic materials refers to the relative proportions of
cach of the inorganic materials. The ratio can be, for example, a mass ratio, a volume
ratio, a concentration ratio, a molar ratio, a surface area ratio, or an atomic ratio.

Each of the inorganic materials in the gradient composition includes oxides,

nitrides, carbides or borides of different atomic elements. The resulting gradient inorganic

30 layer is an improvement over homogeneous, single component layers. Additional

benefits in barrier and optical properties can also be realized when combined with thin,



transport of water vapor and oxygen. The inproved barrier assenbly includes
at least one inorganic layer having a conposition that changes in the

t hi cknesswoi2omatssssn of the |ayer, i.e. a gradient conpoPCTiUSA009/DbEI44
inorganic |layer includes at least two inorganic materials, and the ratio of
the two inorganic materials changes throughout the thi ckness of the
25inorganic layer. The ratig of two inorganic materials refers to the

rel ati ve ywewppepasisd pelymse Alra. A menliilapergzpdientrieerapniadpelymadarier s@clean be,

for exampl,g. %ar&%?éeﬁk?a%? o%ﬁaiéﬁﬂogé%e%&lw&i ah %QF@”@%&E on ratio, a nolar

ratio, a surrace arca ra om¢cC ra a the inorganic

materials in tlhengagitce fic LOHRASLIMIIN inchalct desbstrated@sd thaiifdrpales layepisbi des
or borides of different atom c el enents. The resulting gradient inorganic

301 ayer 4sPoRcd sircsUEIRE NEDTRISr  Rimbidnewulociomef the mgdielayen iajes s .

anerd contyrseabErr e B R SR EeRBE iR BeIBEh 6E3a5 s Geposi 1 a.
pol ymer fihdrganic AeyRtitlidnigayi@rthgdiaetitentpeipendigalat @rthokyb¥eatebalmroner stack can be

made to enhance optical properties as well as_barrier properties. | In
one aspec¥t O@H@etﬁathﬁ pehstrgiecapinaludericmnoigiise sensiiiys praggreal, ﬁlaa&t #eelpHEmiani

layer is fll,RR0%8M A0 ﬁﬁfeg%«l)c}dhtﬁ ﬁHQﬁ%oEgaﬁl?c lgggfeﬁa{l %&M?ﬁ&u&' ?ﬁfo‘n&l” of the

inorganic layer Is In a rection per pen ar to e surface of the
subst r at eyrgatidot fnergaaipogetialowhidh hieord Moy gatainay @ cotdian gescentratidie

di rectl on pergendl cular to . the substrate. In one enbodi nent, the substrate
canl§ ncl Jhwughorsitha thicknessddicetiqlfe mat erial, such as an el ectronic device. It

(s to be undertaod: b n%d RHGANLGNbBISE R K LNETooliRE HelFnaddli i onal

organi c or inorganic materi y’or nay no remal a’ const ant
concent r dhyconlispOsdareugdmithe tdrbetrhthiaﬁk fesinoitiediyednIn another einfoodm&:nt the

enbodi nent, .the barrier assenbly further jncludes a. snoothinpg. polyneric
| ayer di éﬂ&&é@dlsw@t%wh@h@cws% p%&t@tlaﬁaommcA@fegéﬁpesqd&yéhe noFgddKot her

enbodi msrl& B‘E n% la &sﬁﬂtyréfteétw E[J&%Errﬂérfbclla ot aP %a@%ﬂd\ﬁ oRg!l ymeric

| ayer dlspose on t e |n rganic laye e I norgani c layer and protective
pol yirer i cnitmancrftothabarricdysdinblyarad 1n01ud]3’lﬁ0ﬁb5hﬁﬂdﬁmﬂymﬁnﬁormhigel haltitayer

assenbly can i ncl ude m)re tgan one, dyad, 'qg amjtila qngé' barrier
assenbl y. baprigrssmiine ?‘Cr}i‘d}é 1“8@%&? P%GTFW% HWQ%’FY BRF b SYAAS Bp | Y,

such as P?% ok &imby BRI Y#ﬁké‘@aré gk H&eéyaﬁofa% BJEQBQH§ Fbjd’l?tgren‘t:a” be the

sane or rent. rrier assenbly can ricated by
deposi ti on of ThHeeavdgriassesntlyayer isc fahtmntd:dﬂzy defosttioato thei variaus hlytrstoatorthé |

g?ﬁ%ﬂﬁ%?@%ﬁ@ r%ftf)}ﬂiln%ﬁggu%f arpgey S(fpﬁr 'tgg gfgerﬁyrs'@f% 'SCI)?t?etd%ﬁiJ é%&tt i on of
theyg Nos. 5,440,446 (Shaw et al.) and 7,018,713 (Padiyath, et al.). The deposition of the
layers can be in-line, and in a single pass through the system. In some cases, the barrier
assembly can pass through the system several times, to form a multilayer barrier assembly
having several dyads.
The first and second inorganic materials can be oxides, nitrides, carbides or
25 borides of metal or nonmetal atomic elements, or combinations of metal or nonmetal
atomic elements. By “metal or nonmetal” atomic elements is meant atomic elements
selected from the periodic table Groups IIA, IIIA, IVA, VA, VIA, VIIA, IB, or IIB, metals
of Groups IIIB, IVB, or VB, rare-carth metals, or combinations thereof. Suitable
inorganic materials include, for example, metal oxides, metal nitrides, metal carbides,
30 metal oxynitrides, metal oxyborides, and combinations thereof, e.g., silicon oxides such as
silica, aluminum oxides such as alumina, titanium oxides such as titania, indium oxides,

tin oxides, indium tin oxide ("ITO"), tantalum oxide, zirconium oxide, niobium oxide,
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| ayers can be in-line, and in a single pass through the system In sone
cases, the barrier assenbly can pass through the system several tines, to
forma mwOi2beyissssharri er assenbly havi ng several dyadsPCThis2600/0619460nd
second inorganic materials can be oxides, nitrides, carbides or 25borides
of nmetal or nonnetal atom c elenments, or conbinations of netal or nonnetal
atomc elenents. By "netal or nonnetal"” atomc elenents is neant atomc

el enent s a@nagmetrideosiiednenifede; beros nitape.alupgypsoxynirida piligon pyitnigs, VI A,
VI 1A, 1B, 1B, et , . V| V] rar.e- tals, or
cord) nat 120 PaiaSF, Ay Pl ryBOR%s StdRum ool 48 ot B v
netal oxildesis affeka@hplBiof hisp&sal cist af ce@nki miasrialShaetal beosybiclociritagy et al
oxybori des, and cqn%inations thereof, e.qg., silicon oxides such as silica,
al um numeRfleénesviththa prepenpslerdiontof therielsfvoRiopegions eheaed danpaala, i ndi um
oxig§s, td Rl des, indiumtin oxide ("ITO), tantalum oxide, zirconium
oxi de, niobirum oxide, WO 2010/ 056559PCT/ US2009/ 062944 al um num ni tri de,
silicon nitrid&rphosss sfidadritdehe alowganidiay @xdepirited dethesblldwdn dascyssida isde,
boron oxynitride, zirconiun10x¥bqride, titani um oxybori de, and conbi nations
t her eof 1drocied teyard aopIPesigpn T apides; Apwey sk igP beaindemsooddhaéihical s that can
becone el ri.call i i r - sel i - 1 relative
proportiéﬁgﬁgbﬁggg]lgﬁgﬂgﬁfgpgg%%%QFﬁpﬁgﬁ?gQgﬁn&%’@%%kggy’%%%%%bf clarity,
t he i nor gagberidayed tiedderdebatbednbbie fol | owi ng di scussion is directed
toward a conposition_ of oxides; however, it is to be understood that the
conpdsi tion cdh NpeMBadimen|olhe inpseanis Baer, the; first ineiganic Maserd 45 sihe des,

oxyni tridesqe OXYRAILARS iﬁnﬁga@ipfnsa{té'rl‘a?isdﬁﬁﬁfnhﬁle&i@é?%ﬁhis jeﬁ]!beifPﬁb%t fbodi ment

of the inorganic layer, Inorgani ¢ naterial 1s silicon oxide, and
t he secombrhitotg@of licai teralmhinus chhngds tiuoughdud éhe thickhdss sf éwrliospamat , t he
atomc ratio of silicon to_al um num changes throughout the thickness of the
i nor gani d2YShyee-, theregis mare gifigon hapghgiguminggip HshHirice ff HGinoTeanic £yel r st

surface gsrac%\ﬁgy 'g.@@&ﬁﬁg %x?ofré Qbﬁﬁ{i%rﬂ ?@aﬁ%ﬁéo}{ a? %O&Efgﬁce@&ﬁ R 3 QL han

silicon I stan romt irst surtface 15increases. |In one
enbbfli menhgreddee hi @ canbiodimentpthe aiolmiic eatiotof séiconiten alinmi@m chacigage

nonotonically as the distance. fro he first surface increases, i.e., the
ratio ei trﬂ%t}Ot‘?IH%arlté’ﬁé%e %ﬁtaa@cﬁr@%@%ﬁ% SYrREe MEtaste &4 FeitHheth r st surface

Tt sosespeli el dnen Rt ROLLLIRS RSB G REgERg g A0E
does not nonhbothasecox ade deaase antheatistanaedtdny the first sutrfaee imatdagesc dm another
embodiment, the ratio does not increase or decrease monotonically, i.e. the ratio can
20 increase in a first portion, and decrease in a second portion, as the distance from the first
surface increases. In this embodiment, there can be several increases and decreases in the
ratio as the distance from the first surface increases, and the ratio is non-monotonic. A
change in the inorganic oxide concentration from one oxide species to another throughout
the thickness of the inorganic layer results in improved barrier performance, as measured
25 by water vapor transmission rate.

In addition to improved barrier properties, the gradient composition can be made to
exhibit other unique optical properties while retaining improved barrier properties. The
gradient change in composition of the layer produces corresponding change in refractive
index through the layer. The materials can be chosen such that the refractive index can

30 change from high to low, or vice versa. For example, going from a high refractive index
to a low refractive index can allow light traveling in one direction to easily pass through

the layer, while light travelling in the opposite direction may be reflected by the layer. The
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20increase in a first portion, and decrease in a second portion, as the

di stance fromthe first surface increases. In this enbodi nent, there can be
several iwonrendssssand decreases in the ratio as the di seemas26momoshe first
surface increases, and the ratio is non-nonotonic. A change in the

i norgani ¢ oxi de concentration fromone oxi de species to another throughout
the thickness of the inorganic layer results in inproved barrier

per f or marfeBactys ipdeachpeas @BIby vigd Ordovigp dayers tarsshansslight exdtagtion froma |

addi tion i .oved . [l e [ [1 i.ent. it be
made o didhi BIREEY RO ERroBio R heBeyel PR Rl SRR LTSRN, o
barrier eaped td gss ligteh@uahtienbhyshadgo iamigﬁomw&iﬁh% doevied sidhes hayrf
produces correspondi ng change in refractive index through the |ayer. The
mat er i al <cladthseoptsseansguetipnsharch embanddrasafilteryecangdiebedaeprperatelamge from
hi ghsto | ' : ing froma high refractive index
to QSIomﬁﬁ%??§%W¥%§§%ﬁﬁé§%%gﬁgé ﬁ%ﬁﬁ?ﬁ%ﬁ?%géaveling in one direction to
easi |y pass tHIGUgRhéhea behi¢atatic Wiist-edtiof ldf a badice hdsemyly 100t dveordpipasionhe

direction may be reflected by the |ayer. The WO )
2010/ 056550EE?f hszistsoe? dn one empediicpb barge 2ssemhhg0dasuges 4, 90814e desi gn

| ayers t J I ON : i N Vi bei ng
protecteglggﬁ?ﬁg%ﬁgégg&ﬁgﬁgﬂig/ég@P%%%ﬂ%%%gég@@éﬁgég%%%g?%gE8gﬁﬁbe used to
pass | i ghiurfuty DISQ Hntahethkestalbodumnent, birticoassérgbily 1108 Mneisdrimdudievih optisnath as a
solar cell. Qher optical constructions, such as band pass filters, can

al st be issipBe Belsperindayen Hhdispgped beifice thedpergania davichpd Gatths &gt er

properti i - i ag[ri
Bssembl y HE b Fi RO R OB bRAR: SRR Ber2BTHAR e
barrier asswdirhynt1BAdi160 lindedsansptisial pteeectild phBwiong 1ayck i1 68 tisponetlace 115,

and an inorganic |ayer 130 disposed adjacent to first surface 115. In
anot her é¥HEaRtHAHEaNIEMveT &30 ardsnnepyr substratad{ hendiap optienad 2ddtispali onal

10snoot hi; [ ayer j ' [ 130

and the. oSS TRELE BRI B B o e er e

pol ysrer i clS0ayeandtRér. enibiodonent yangeh azsmithly d 9@ danl bmianalilitithgsr Barriopidssanlally

protective polyneric |ayer 150 disposed adjacent inorganic |layer 130 and

opposi t e Gyseeidieaddi Pa%&&%&%ﬂw‘ﬁh Bt St oprad 18‘59@3@3%66 afliggert 2140

di sposed ; ﬁgﬁﬁﬁﬁlggg?gﬁﬂ&ﬁVéﬁgﬁhwkgﬁg%PQ5@r°teCtiVe pol yneric |ayer 15150.
enbodi

I n anot her nent, barrier "asse y 100 can forma nultilayer barrier
assenbl y t hat Substratdé$0 agdbd a Goabledyadsmr¢matbstatvsychtagta fiixmblé Aghtt 0 dyad
160), disposed adjacent. a.top. surface 155 of .protectiv ol ymeric | ayer

150. tPa_“@E}b“éltVF é’f’g’nﬂ’@a@% gl eﬁlyggkrrm%nﬁ%ﬂéﬁ@ém@fm ﬁgﬁso% 82 such as a
f1ex bl e Jilight;ght BARMiSHV SRl WIR 5?&1&70*/% 550 G, Ofik: delﬁﬂ&ﬁé FRNEH RS ve
polymeric fil can have a 20 visible light transm ssion greater than about
70% at 53@Ransmbihecd)obiygbedtaetting annaalingaindeatcnsom o loitee thchuigiiesgthitewi |

setting, annealing.ynder tension r other techniques that wll discourage
shrin kagéﬁ%f_aufaae Alrikags i f%%tslﬁ@éfheg‘teétbﬁt? PR e R
pol yrmer | Gilf i bt Sorl@hine@NIfahIEH: RIURLAY (NG LEHERNAAOGER (sl becan be
used, however it can be preferable to use a heat stabilized pol yethyl ene
t er epht hgirefemb{cHSRET ) hedshubilized pglyethiytene terephthalate (HSPET). Other polymeric
25 films can include, for example, polyesters, polymethyl methacrylate (PMMA),
styrene/acrylonitrile (SAN), styrene/maleic anhydride (SMA), polyethylene naphthalate
(PEN), heat stabilized PEN (HSPEN), polyoxymethylene (POM), polyvinylnaphthalene
(PVN), polyetheretherketone (PEEK), polyaryletherketone (PAEK), high Tg
fluoropolymers (e.g., DYNEON™ HTE terpolymer of hexafluoropropylene,
30 tetrafluoroethylene, and ethylene), polycarbonate (PC), poly a-methyl styrene, polyarylate
(PAR), polysulfone (PSul), polyphenylene oxide (PPO), polyetherimide (PEI),

polyarylsulfone (PAS), poly ether sulfone (PES), polyamideimide (PAI), polyimide and
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25films can include, for exanple, polyesters, polynethyl methacrylate
(PMMA), styrene/acrylonitrile (SAN), styrene/ nmaleic anhydride (SMY),

pol yet hylwoeorapbishal at e (PEN), heat stabilized PEN ( HSPEWUS2009/062944

pol yoxynet hyl ene (POM, pol yvinyl napht hal ene (PVN), polyetheretherketone
(PEEK), polyaryletherketone (PAEK), high Tg fluoropolynmers (e.g., DYNEONTM
HTE t er pol ¥mer of hexaf | uoropropyl ene, 30tetrafl uoroethyl ene, and

et hyl ene)polyrbtipdunidedatseme pampodisaings, g mgterialtoppts gee inportpat Polamsr ( PAR) ,

pol ysul f | ), n i B |y b El
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enbodi ments, where material costs are inportant, polymer filns nade of PET,
HSPET, PENCGnhHSPENCEEIN pin iy any pyitabimtbickppwdiorsranle ahritd. Yaprabert
perf%r mance is paranount, polyner filnms made of nore expensive materials
can be used. ‘The polyner filmcan have any suitable thickness, for exanple

about 0.01 to Rdeuingdd A 1, inorganiBédyer M3Mhctudesh Grst Inorpands gatice 1Bayer 130
includes a first inorganic surface 132 adjacent first surface 115 of.

subst r at exdieeent fpipusface Ebref suhgraiahl & 28dip pegoad inggania gidpcailé®| dy@ganigo has
a conposiiti | fii i I i-al second
o gan dians ey » (A B ihiiBler LAEABI ST EN 1210 e

i nor gani dnémgheit ndtaial 13184 Thd fatizb pgsti@s o figstadd eedont i yghioiatdriaB

t hi ckness _of inorganic layer 130 in a direction _perpendicular to first
surt@ce 1195 bi6 diapsesrantaeeradiont thiguglous the thickness of ineeganiq 8y er 190rigani ¢ sur f ace

132 to t i j ) i i S
secti on, ErsgREEREpbRRLAA FrbiEASR Hisulntto Rl Rrd BERETROTERREC, |
first i nangganic sumiceriddlto iddkcend ineanid surfasegied®l FlGat érd eherh3fic abes | nt ended
to show that the conposition 15changes throughout the thickness, and not

i ndi cat e SSFYPT 84 75 wich Fissdepirtettizranhape 28d distabigiog of @pdy fistineigapicof

mat eri al has: . i f i . iC

mat eri al Shiastléﬂatﬂg@tg ﬁgar‘?%gt I n%a(rlggﬁl:él{ylﬁla%%reﬁrg?f&%@ 8itgskmﬁ§?91§gg{é@t8 %ﬂ irst

i notPani changdsalweudizRit drdhickeess.atndmod adicassasy resirittivens dinraetil e, Shagerod
second ingrganic surface 138. |In _another enbodjnent (not shown), the ratio
of the fif¥ lgvtmslrﬁémt%ﬂ t Brqngembegiment (fhowded %Eimm(fﬁfefrsga?ﬁdcln%&a&ci al 136

s i ghernghoga 3k [ ik hRLaR Mfedin§aRaAR2 JN0 1S hR« IRLAIAREREaSES i n

f 5(}%5
the direction towar cresecon I norgani c surfa e 1 norganic
| ayer canl3Benflotamado dsé¢rngset ecthnidgquaneophalysedoridninbtpenicisbirfacoet3®l ilzi ng art

such as sputteri .(e.qg,, cathode or. planar magnetron sputtering),
evapor at iaaﬁtheé.e@{;;941§f@§ﬁ @pt %C}@W&S,_ i @él@%%‘%t&?ﬁngrﬂéﬁwaﬁt@gﬂ)l,ﬁé%%ﬁS@&qndvapor
depagi ti QRorogmield i 1966 ﬁig@erlcm@to fiflt RoRARPRSface | 1PaldNRE 8RN fect@YET 1S

formed using sputtering, e.g.,
in the direction toward second inorganic surface 138.

The inorganic layer can be formed using techniques employed in the film
metalizing art such as sputtering (e.g., cathode or planar magnetron sputtering),
evaporation (e.g., resistive or electron beam evaporation), chemical vapor deposition,

25 plating and the like. In one aspect, the inorganic layer is formed using sputtering, ¢.g.,
reactive sputtering. Enhanced barrier properties have been observed when the inorganic
layer is formed by a high energy deposition technique such as sputtering compared to
lower energy techniques such as conventional chemical vapor deposition processes.
Without being bound by theory, it is believed that the enhanced properties are due to the

30 condensing species arriving at the substrate with greater kinetic energy as occurs in

sputtering, leading to a lower void fraction as a result of compaction.



reactive sputtering. Enhanced barrier properties have been observed when
the inorganic layer is forned by a high energy deposition techni que such as
sputteri nyocompeEssd to | ower energy techni qgues such as EOMUSRG006ZI4

chem cal vapor deposition processes. Wthout being bound by theory, it is
believed that the enhanced properties are due to the 30condensing species
arriving at the substrate with greater kinetic energy as occurs in
sputtering, |dadnpgsncst. thd pueer qgfﬁpﬁtlw a@pr&swaaysead uigts pOWeEdPEERi on. WO
2010/ 0565%%%%{1 g ?n%/(gégg?wer SuRBllyehnlb yﬁt@se‘ﬁ% as%gt?s a%ﬁggﬁh%%et %ﬁk%s' tion

process can USE at| ng curre ower

suppl y i nnéhendrcasbrRGRsRE, fr gasge srgah ABS phpica, tea;ydcﬁgelynettdA@%vreeactl ve
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f of
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ot her frequencies can be used. Oxygen that is introduced into the process

forms oxiapeu Hkizsaldioughomet equisiss cat be vedePyyasg thitds Infodugediipto the

conposi ti C i des
can becorto e g etk Sith oiEeatert REAHARL incl BRI AR o
deposi ti oﬂsqarmmesslrfadeqifahe tappes Wihk el eugric axidaedinrbatome chidige Sdurfrgc e rrat eri al

being sputtered fromthe targets, and can. provide uniformty and better
cont¥ol  oputisringgthsedivididuptingehe gputter deposition nspresh FokeEity s‘éﬁ@hng)rart he targets
used for ih) tal el ement,
o & i B S RS et 8ol SUHAE) Rol RO AL MBIREE T of The

I nor gani amlifayreity ehdbati comirdl o€ thralcpogdtcd winaéniaAt e i s deposited using the

first set of sputterlng tar ets The substrate then noves .proxi mate the
second set of 1890 egKrh§aghs d%t gar%ﬁ%ﬁusgdé%BﬁHAﬁowttrﬁl&ﬁanﬂﬂ@uri%rlaalﬁ| c

layer is fap0sidofifheR cleARnOr b Rixdubd éﬁm&gl drld@} ndRinBg Fl@ﬁleﬁt@c nghgpet of
Sputtering targets. The corposition of the Inorganic lNayer changes in the
th|tknesqummﬁmﬁhenmt@mmu@ﬁmﬂhseh&ydkmnaﬁhgsﬂmmhhﬁsdaapeaiumm@ﬁmébutter

deposition process can use targgts omered by direct current 4 power
SBH

suppl i es SFPP huttgringstareets. drhesupivotisn at%wﬁér@t% |Sﬁfg°q drvet ¢ errltgact. ve
gasses, eﬁ)ﬁﬂgalsgc@t]dg)%ﬁlcﬁfﬁtR?iﬁg?éﬁnlcr 1%?&%?'&01) &itdd onl o rAbP! i es
supply po (e.q. power) to each’ cat e targe epe ent of the

ot her powsingshppdcoad sctlofi sputicsing sqpects., Thacdmpasdion afubd 1nosgalt1mieyetrahgges and

t he correspon in terial can 25be sputtered at differing | evels of power,
providindngﬁﬂg ﬁg%HEBFHWQHUW§P]%bﬁ%%éltlon through the layer thickness.

Theppul si ng aspeghinef ashbe, t@gsﬁhﬁ‘t’%ﬂeﬁ&ﬁmdtﬁécés czﬁi el etrs%o@vgfaedf qfidency

aspect in AC sputtering, cont rol i gh rat uttering in the

presencermﬁmmfﬁ&@)mmmmamnﬁmeunmsp&mamewﬁa@xy@amMnRuphmngaﬁmgpﬁW&mdsuppl|es
all ow control of polarit mntchl(g@agan neutralléglhﬂf surface . .naterial
bei ng spdrt%%@arsrtnt?t%@ YRS AN EGEPRH VY P POVH YWPPLRY bet t er

control af;pbheodePest tRflcaBLREH) R cach cathode target independent of the other power

supplies. In this aspect, each individual cathode target and the corresponding material can
25 be sputtered at differing levels of power, providing additional control of composition
through the layer thickness. The pulsing aspect of the DC power supplies is similar to the
frequency aspect in AC sputtering, allowing control of high rate sputtering in the presence
of reactive gas species such as oxygen. Pulsing DC power supplies allow control of
polarity switching, can neutralize the surface material being sputtered from the targets,
30 and can provide uniformity and better control of the deposited material.
In one embodiment, improved control during sputtering can be achieved by using a

mixture, or atomic composition, of elements in each target, for example a target may
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I n one enbodi nent, inproved control during sputtering can be achi eved by
using a mxture, or atom c conposition, of elenents in each target, for
exanpl e awbargaeisay WO 2010/ 056559PCT/ US2009/ 062944 | neCuas2@9mn29uur e of

al um num and silicon. In another enbodinent, the relative proportions of
the elenents in each of the targets can be different, to readily provide
for a varying atomc ratio throughout the inorganic |layer. In one

enbodi neﬁﬂ?lug%@ maxtaretfalunainpinragd sfwpnofn gnpsher sombepimanérthaplatiieget s may

i ncl ude : ' i Lleo | Ui, nUE d ond. of dua
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I'n this enbadsa®htic raiofthfosph@@kid i@oreahictliieri Nos@amidiranes foe atarifle deposi t ed
with the 90%BI/ 10%\ target, and a second portion can be deposited with the
75%A1/ 2598t sehplydital Athwufterdng targe mavinghe @ 904\ enixgys of sifjcamnicht

conmpgsi ti t o) % .S t. | rsely
f ron’élj aboua?ﬁ?%@?ﬂa 841%@%%%%%&%31‘/1@&[%: fgl?[@{gfggt rg?tgg%& HP%E(%@egzsgsqﬁﬁ@%%gr gani c
| ayer.  aluminuf dndpilécah. duedis &ebsfuitite ififg pohtpiagenecuzaailaerlcaybs s are
formed, and barrier performance fromthese honogeneous oxide | ayers suffer

due to defcpetitedivith the 9P/l 0%Al taacthind scsped prifiel sehbederosidedowiil icof t hese

smal | sc S, 1S, | ]y g i ¥olge into grain
boundar ya}g?@%@%%}égeéta}g{%l C e{eﬁg{rllﬁ%lrnoﬁagcﬂ g%}ﬁlra %éﬁgdﬁégﬁﬁﬁﬁlﬁnnt\ggts of the
film W tdhandesfiinngbdu0 00w $iyo bb@nr§% $it(ahdcdikiselyekbrs abv@artaDveAf ecibsut

contribute to the inproyved barrier properties of the gradient conposition
bar Hf er s &e &) theweh dhethickness of dicripeigapighse t hat greater densification of

the m xed oxi i r.ad) i QF Vi . wat er
vapor coul d t A0 ED S AL bR Bl SR e 00 ARVGRAL nd BfticH ™
Anot her gfctfeahamarirdne tHehahorhyganasys oxgdd lagers sufif@siut todefodts #0thh éayex hidae
materials,. grain boundary formatjon can be di srug}t-ed resul ti ng}si n a

mi cr ost r UBKTH @doranprigalei Prq eavat obihsts smill scaledsisisgh MR NERIdEK FESS Y6 t he
oxi de | aygt oxi’&@%fd%@srinﬁ)f %rﬁﬁtboﬁﬁ&rpgtrﬁ ﬁ’ltes,tvblﬁcﬁ%ﬁ??%%@&t'e%oﬁ h §Re oxide

gradual | y decredses as e ot her” oxide concentra I ncreases through the
t hi tknesshickeduof thg filine Wirlonabdihg byuralf byf thesnynig isshhikl edswatml dfdoect sites.
The reducti orhuof defect sites .can result Ln a coating having.25reduced
transni s<BHIUER RhGMRIAYwh basderrsgpqries of the gradiqat eampasiiondapies 1, the

optional ROOAIRIHAGIPOONEEMLE cb@b!@{haﬁgn‘tégtgfge@g%ciag&é‘bf RE AHEGE S GesRRLYEN 1 C

| ayer 150 can i nclude any polyner su eposition itn athin film
I n one aspéetgradiont regianpdne, anp piaths the vewotpomgupioheréreuphl thyexidd 2€ and t he
Dr O oot 45 BONIEL L Er CIL B L Ored L O, Var v TEROTELS, il 1 el ude
o2 2 c gl i boaembapEnL e onemtescalg 5, SPry
di et hyl eneicgisyracturadifabe filmatles alsd va-dsuhyough eheghickndss of the oxide layer.
Another effect can be that the concentration of one oxide gradually decreases as the other
oxide concentration increases through the thickness, reducing the probability of forming
small-scale defect sites. The reduction of defect sites can result in a coating having
25 reduced transmission rates of water permeation.
Returning to FIG. 1, the optional smoothing polymeric layer 120 and optional
protective polymeric layer 150 can include any polymer suitable for deposition in a thin
film. In one aspect, for example, both the smoothing polymeric layer 120 and the
protective polymeric layer can be formed from various monomers that include acrylates or
30 methacrylates such as urethane acrylates, isobornyl acrylate, dipentaerythritol
pentaacrylates, epoxy acrylates, epoxy acrylates blended with styrene, di-

trimethylolpropane tetraacrylates, diethylene glycol diacrylates, 1,3-butylene glycol
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WO 2010/ 056559PCT/ US2009/ 062944 di acryl ate, pentaacryl ate esters,
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substrate. The nononer or oligonmer can also be applied to the substrate
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5,018,048 (Shaw et al.), U.S. Pat. No. 5,032,461(Shaw et al.), U.S. Pat. No. 5,097,800
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Application No. WO 00/26973 (Delta V Technologies, Inc.); in D. G. Shaw and M. G.
Langlois, "A New Vapor Deposition Process for Coating Paper and Polymer Webs", 6th
International Vacuum Coating Conference (1992); in D. G. Shaw and M. G. Langlois, "A
New High Speed Process for Vapor Depositing Acrylate Thin Films: An Update"”, Society
30 of Vacuum Coaters 36th Annual Technical Conference Proceedings (1993); in D. G. Shaw
and M. G. Langlois, "Use of Vapor Deposited Acrylate Coatings to Improve the Barrier

Properties of Metallized Film", Society of Vacuum Coaters 37th Annual Technical
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Coronado and E. Cromwel |, "Vacuum deposited polyner/nmetal multilayer filns
for Soptical applicati on Thin Solid Films 270, 43-48 (1995); and in J. D.
Af fini t o, Conferencedregesdings (1994G0n h&tShae M. Rochng. M. @, Lavglay aechrel | and P.

M Marti " acuum
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by
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i nclyde " ] P e [ reactive or
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di el ect r iGrobq T, iAe ICotbadbal gie. @raffaEMes@henivell phi¢BsM. 814His,Ciralyae)-Oxifem cal
pretreatnent or flanme pretreatnent. Theseéfr etreatnents hel p. make 15t he

surface oftapsparaghBaricy LA apesicinte/ soaemiqatess $Yhremyak Tehnisel ¢ he

subseque | (or inorganic) layer. Plasma pretreatnent
can be pg ane & rsgeuegg{g ggsseparate adhesi on pronotion |ayer which may

have a di ffer ente SevHoskd alﬂrbohhﬂlﬂt}lcﬁ&aﬁlﬁ)byhyﬁfei taybiajaad alkayaet imorgagicut i | i zed
atop_an underl yi ng Iayer to inprove interl ayer adhesion. The adhesion

pro u orfayeayaid igsadhgdon togthe gndgeHIRe laﬁestéBfﬁF?’é’ﬂ%C%‘d?eﬁ?@%Q? IPyBProgFiat0a
met al - %@t‘r&'ﬂﬂ&ﬁ' @!&{P RYGA, ASirad1d %r%&éat&fen%%ﬂen iH8h&! o é‘ib&ﬁcalf@&cgh pitride
or nmetal ‘oxynitride Re”adhaésion profot i on ayer %ave hi ckness of a
f ew nm ( @nthe prisedee af asgitable redudive oﬁﬁomreacamjatmspltwe (ehg cidesmd, feladesi r ed.

The desired _chem cal conposition and thickness of the snoothing polyneric
| ayer wi |91SCHIZENEPIPRR ?ﬂé@rh@r%?ndlﬂ?é trichagie DirH2es Of ALSPRPEIEBHE of the

SUDSL T 2t Gy hliech U HRSP e AORR AT AR S SHAERCTROL ph Oy LA I A paROL N,

defect-free s ace to uent 1 norganic |layer can :
For lfexarmhesurfd@e oﬁﬂmomheﬂgngdﬂyymor&rebqyﬁe torfyrmhaveoftht huledeqesislyof a few nm

(e.g., 2 or 3 n bout 5 mcrongters, and can be thicker if sired. As
descri bedPBlied @lineﬂc Hdngrgreelay s Blanpt Prefigament Faicke Raﬁ%cq?%f@%ﬁﬁc& ayer

separate adhesion promotion layer which may have a different composition than the
polymeric layer may also be utilized atop an underlying layer to improve interlayer
adhesion. The adhesion promotion layer can be, for example, a separate polymeric layer or
20 a metal-containing layer such as a layer of metal, metal oxide, metal nitride or metal
oxynitride. The adhesion promotion layer may have a thickness of a few nm (e.g., 1 or 2
nm) to about 50 nm, and can be thicker if desired.
The desired chemical composition and thickness of the smoothing polymeric layer
will depend in part on the nature and surface topography of the substrate. The thickness
25 preferably is sufficient to provide a smooth, defect-free surface to which the subsequent
inorganic layer can be applied. For example, the smoothing polymeric layer may have a
thickness of a few nm (e.g., 2 or 3 nm) to about 5 micrometers, and can be thicker if
desired.
As described elsewhere, the barrier assembly can include the inorganic layer
30 deposited directly on a substrate that includes a moisture sensitive device, a process often
referred to as direct encapsulation. The moisture sensitive device can be, for example, an

organic, inorganic, or hybrid organic/ inorganic semiconductor device including, for
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30 deposited directly on a substrate that includes a noisture sensitive
device, a process often referred to as direct encapsul ation. The noi sture
sensi ti vewdevioosessan be, for exanple, an organic, i norgaairaS2am/obasksi d
organi c; inorganic sem conductor device including, for WO

2010/ 056559PCT/ US2009/ 062944 exanpl e, a photovol tai c device such as a Cl G5
a display device such as an OLED, el ectrochrom c, or an el ectrophoretic
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t he gradient conmposition oxide ayer.3?or exanpl e, & devi'ces can be

attached stfic HgltidgetovieEorc@hdrs € IF1 &8 tefcatrenic ABdices dADE chadpshRtcdep@sily ed to
protect electrical connections fromthe inorganic |ayer deposition. A

snoot hi ngVighihgestdient cagppsitiopioxife layao ripaskempleyde degisehandspéashcddo as
descti be L I t hen.: X j .
el oct 11 cal AR HIRERy0Re 8 (TR GRBSHIRRIPE SR BERGIARAAS | (e
f ol | owi ngrdrh khesihoghni¢daykd @xusinlods A smomhingpodinheriedni@ aadthuasganicages arc
by wei ght unl ess otherw se indicated. Exanples Exanples of barrier

nt

assenbl | g8nhedeperiad apdesaribealsmmiceaned theimaskgan theniigacngeshacaiosdeste i bed
in US Paeit. Nosectodd0, 446 (Shaw et al.) and 7,018,713 (Padiyath, et
al.). A gradient 1norgani c oxide |ayer was made by two dual AC reactive
sputter deposilEdcaiplafichbddesncanphidyicvwgbé wescABdHa thieiadlloAThpidhwstatBappl i es.
Each pair of dual cathodes had two Si(90% /Al (10% targets and. two

Al (Y504 1 sxemgby. nayyeh Al patimadinstrepgeseda Py reigb nalessefhpyissindieagdy of t age
for each pair of cathodes during sputtering was 20controlled by a feed-back
control |loop that nonitored the voltage and controlled the oxygen flow such
that the voltage would remain hi gh dxhnnses crash the target voltage.
Exanpl e 1: Barrier assenbly on polyethylene terephthalate (PET) A PET
substrate filmwas covered with a stack of an acrylatc snoothing | ayer, a
25gr adi ent i ndixgamies abpdier psroplicawsicl madsronexyagsunSoatey sinalggtodfic acr yl at e

Profecti Ve, L @&l iibed in U.S. Patent Nos. 5,440,446 (Shaw et al.) and 7,018,713 (Padiyath, et
al.). A gradient inorganic oxide layer was made by two dual AC reactive sputter
deposition cathodes employing two 40kHz dual AC power supplies. Each pair of dual
cathodes had two Si(90%)/Al(10%) targets and two Al(75%)/Si(25%) targets connected to
separate power supplies. The voltage for each pair of cathodes during sputtering was

20 controlled by a feed-back control loop that monitored the voltage and controlled the

oxygen flow such that the voltage would remain high and not crash the target voltage.

Example 1: Barrier assembly on polyethylene terephthalate (PET)
A PET substrate film was covered with a stack of an acrylate smoothing layer, a
25 gradient inorganic oxide (GIO), a Silicon Oxide (SiOy), and an acrylate protective layer.
The GIO had a depth composition varying between a silicon-rich oxide adjacent the
smoothing layer, and an aluminum-rich oxide adjacent the protective layer. The individual
layers were formed as follows:
(Layer 1 - smoothing polymeric layer) A 244 meter long roll of 0.051 mm thick x
30 305 mm wide HLA PET film (commercially available from DuPont-Teijin Films) was
loaded into a roll-to-roll vacuum processing chamber. The chamber was pumped down to

a pressure of 7x10” Torr. The web speed was maintained at 3 meters/min while
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The GTO had a depth conposition varying between a silicon-rich oxide

adj acent the snoothing |ayer, and an alum numrich oxide adjacent the

pr ot ect i WeOl2a10805655%he i ndi vi dual | ayers were fornmed as fPoriusas9/ofioayer 1 -
snoot hing polyneric layer) A 244 meter long roll of 0.051 nmthick x 30305
mm wi de HLA PET film (comercially available from DuPont-Teijin Filns) was
| oaded into a roll-to-roll vacuum processi ng chanber. The chanber was

punped ddn#intasning Bedselpide offthafilm o @ush withigecopine diparehilledstomdd heaViiéd at 3
ters/m il / P / 4 i.nt ai.ni ng.t.he backsid
L

i n cont actimaihaholtdieerdbteNBRIBS ST Edmtnididl 3R ailvitse fomatRetomct)NTae Hiacsyat odecane
di met hanol diacrylatc (SR-833S, conmercially available from Sartomar% . The
di acryl attasyasuwa dagririg asyeguicof2 0prlosspii to foatipgrardrpusincdrat ¢ flopoate ng,

9 ‘ E . | . .
operat oa S el Mo at & ofpsqlid MinsP obothlf e Hlalthlt BEOOKG RIS ™
mai nt ai ndgaet vapstiAtiod biganiles whainthigcdBITHe IC. Tap assufiinpaasnean depaadeant o t he

filmsurface and was el ectrgn beam crossli nked usii%g?a pl asma- gener at ed
beam operapéensgd owroshq {jing pyyfare gnéhwap glepombeimn gosslinkederiys aplesiayer . (Layer

2 - inor I ) EWe%.d' t r i1 and with the
10film st?%% P%&}egq%g%togc% W t%'sﬁ%ye aﬁ(ﬁ %%n%qg%ﬁ{%lyg@nﬁg?@%% laggr-' deposi ted
atop a 162 net(@aydrenghbreahictihierddiritditelycdat td aoshats defaiton ahdavidl ther nat i ng
current (AC) power supplies were used to control two pairs of cathodes,

wi t K0 eac HEbHHgaEONeY Iy thevibumat GEP dayermes shutier-derasHedator grndimiier two 90%
Si/10% Al h i 0 04 Si
i gors (PAL LR A DhuroRg,tpEds LM BB TR AL RS

15Mat er i ab@} usddupicogtrelpuwotpairs depalsedes omith tdvh cathotlabeussiggmnal tafgeanTeach power
supply was used as an. input ortional -integral -differentj al

f
control |f€étwaf®dﬁﬁp?49@?3%ﬁo 89%3?@%3%&%&%@ IO ChRACIPIEURHDYL. The
first AC W)&‘ﬂ/zwm'té{r%ét@%{a}gfé&rﬁrﬂ&cﬁﬂgoaf%a%%‘yﬁéh AQH9% 2’5&}3&9 5000 watts

of power, w a gas xture contal nin sccm ar gon sccm oxygen
at & sputMeteriplse $auing spiitt dapdditidng khe. voltage signd ichnACich@oaeirer &Gplypphyused

sputtered the 75% Al /25% Si target pair usin 00 watts of power, with a
gas mi xt (&N JUY 59T mapq@en@eewggﬁ-&t{??raﬁa %%@ﬁqﬂp&sw&éwal&ta a sputter

ressure ): i i i ; it ed
gt op 'l[Jhe ﬁﬁg(%/egerrﬁiiﬁééi'cc%xggéar% f(;la-\k}'té eRhHRE "ﬁle%ﬁspﬁt%%i( S&Bp@ é}ﬁl&'t@fedqg@@@){,

S1/10% Al targets using 5000 watts of power, with a gas mixture containing 130 sccm
argon and 40 sccm oxygen at a sputter pressure of 2 millitorr. The second AC power

20 supply sputtered the 75% Al/25% Si target pair using 5000 watts of power, with a gas
mixture containing 130 sccm argon and 23 sccm oxygen at a sputter pressure of 2
millitorr. This provided a 35 nm thick GIO layer deposited atop the Layer 1 acrylate.

(Layer 3 - inorganic layer) Immediately after the GIO deposition and with the film

still in contact with the drum, a sub-oxide of silicon (SiOx, where x<2) tie-layer was

25 sputter deposited atop the same 162 meter length of the GIO and acrylate coated web
surface using a 99.999% Si target (commercially available from Academy Precision
Materials). The SiOx was sputtered using 500 watts of power, with a gas mixture
containing 200 sccm argon and 5 sccm oxygen at a sputter pressure of 1.5 millitorr, to
provide a SiOy layer approximately 1 to 3nm thick atop Layer 2.

30 (Layer 4 - protective polymeric layer) Immediately after the SiOy layer deposition
and with the film still in contact with the drum, a second acrylate (same acrylate as in

layer 1) was coated and crosslinked on the same 162 meter web length using the same
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(Layer 3 - inorganic layer) Imediately after the GIO deposition and with
the filmstill in contact with the drum a sub-oxide of silicon (Si0",
wher e x<2yorom/dse3ser was 25sputter deposited atop the sace/uBe@9me19es | engt h
of the GO and acryl ate coated web surface using a 99.999% Si target
(comrercially available from Acadeny Precision Materials). The SiQ was
sputtered using 500 watts of power, with a gas m xture containing 200 sccm
ar gon andcsergbeandgiongen faitlayeishbut with phase sxgaptions. Elwtran bpam grasslinkéngr ovi de

asSo | r r QXi I¥ I . hi ck .4 -
protecti \a}kéaespcgﬁgrreoﬁll)ég ! g?é%r{l}lﬁlérlr?%%lﬂ?%&eel %/u%a%pt%};ea?gq%}e? él 6,?(1 F'ﬁ@%ﬁ@%sosi tion and
W th the grovideddd 30 i ac8Mtatiyctatbp L@ 3drum a second acryl ate (sanme
acrylate as in layer 1) was coated and crosslinked on the sanme 162 neter

web | engt h usiHy resdtingfonr ixpenyadk asbs soparrigsplrtatoshdited ga geprage
conditio . o i . i t . m

cr ogésl i nk%ﬁﬁ%%\}vgrgﬁscngl?%?egégug&%’ﬁ%g&gh%ﬁf?\%ﬁ&%%& %Ecﬁﬁet?%ﬁﬁl?%bogﬁzt ed at 9
KV and 2.626w¢oh.400hins amdt 200 ehemamsubsditut age aaglylofiideayer Aatang vapyer 3. The
resulting four |ayer stack on the polyneric substrate exhibited an average

! P !
5spect r al TAPRESIONIAF 3RS TRGagH R 0p 3cgerdapes Vel AN MVel24dish§0t hangdpeadH
transm Ssa!nﬁZthe?lﬂl %?Qelémhé‘ﬁbéé‘g/d@&yﬁ I RASYLS Hinff ra &Qhé‘f\%@g&f .
i nci dence. wat er vapor transm Ssion-rate was neasured i n accordance with
ASTM F- 1 Z22FRMA TRA N VWRoM b BRIV §MR ttfilgrsgstaint (covametrgd| BviviaNeb10 1086 g/ n2/ day
| ower detection limt rate of the MOCON PERVATRAN- WO Mbdel 700 WTR testing
syst®m (MRPEMNTEE)y avail abl e from 10MOCON, Inc). Exanple 2: Depth profile
of gradient inorganic |ayer. A three | ayer stack on a pol ymer
substrate was prepared by depositing Layers 1, 2, and 3 in the sane manner
as ExanplExaimpleQt Dépithpudfidepgsadiemcinbiganicieer.4 acryl ate. The 15absence of
a top |layer acr¥l ate allowed the resulting three Iaig)(}a{dpstack to be neasured

usi ng ti me- of -4 HghiaysetaskeiryPolyneudstrap aas pipatcd \py drepsitgayyesnl -
TOF- SI VB j nst: ' i . T
afn'a%tlh sryine(rﬁﬁ{ﬂg? EscE?Mllyle g}/@ﬁt_v@m&ﬁt Iié I gfgh%%e ]Rqéﬂ\?r %?Exgﬁw) ThéA‘.

positive 1on analysis was perfornmed using a p mary ion
beahy w tdbsencbeéimtal lapataerylat ahbwed thd rédulgngathtbedaycan@atly &i s meaarcdfuszig01. 1m

x 250pm Depth_profiles were carried out using a 2 20keV i on beam
rast er ed tg{le-ﬁgﬂlﬂbﬂ PRFORYAEyY 10 m%ssgpﬁfrt&m%mmfgglé\é%w Fﬁ@ngérﬂéwa@mﬁm

(commercially available from ION-TOF, Germany). A positive ion analysis was

performed using a pulsed 25 keV Bi' primary ion beam, with a beam diameter of about 3
um, and an analysis area of 250um x 250pm. Depth profiles were carried out using a 2

20 keV 02" ion beam rastered at 10x10 mm. FIG. 2 is a plot showing composition change in
an inorganic layer. The concentration (y-axis) of aluminum and silicon as a function of
sputter time (x-axis) is shown in FIG. 2. Sputter time, in the TOF-SIMS apparatus,
correlates to the depth through the coating. FIG. 2 is a plot of the composition of the
inorganic oxide layer, measured from the last deposited material (at left in plot,

25 corresponds to optional additional inorganic layer 140 shown in FIG. 1) to the first
deposited material (at right in plot, corresponds to first inorganic surface 132 shown in
FIG. 1). As shown in FIG. 2, the concentration of the aluminum (Al) decreases at around
90 minutes, and the concentration of silicon (Si) begins to increase.

The disclosed barrier assemblies can be used anywhere that protection from

30 moisture is desired, including but not limited to displays such as those using OLEDs,

electrochromics, or electrophoretics; semiconductors such as photovoltaics and thin film

transistors; electronic paper; signs; lighting including OLED and other electroluminescent
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an inorganic layer. The concentration (y-axis) of alumnumand silicon as a
function of sputter time (x-axis) is showmn in FIG 2. Sputter tinme, in the
TOF- SI VB wppareatsess? correl ates to the depth through thePcoatseongioeBs 2 is
a plot of the conposition of the inorganic oxide |ayer, neasured fromthe

| ast deposited material (at left in plot, 25corresponds to optional

addi tional inorganic |ayer 140 shown in FIG 1) to the first deposited

mat eri al sQHf stetqlighting; prickeging sictuséoioad. nhgrmagesticyl gad ghgmicalngekasdng: 132
shown in Fl of As shown in FIG 2, the concentration of the alum num
(Al') decreases &t around 90 m nutes, and the concentration of silicon (Si)
begi ns to i ncredss.otfldieidiisditasedlihanibesr cxpassinbfdatse cabs, htous8dar@ny wher e
that protection from 30npisture i s desired, including but not limted to
di spl ays Hysisalgondivesaisad imie cpeerication aed elgbhy ¥hite Be Upderdpetasshior et i cs;
sem gond o) VO | gL t i s, electronic
pape§r:; s:ﬁg}éfgﬁgq ?gﬁ{%ﬁ%‘l i %@?‘um%&g@@?gﬁﬁé ngrﬂié%atéeﬂgé{:?g@ﬁ%}}gé%cent WO
2010/ 056 5hARETAIYRZARAEN 624N sotHedoiaing shé@fitdtiog andatkehgd oRirhsig@kudi ng
food, pharnmaceutical and cheni cal packagi ng; .and the_ like. Unl ess

ot her wi sePPIRFIBIQY thagcpn wrsepedaigyimoadhadesired pransrtiss seught inpripktaincding
physi cal rd i . i Ntk i 4 j :lainms arc to be
understo&gﬁgggﬁ%PﬁglgﬁggF#@ggmﬁaﬁgﬁ%cﬁﬁgﬁgfaggﬁﬁgwé ccordi ngly, unless

i ndi cated to tAlgrefemhdarayd ptiblécanun®titcddlerghai@rpessy seorfopsttd hérdint e
foregoing specification and attached clains are approxi mations that can
var {0 depeRtirige Uphaircabrededte i Hrdpare i %gh@w@ﬁ?mgﬁ cRROGBICAISHEYC BSE™t hose
skilled i; i hiZhng.:th chi i LN erences
and pub i DaEeeRin dihiscl Bl 3% LRGN A SEINBREE e i b S

10r ef er enh# a varictyedfraltentater aidjoricqtiealchi isnpdrsaitafms @an B¢ substigledsfpetief i ¢
enbodi nents have been illustrated and described herein, it wil]l be

appr eci atSRecing cohadimests shpwn aad geseriped withoytrdepaitipg fiomt thy s¢epsiafthe of

al t er nat L vay. g i it he
specificﬁg gg@%%ﬁggésﬁ%gﬁb%hgﬂggg@?&ﬁ%ﬁgaﬁfﬁgﬁ?g§g§§9%%%§H%?%%?@%8¥scope
of the prthsepcifti acbodduees dibtussedlpgtine dhewfore sit isnhendethbtahsavetosarybe

adaptations. or variations of 15the specific enbodi nents di scussed herein.
Ther ef or imitgd gy L}ﬁ?’@r@@awﬁét%hqqﬁ%v nichgsate be

-15-



limted only by the clains and the equival ents thereof CLAIMS 1. A
barrier assenbly, conprising: a substrate having a first surface; an
i norgani c | ayer adjacent the first surface, the inorganic |ayer
conprising: a first inorganic material, and a second inorganic
material; and a protective polyneric |ayer disposed adjacent the
inorganic |layer and opposite the first surface of the substrate,
wherein gy RipQ of the first inorganic material to the second

i norgani ¢ materi al changes in a direction perpendicular to the first
surface. 2. The barrier assenbly of claim1l1, further conprising a
snoot hi ng pol yperi.c | ayer, di sposed. between the first surface and the
i nor gani gl'l ay .amgr.asﬁ%'gblﬁacto > assenbl y of claiml, wherein the

i norgani c | ayer i s asibdtiatechakinghit firktrsanfaed; ssi ve. 4. The barrier
assenbly of claim1, wherein the first jnorganic material and the
second i norgani ¢ maRSNSNCERP AR thefust supfacs (RFBOTERYF BYles or
borides of atom c el erreeglgp,figiﬁ)%p Goups IIA TIIA VA VA VIA VIIA
IB, or JIB, nmetals of Goups ITIB, IVB, or VB, rare-earth netals, or
conbi nati ons thereof. 8firsfieorgeni¢ ingicriglsgechbl y of claim4, wherein
the first inorganic mat %rs;%c%lnd?x?o’{fgarniicsﬁ%eﬁalf rpt atom c element, the
second inorganic material conprises a second atom c el ement different
fromthe first atom groekcsnepnilymaidatdrelispatddadjasednhainongatic ikt andof
the first atomc elenent to.the ecoxr_lfd atomc.element. 6. The
barrier assembly of claPRR%ite ef%étisﬁ f“l‘f’e‘)fftg‘]r?tbsﬁatt%m c el ement
conprises silicon gpgd:didg rARAME REORbBalik SiHRdHal ROAPEdcORE irdldadicnuM
7. The barrier assenbly of claim1, wherein the ratio changes from
greater than 0.7 to | essatdsighcloinges ip atdirectiin pestendisulsetogba HFse siréacet o
the first surface.

2. The barrier assembly of claim 1, further comprising a smoothing polymeric layer

disposed between the first surface and the inorganic layer.

3. The barrier assembly of claim 1, wherein the inorganic layer is visible light
transmissive.
4, The barrier assembly of claim 1, wherein the first inorganic material and the

second inorganic material comprise oxides, nitrides, carbides or borides of atomic
elements from Groups IIA, IIIA, IVA, VA, VIA, VIIA, IB, or 1IB, metals of Groups IIIB,

IVB, or VB, rare-earth metals, or combinations thereof.

5. The barrier assembly of claim 4, wherein the first inorganic material comprises a
first atomic element, the second inorganic material comprises a second atomic element
different from the first atomic element, and the ratio is an atomic ratio of the first atomic

element to the second atomic element.

6. The barrier assembly of claim 5, wherein the first atomic element comprises

silicon and the second atomic element comprises aluminum.
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8. The barrier assenbly of claim1, further conprising a third

i norganic material disposed between the inorganic |ayer and the

- protective polyneric layer. 9. The barrier assenbly of claimS8,
wherein the third inorganic nmaterial conprises oxides, nitrides,
carbides or borides of atomc elements of Goups IIA I1II1A VA VA
VIA, VITA, TB, or JIB, netals of Goups III1B, NB, or VB, rare-earth
metals, of conmyenabic?Asehb FUaimi0whéreRAhE 18h ASRBTRLY: orEATRRAS. I
a substrate having a first “surface; an 1 norganic oxi de conposition

di sposed tad§sadant-} indhd direstions perperslecular e therdusiganics. oxi de conposi tion
conprising: a first oxide of a first atom c el enent, a second oxide
of a second atom c elenent; and a protective polyneric |ayer disposed
adj acent & he iTwetgaid assexblyefectampds firihenceandisoppoRird éokgwid mistial
surface of the substrﬁlt_e, wherein apn atomc ratjo of the first atomc
el ement tBSHORY! RebresmdhaingrRapicdperan the REHEREye PRIVAICHF FgER i on

perpendi cular to the first surface. 11. The barrier assenbly of
claim 10, further conprising a snoothing EOl ynmeric | ayer disposed

bet ween the fiThstbagigr pssembhrd cldva § whergarine thandi idergavarpatsiial eomprisey .
The barrigr.as |.a LSl [ r

i nor gani cog%%gﬁg&g%%%g%gedgg 8@%%%% mt“ %gﬁlﬁchnegéragng%f%%%@Sgngbfr%%’s&ﬁ’ 3’7 ﬁA and
t he pr ot e€1A, WElHdBy el B emb@lgert Grodps JITBhE/Bar ME raraeseliileialsobr ¢l ai m
12, wherein the oxjde Pf the first atomc elenent, the oxide of the
second at‘i?ﬁ:ibénaé‘f”ésn%ﬁrteo ‘and the third inorganic oxide conprise silicon
oxi de or al um num oxi de. 14. A process for nmaking a barrier
assenbly, conprising: providing a substrate; form ng a snoothing

pol yneri clO ayek banier #eemsbistomarisingf or mi ng an i norgani c | ayer on the
snoot hi ng pol yneri I A L.C |layer conprising an

i hor gani ¢ conposi t%oshg%{ﬁg%h%&gnag%g{%ﬁ@%%ghout a thickness of the

i norgani ¢ | ayer; and inorganic oxide composition disposed adjacent the first surface, the

inorganic oxide composition comprising:
a first oxide of a first atomic element,
a second oxide of a second atomic element; and
a protective polymeric layer disposed adjacent the inorganic oxide
composition and opposite the first surface of the substrate,
wherein an atomic ratio of the first atomic element to the second atomic

element changes in a direction perpendicular to the first surface.

11. The barrier assembly of claim 10, further comprising a smoothing polymeric layer

disposed between the first surface and the inorganic oxide composition.

12.  The barrier assembly of claim 10, further comprising a third inorganic oxide

disposed between the inorganic oxide composition and the protective polymeric layer.

13. The barrier assembly of claim 12, wherein the oxide of the first atomic element,
the oxide of the second atomic element, and the third inorganic oxide comprise silicon

oxide or aluminum oxide.
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formng a protective polynmeric layer on the inorganic layer. 15. The
process of claim 14, wherein formng the inorganic |ayer conprises

- dual alternating current (AC) sputtering of a first pair of
sputtering targets foll owed by dual AC sputtering of a second pair of
sputtering targets. 16. The process of claim 15, wherein the first
pair of sputtering targets conprise a first atom c conposition and

the secong paif R;fces%FfHFﬁq%&h%‘ﬁ%&@ikﬂ%’sénﬁ?!@ﬁﬁp?ﬁir@: second atom c
conposition di f%)erent fromihe first atomc conposition. 17. The

process of clai m 1provifiegeiswbstihls; first pair of sputtering targets are

ina first gaseous atnosphere,. and, the second t%agiu{)st%&%;sputteri ng

targets are in a se%%ﬁaggérgg%tus sar seﬁﬁerjgraw eren romthe first

gaseous at nospher e.forndig ad ierghzdess oo thednsdomhid@polwinetrielagpert the
substrate is provided on a rolf, and the form ng, steps are perforned
continuously, in order, HESIEGIAXEFOMPHEBS AR PREaGHq Gogiposition that changes

throughout a thickness of the morganic layer; and

forming a protective polymeric layer on the inorganic layer.

15.  The process of claim 14, wherein forming the inorganic layer comprises dual
alternating current (AC) sputtering of a first pair of sputtering targets followed by dual

AC sputtering of a second pair of sputtering targets.

16.  The process of claim 15, wherein the first pair of sputtering targets comprise a
first atomic composition and the second pair of sputtering targets comprise a second

atomic composition different from the first atomic composition.
17. The process of claim 15, wherein the first pair of sputtering targets are in a first
gaseous atmosphere, and the second pair of sputtering targets are in a second gaseous

atmosphere different from the first gaseous atmosphere.

18. The process of claim 14, wherein the substrate is provided on a roll, and the

forming steps are performed continuously, in order, as the substrate is unrolled.
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