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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 ¢
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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
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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) desz@ﬂi&n?a]ilBex(ilHadlay@iaf‘eneEu‘t&trat)s suetngk 26 413, 645
(Gaff et al.)._The oxide l|ayers in such tilayer. oxide_coatings are

hormgenedwévmﬁ f&mm%shtaubaﬁleémmrﬁae eadls H%litﬁl’r wd pegensistly dexRisstoner 3Mds been
to pr Oducs%lam(!&ﬂs, hAY Blord Lok 1MAE H)@lnﬂogroﬁ%gca% ngﬁbr?processmg.

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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| ayers in a graded barrier stack using a variety of chem cal vapor
deposition (CVD) techniques, such as described in U S. Patent No. 7,015, 640
(Schaepkewe 2eto/mbssp. 1t is WD 2010/ 056559PCT/ US2009/ 06 2e2AISh@vioeaved 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/ oxi de transition. The nultilayer barrier coatings produced by
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ratio of the first inorganic material to the second inorganic materi al
changes in a direction perpendi cul aSWynaRe first surface of the substrate.
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i nor gani ¢ oxl donp05|t| pos | acen e first The
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el ement, and a second oxide of a second atomc elenent. The atom ¢ rati o of
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barrier assenbly turther inc es a protective po ynmeric Fayer |sposed
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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.



30polyneric |ayer on the inorganic |layer. The inorganic |ayer includes an
i norgani ¢ conposition that changes throughout a thickness of the inorganic
| ayer. WO02056858559PCT/ US2009/ 062944 These and ot her Pagfmsea09/065944 he
present application will be apparent fromthe detail ed description bel ow
In no event, however, should the above summaries be construed as
limtations of the clainmed subject matter, which subject matter is defined
sol el y by t he Hicsaenfeether aspesss afrtlic present appligagian sntl de appareptyrase thenended
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specification reterence 1s made t0 the appende raw ngs, ere like

r ef er enceonstrRidalk $indRsibanett the blakeddubfdctinafsr, @hemBabRct AarWhedfiica: 10 FI G
1 is a cross-section schematic of a barrier assenbly; and FIG 2 is a plot

showi ng celboby theaaehed ipamp and fheinpaptyalents. peipay be yhandadgiyrigs are not

nece sarhhgxk&j cal e. Like nunbers used in the figures refer to 15 |ike or
simTar conponents. However, it will be understood that the use of a nunber
to refer to a conmponent in a given figure is not intended to limt the
conponent in another figure |abeled wth the sane nunber. Detail ed
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i nproved barrier S y 1 ncludes at [east one | gani c aving a
conposi t ilike rtfeaince hamges dovighhte likbioe kindks cdhicast ahwhdrcinhe | ayer, i.e. a
gradi ent conposition. The inorganic |ayer includes at |east two inorganic
mat&ials, and the ratio of the two i norgani c materials changes throughout

the thi ckness @f; e, 25L00ABNLGAYEGS o fick AlbnRl o T nor gani c

materials refers'to t relative proportions
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,



each of the inorganic materials. The ratio can be, for exanple, a nass
ratio, a volune ratio, a concentration ratio, a nolar ratio, a surface area
rati o, orwaroekeise rati o. Each of the inorganic materi &C3/USa0w0e29g4 adi ent
conposition includes oxides, nitrides, carbides or borides of different
atom c elenents. The resulting gradient inorganic 30l ayer is an inprovenent
over honpbgeneous, single conponent |ayers. Additional benefits in barrier
and opti carupneprasittésolyasr gﬁ% Henylilgy erasadiopidporeynpipabeanaiibemior Riagk WO
2010/ 0565 0 4 : i films. A mltilayer
gradient($§§§%%ﬁ?%3%%#g%%&éggyﬁggg%égggga%%ﬁgggghﬁggﬁP%Lenhance opti cal
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to the subsigamit ayct changes @rthodireaioh peipgeadisulasio tht susaatel Nwlande a noi sture
sensitive material, such as an electronic device. It is to be understood
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i nor gani ¢ ek i E i . t . concentration
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assenbl y drgardiber inbriahicdesedals mbashhhagoqrehy nareainay e cotitaposadniretioneen t he
substrate and the inorgani¢c |layer. In another enbodi nent, the barrier
assthbl y thipueh@t thefRickess dregiddt ecti ve pol ymeric |ayer di sposed on the

| nor gani ¢ | a.y%on&%h@%&??ﬂ&bdrﬁ&ﬁ}s@@%@ﬁr‘ﬂ&e‘??ﬁél&f‘%ﬁ%ﬁéﬁﬁﬁﬁ%ﬁ@l Eficforma

"dyad", and in one odi ment, rrer assenbly can i e nore
t han one layadispbordbicngeca thelbibstratgend ldar inoganiadsenblnyanoliae bmbbdinteat,itior gani ¢
layers in a.nultilayer barrier assenbly, such as a barrier assenbly that
i ncl udes REIE ap3earblv Authgy gludssp PEdcqtivg Pelymeris laxst fsapssdion the inorgapire
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t he substrate, n a’roll-to-r rml to the system
dest§ i bectnitodinGt, tRabemicr 28dobly GnidduddiofcShavoret dyall, forming afm0igygi 3
(Padiyath, et al.). The deposjtion of the layers can be in-ljne, and in a
singl e pd¥&FRSSHRNY ﬁ%chs%}@bf‘ewpraaﬁlcslalﬁés B BT 48 DigicF P s 841 dcan

pocs o WAL AT SNl AUy SO AN bupche L
be oxi des, ni tThcdascraasdmbdesambe fabricated by deposition of the various layers onto the
substrate, in a roll-to-roll vacuum chamber similar to the system described in U.S. Patent
20 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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25bori des of nmetal or nonnetal atom c el enents, or conbinations of netal or
nonnetal atom c elenents. By "netal or nonnetal” atomc elenents is neant
atom c elwoentisesbected fromthe periodic table G oupsPCITAS2000i062944 VA, VA,
VIA, VIIA IB, or IIB, metals of Goups II1IB, VB, or VB, rare-earth

metal s, or conbinations thereof. Suitable inorganic materials include, for
exanpl e, nmetal oxides, netal nitrides, netal carbides, 30netal oxynitrides,
met al oxygningesitrigdedsientbnifitde beren nHedefumiaum oxysitride sHicer pdestrslgeh as
silica, aglum . oxi d Uch m t | 0X| itania,
i um ootk SR A el Ry bl A PR B

zi r coni UNMToXis dg exathPleiol Mspodil @lass YW2ARR/ HGESH9 BT (4430086 RR2B#4lal um num
nitride, silicon nitride, boron nitride, alum numoxynitride, silicon

oxyni t ri dendussingvihkihapranicr sclection o6 theuglagyg BeppPEwns 9¥?9&|hieiﬁﬁ%lk%lbori de, and
conb§ nat iC%P%tit{]gﬁr eof 1TOis an exanple of a special class of ceramc

mat eri al s at can becone electrically conducting with the proper selection
of the rel ati Vrpugieesd dfensitefthe aohzadicapatdberibedns thetfuleWing discussidmoil

purposes of clarity, the inorganic |ayer described in the follow ng
di scussi ghrected dowaEte@mpenien 0hoxidam HeVEYBnit sF todrivgdrstord il éic it is to be
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car bi des, es, oxynitri ori des "an scribed above.

10l n one wyboddevand tiaf litkchkséritedgdove: | ayer, the first inorganic material is
silicon oxide, and the second inorganic materjial is alum numoxide. In this
embb¥i ment , t HB o8¢ gwdediment of e ngrganiolRyere the: fuss inspeis argesl ihvibeRihout t he

i cknes Syl WPHENOIIAThGeh Y flatcrft B atuh iR Folide M fis Ybbfifafbat R0 a1 um num
near a first surface of the I'norgani c 9 ayer, gradually becom ng nore
al um numatdrait rstid oLalicastotahenidusitchacges ftironglidue tHei theknsubf hedndrganicr eases.

I n one enbodi nent, the atomic ratio of silicon to alum num can .change
monot oni cAYyC-&s theFfals grase sifeen thap Hunyaumineai a Gist futase phHcdRYERNIC{aygT, t he

ratio ei tRer\I)eEaasa o e idoll8s HShianee iR Md fSt furfudl surface
i ncr easesé,} (E)ut?t 9?&6 raglng{r%o%s "not %ﬁdgtasamltoncrseae'ss&e&an% d(facr eéa%g %’g a?%e
di stince ificromet.hin drieresiboglimémctbe htoarie as@of sllivoanotlhainenbadeimapt, the ratio

does not increase or g.rease nmonotgnically, i.e. the ratio can 20i ncrease

de
in a firsPOREPRFDN,25dbtdigarrelas halint SEECRINGHPES bf; hedainhehir st ance from
the 111 Stingtida6PddAGLEARR dAANLOEmIADRM UBRLee AELE SANKEZaRANRS 2

i ncreases and decreases In the ratio as t i stance mthe first surface
i ncr easesot hotll ihdreascand ded¢rsasean thoohshiomri foom feciangefacainchemsdsndn gasther oxi de
concentrati og,fro one, oxi de species to anot her thr?ughogﬁ%t he thi ckness of
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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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25by wat er vapor transm ssion rate. In addition to inproved barrier
properties, the gradient conposition can be made to exhi bit other unique
opti cal pwoperwdisesowhi l e retai ning i nproved barrier propertusea9/ odives

gradi ent change in conposition of the |ayer produces correspondi ng change
in refractive index through the layer. The materials can be chosen such
that the refractive index can 30 change fronlhlgh to low, or vice versa.
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heat - stab usi ng heat t1ng, "anneal i ng under tension, or other
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( PEEK) , qghl\/l%x{ @&nta@m@& ORQ &Eﬁ@!@ teriﬂhﬂﬂlaT&(ﬁﬂN%ﬁQ BOLYAB hSwRer & can BYNEONTM
HTE t er pol yner of hexaf uoropropy en

preferable to use a heat stabilized polyethylene 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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30t etrafl uoroet hyl ene, and ethyl ene), polycarbonate (PC), poly a-nethyl
styrene, polyarylate (PAR), polysulfone (PSul), polyphenylene oxide (PPO,
pol yet herwoi2d®/i588p) , pol yaryl sul fone (PAS), poly et her PEHIUSeI08/06PES) ,

pol yam dei mi de (PAI), polyimde and WD 2010/ 056559PCT/ US2009/ 062944

pol ypht hal am de. I n sone enbodi nents, where material costs are inportant,
pol ymer films nmade of PET, HSPET, PEN and HSPEN can be used. |In sone
enbodi merfodyphiliedareidpdnspae cpbeflignanin sdiciesmygrdrests ere ipwoytael Pelymes made of
nore exp R [ n I ro fi V.
suitableq?ﬁpczﬁ%gg?tggpggggh% ef%%%ﬁ?“%&%f“@g*ﬁ gﬂfoﬁ%%%ﬁgdﬂﬁmj*%%éeurning
to FI G Ibariidt@kefafthénct &y®irarhSkht] putimeeRing rhadeSdf nhd1e kg@dnisisrc Sntdratecahde

adj acent first surface_ 115 of substrate 110, and a second inorganic surface
138. | noruyahi €hg pglwmen Bl papshaye apyrpeiabla hicknerat for ararprle gbept0iGliste apagr gani ¢
mategial 134 and a second inorganic material 136. The rel ative proportions
of first and 'second inorganic materials 10134, 136 changes as a gradi ent

t hr oughout t heRdtininiene$3GoT, ihovgagiamiyer Il 3 giclulidda Fifst incdgdree turtide 132
perpendicular to first surface 115 of substrate 110, for exanple, fromthe
first incdipgantdirsiuFfaee] h53of substiaie | Kbabha spoend genigenis sirfaged 3¢ 3dnogpie 1 s
a schemat;j oloW . C i 51128, nd

G st butn op T FOppeior e AN bl Ao Rl S S AT a3

mat eri al iASQadic enatdriad N8 dThOresivw prdiaitidef ¢ostpad istédoad iddghbd gatrialir oughout
the thickness, and not indicate any restrictions on actual size, shape or

di st0i buti3dnlF chengesasa sradient thiou ko disi thiskncss Shiarganic ket 130t 20f t he
second i i hal f ier I, NOr1Gan] ri i s hi gher
ol ose t o Fropait ferBEClF o HA sl sTdrihorRONP RIS BN i Aofid

di r ect i onnérgueic dusaeoidd to fersgedridcinstghhiacarfd@8138l F1@nbdisweschembodeornt ( not
shown), the . ratio of the first inorganic material 134 to the second

at eri al
20i nor garielifa Ry Mafuch 81 depidedyies skarssad dtmbytion of Rethdini igogaricace 132 and
the ratiq,0e6583985d 's&o'hE‘?no?%a{n‘?& L RBiaf PHANE i REGRE% kﬂbef ﬂﬁf‘%%_c%&{phﬁﬁ?n 138.
The inorganic |ayer can be rmed using techniques enpl oyed in e film
met & 1 zi nhasgds tisoaghoas tiephickesss,gd (et tdjcacadniyaderiotionsloaratuahsghshaparor
sputteri evapor at i resistiéﬁp%%)%kectro beam evaporati on),
d

cheni cal ncg)%ﬁl%ﬁm dgqt?ﬁ?agﬁ,(lené%fﬁiegth%gn% g Eatiojop thesecandyapteanich e

| nor gani G h@yar 3k o IR A AnsShAY n%E i1 §54 i igse 't ﬁ'ﬁsﬂ SoamRUdi-BEL NO-
Enhancedqgagggegbﬁ?g%ert|gs hage %gn gbsefggg%ﬁﬁgﬁ?t er¥ﬁ%rgg%%c5%ayer i's
formed byl34 and gle e dgsredbep ostht idonctiomchwagisecsndciho@anisputfaer 138g Iconpared to

| ower ener t echni.ques such as conventional chem cal vapor deposition
pr ocessesa.n%ﬁefﬁ‘%} ?Alﬁléph@%%\s 3556 fatiggytyhe ﬁﬁst ingrgaalq %@f@ﬁﬁtlﬁéﬁo SCeanced

progerti Giﬁor%ﬁﬁc Aert? 18R HOGPRAREE 8t FRRGHRSsuMatd Y3 thbthe HR RIRELLAt €

with greater kinetic energy as occurs in
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.



sputtering, leading to a lower void fraction as a result of conpaction. WO
2010/ 056559PCT/ US2009/ 062944 In one aspect, the sputter deposition
process CW020B5685a] targets powered by an alternating ®aTSR09(06LIN4 powner
supply in the presence of a gaseous atnosphere having inert and reactive
gasses, for exanple argon and oxygen, respectively. The AC power supply
alternates the polarity to each of the dual targets such that for half of
the AC cycl e Fnene aspgeigétc spytterepesitippp@cesidan Hee Giahtarsatapeeered 8y #he anode.
On the next A ity it S u raets. This
svi toni ng suEi SR (RE) Bod LBy A RS e BT S b i Rloh R v
ot her freageentd Ractdarnabes e tkanily gon ah@bxydgen| REpRAVEISAThAOAC goker process
forns oxide |layers on both the substrate receivin% t he inorganic

t

conposi t i9APlY fes theoplarh te epohapd shedual eeatayusbithat forchadh ofitee £ webxi des
can ??Co%e%é}gétqg%edcgmo'ag A RS DG i M%%SH%’. dﬂ thE %B%ﬂhcgglettﬂ?e%&% ter
cess. Polarity switchifg r sur

deposi tion pr C can neutralize't ce terial
bei ng spuitiehertbdiwosn thbduilaigedssThiagwitclang pEdivd sta senfréQrenty, Yoddniped t er
control of the deposited nmaterial. In one aspect, each of the targets used

for dual akeuisflifizeplthoget ather Henummeica can PyyrwdnRrygendhatinifredugeddntotbat , or a

m xture ¢ £ . d -t h
nor gani @ Pybrap SLileRACIRORh ot SRREE roclhly Gk 2R (bl
first setal@forsthubigidend thcatget She ikedtibstided @nteesmeohagepddkignat e t he
second set of sputtering targets and a second portion of the inorganic

|l ayt} i s SpEfgEe Byrdy digpptae thaspytics depgsiioninseccssiPalprithavideusneriset of

sputteri g Lt i j nges in the
thi ckneso e AAThE surbR LCATRERL L hufiod i ELHRR, fnd B GRRCOCT t Cer
deposi ti amiforotessd bater userdl af getdeppowdmederiy. di rect current (DC) power
supplies in the presence of a gaseous atnosphere having inert and reactive

gasses, for exBifpresnerlstchaidholejgrinusc dapset Aetpyticriecapanglide? Sieglspl i es
Supply POHGE dirotimePl AP BIR xR, Gl CaiAdBnhB08kmhdeReRdent of the

ot her power supplies. I'S aspect, eac i vi dual cathode target and

t helTor r geptasrdefite Mot gmi@lay @rathos2the tispub tieg eubsatiteds témsitaudigy thediraf power,
provi di ng addi tional control oé comgosition througq]the | ayer_thickness.
The pul sisRpPlaPplEtnerEHe B ¢ @gp provesriogingtniheareand sehef sPrigfifency
aspect i n,AGSRHLLEL i GO FhofORt 194erqf aliodht Wid Bt Qekib the
presence g?g?eagtfgghgggﬂggégﬁgg SJ%%(£S§%X§SQ%Q %%?%?ﬁgﬂtf%pgwggﬁgupplies
al | ow contsinglthofecpod satiof ypugttering tarpets. Thacorapdsitadni fehd merganicf lager chaigesi al
bei ng sputtered fromthe targets, 30and can provide uniformty and better
control dFﬂFﬂE“@Eﬁ%é@F@H“H%F&%&é@?hym‘ I n one enbodi ment, inproved

cong ol duri ng,SRyhEELHBE, GaRpRE: A -sﬁi’cﬁl%rgé’esy&-iﬂ"&e%rght)éEH{;V@red Blpm ¢

conposition, of elenments I n each target, for exanple rget y WO

2010/ 056 5n8RTNIS300&t OGR4 in the predenca offiaxasroas efmabbert hevmgidrisindi con. I n
anot her enbodi ment, the re ativeaﬁ{o ortions of t2ﬁ@§$ ments i n.each of the
targets CSFUNE SBISFY dPREMPlGARRY VSRV ERECH Y- @Pﬂa%%uaﬁllﬁs ratio

throughout, n§1580WaP (G Hufsch BYHEr) td BacBNatHRIP i T8 eped Rint SXBEBIRr péwer

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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first set of dual AC sputtering targets may include a 90/10 m xture of
silicon and 5alum num and a second set of dual AC sputtering targets may

i ncl ude awd0RBHsedsat ure of al um num and silicon. |n thi CeMseaveaY4 a
first portion of the inorganic |ayer can be deposited with the 90%&si / 10%Al
target, and a second portion can be deposited with the 75%Al/25%5i target.
The resul ti ng i norgani c layer has a gradi ent conposition that changes from
about 909adpde praKBipof2byRIBIMaaddilicony &t sratheriembediabbttha odative t o about

1075% Al ) r% rrﬁblrgshofttﬁ'ﬁelgrlﬁ ﬁtl§ e gaschOff tlli;?ht%gg%ocrag #d Id?ff%rgﬁlte{o Jeadllﬁl OprBV1Iae tfé’lrp cal

dual AC sp neous oxi rs are arrier

perfor rrarxfaeylﬁg @ﬂﬂﬂ’ﬂl(hﬁﬁl@ tﬂl@ﬁgmm ﬁmﬁo@&nﬁeaﬁeayﬁf SneSatBoRlimehtefol exeplecd s i n
the layer_at the m cro and nano-scale, One cause of these snmal| scale

def ect s if&st sshel &l A pulicting tergets gy iﬁ@@d@%i%élogmmepﬁﬁi@cw #ih boundary
s bl P50 BRI AC SRR IS ILSHIRSS) PSS,

W t hout bei ng eory, It

the inpr Qihﬁdmbﬁfefﬂd%ﬁhd@homefﬂm aﬁb@aﬁmteﬂea gim@bﬁmn df@ﬁ@ﬁﬁtgfah&ﬂamrcﬁm BES
descri bed herein. effect can be that greater densjficatjon of the m xed

oxi des o&@ﬁ?@teﬁmlthqtée QP%ﬂ/éQ%AJé@gg@nandawcampwpma& badensitet wislkgsr coul d
take throughy {he, exi, %t I?e @Lﬁﬁrﬁégpp anE&?§§&%E§'g¥d£%gk&n§Pof€ﬂ fig effect

can be that by varyi e conp e ~oxXl grain
boundary dhatfigmtfionn alﬁtﬁllﬂ 90% Slits abigit 4%y $iquhd cdigetslyafrath @b@ﬁtl()%:AUfoEabOﬁt t he
filmthat also varies through the thickness of the oxide | ayer. Another
ef f &bt czﬂﬁ/bél)tth&ug?ﬁl%?t@tﬁk@%ﬁﬁtolfgtql%rgélﬁlcé?y@rom de gradual |y decreases as

the ot her oxi dgcanASNLY AL ARG, FARGRALALAHAL 1% LY GKAGESna hASHCT N0 the

probability of rmng snal t sites ere fect
sites ¢ arperfeﬁmhﬁce|ffonathe9ah¢m@gdnawusnguﬂaﬁaﬁdm seftertduans ddfsas anthe ddyes atahe wat er
permeati on, Returning to t he opti onal . snoot hi ng pol yneric

| ayer 120111&%%61&%#5@16 PR Sss %ths%ﬂ s;ﬂe?élr%%lqdﬁ&@IéS 13 Biereaty idxe fude Wy

pol ymer syl Bﬁﬁhgrofv%rmﬂ)%%e 'Hohﬁcgh;g@t@ct‘gﬁ%k% it {Henipo DG AHBEGH thef OF exanpl e,

both the snmoot hFng po ric tetlvep yneric |ayer
canlbe f ahivienksk bbthe\fdmi. SWithonobang bsurtdiat theasmj mdsebmevgd atveal offects

30net hacryl at es such, as urethane acryl ate i sobornyl acryl ate,
di pent aer{PPRVEGP tb%mpga&m%wm%ﬁ f4h¢ §ldIcBECOTIPIRRFATAL es bl ended

with styr i

B e R e T e A SR

di acryl atie thqogadhamtacglbai andesy eaths thoe mtagez vgpdirdoutal takcetlnrm@nrthd: atids are
pentaeryt rit tri ates, ethoxylated (3) trinethylol propane

triacryi ah 8@@1 3?%%% ipn) A@mhﬁﬁ%ﬁﬁ I 6#bPo hmarrwélgm&% sitiomdxy | at ed
trisginct 'tﬁ@éhd@ﬁ{a%rﬁise 61§1da§z' BRARYIENE b%'d)[s‘%ﬁ’ﬂte&ifé%ﬁl"tﬁﬂ%% gs, neopentyl

gl ycol diacrylates, oxy ated "(4) bisphenol a ‘di nethacryl at es,
cycl ohexanerostructure of the film that also Varles through the thickness 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

9.



5 di net hanol diacrylate esters, isobornyl methacrylate, cyclic diacrylates
and tris (2-hydroxy ethyl) isocyanurate triacrylate, acrylates of the
f or egoi ngwoebtrassisbat es and net hacryl at es of the foregoiPag/useooplostoes.
Bot h snoot hi ng and protective polyneric |ayers can be forned by applying a
| ayer of a nonomer or oligomer to the substrate and crosslinking the |ayer

to formthe polynmer 10in situ, e.g., by flash evaporation and vapor
deposi ti ohacrylags, p%@amlantﬁﬁétmsgfmtmﬂbn@l fsreeeryFatest peritentritgy tiigcadatcs.nki ng

di sobar g sEAER| G ofe B RER B PRTLEIE A el WPBhy BRIEAES Conbe

i mproved tﬁycrznedsg dloty@cs tirshetRInel ackyletcORATEIprélyl @lel e tiacBMatéd, SO be
applied to the substrate usi n%@conventi onal coat g nmet hods such as roll

coating (wopentylgysal diacrydates. sBosulipicddy) bisphepelkd dissatacrdatese cyclohexane
el ecyr OStcﬂﬁl'e&laﬁcElra"i‘é’c 9@6‘8{%95% 15055\%% %ﬁéJpla?é%chﬁsdlE&&laPeﬂ é‘%’s hy 25

pol ymer lay€rs can a contai ni g an

ol i goner @mylp@bwmnratermaaiym@tac@miemfyhmg)r&gzﬁng maﬁaapmtés@ddlrmtmcryl@tes enove
the solvent. Plasm polyrrerl zation may al so be enpl oyed in some cases. Mbst

pr ef er abl9f the feecgeingaseylateayers are forned by flash evaporation and vapor

ot No. 4, sod Ot SftoRRiRr SR O Ibalilpsiq yers 06, ior%y HERFHVRRS by ©
4, 842, 893 f(a¥h@ldnZdr or elig@her)to thd SubstRat and\NerostinRbv, 1B Thy b dbinz the)pol juhés. Pat

No. 5,018, 048 (Shaw et al.), U S. Pat. No. 5,032,461(Shaw et al.), U. S
Pat 10 No. 1B St97 -8y @ha?wamratacrn and gpey depgpitiongf a gadiatmoniesassfinkable ot al .

al ). P"’“ B ﬁ@g"véé By RRPly Bing gy eypmplein ey mﬁﬁ%@%é@"“éig’a o
( Sh aw et ladht saunck, YlcBtricRbdischibeze @pﬂrh&s@ Btl(ei(sla’[albtd (E)vlcel ﬁozm.ﬁgl elfﬁheﬁhyRﬁﬁ

Application No. WO 00/26973 (Delta_V Technol ogi es, D.. G Shaw and
M G Larf§l lsxpgoved/lszyrqu%t&érsultﬁéfa& irhe awn%b%rs@laoawr e%ia%lﬁ%be st tafg

Pol yer tl;baHa ]%Sagn gﬂgg %{ inD G
Shaw and\%t:)scﬁgte %t“t% ol s{1 'A! ﬁ%‘?&l‘lﬁx@‘ﬁ pee rﬂggecs ge¢ %r\}% %epom ting
Acr V3 at e cohiimg)far lspmy céatindndat, &'Ie,ctrSgaﬁlcESp,ra}B&mftmyﬁmhmmr@hm&rdSas36ttdut Annual

Technl cal Conference Pr ceedl ng in D G Shaw and M G Langl oi s,
"Use of VRBYH ﬁﬁéﬁbﬁ%lf/fr@a ewrl%ﬁ@ E%g egdyrapPiving b RCK (0atanRipg PR PlIgYBer t i es

of Metall{ d Gh thy fnid @1 E %Z&B MYalvedephghgal WO
2010/ 0s6sL BRI TS bl TR AT i ARAP R SLo grane Toadenth s shaw,
M Roehr ipglyrvrizgtioh anglatodeantlGed Sheahangses. l]!ﬂestq»fef&\ahkyoﬁmpewm&rd%}em e
Coatings to_Snmo Sur f ace of Pol yester and Pol ne Fi l m
Subst r at €4° forﬁﬁg%ﬁé\tﬁr\t m’ewop AnG vanqridepRsitepn loflowgs bF HYOSKIA ggsitic
Corgpado an as'iiesﬁ‘t?eﬁ'?ﬂ‘@ 4 Pat, W&H%dﬁggﬁiskﬁé’fg)o@ g rP“a'E /N@Maﬂzz@dlstmhﬁyer films
for Soptical application™, Thin Solid Filnms 270, (1995); "and”in J. D.
Af i nito,UN P&. No. 4,842,893 (Ylahzls et al.), U.S. Pat. No. 4,954, 371 (Ylahzls) U S. Pat. No.
5,018,048 (Shaw et al.), U.S. Pat. No. 5,032,461(Shaw et al.), U.S. Pat. No. 5,097,800
(Shaw et al.), U.S. Pat. No. 5,125,138 (Shaw et al.), U.S. Pat. No. 5,440,446 (Shaw et al.),
U.S. Pat. No. 5,547,908 (Furuzawa et al.), U.S. Pat. No. 6,045,864 (Lyons et al.), U.S. Pat.
25 No. 6,231,939 (Shaw et al. and U.S. Pat. No. 6,214,422 (Yializis); in published PCT
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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Goss, C A Coronado, G L. Gaff, E N Geenwll and P. M Martin,
"Pol ynmer - Oxi de Transparent Barrier Layers", Society of Vacuum Coaters 39th
Annual TewbnowalseBonf erence Proceedi ngs (1996). The sno@ChNSI@9avzd44
continuity of each polyner |ayer (and also each inorganic 10layer) and its
adhesion to the underlying | ayer preferably can be enhanced by appropriate
pretreatnment. Exanples of a suitable pretreatnent regi men include an

el ect ri cdford¢rsngeairgeccdings REONp:ds dhée SharwaMs Roehiis. &M r Gakarnslas ard Qon-r eact i ve
at nospher (s 1 | 0 i_schar, C i r ielectric
barri gr 'S é aélgg%segérfaéa\fqﬁ%%%ﬁieﬁraf fager@é%‘%%gsétod? %@ﬁgrt %e?%?%ﬁ%??gg'le&%f%}dr eat nent

or flame RgirbeEtNERim STbaaeesp RidTRak 96 ih e AffinedseP INdhite, MuIdrageCof the
underlyigg | ayer nore receptive to formation of the subsequently applied
q

pol ymer i Cqreradorige dafiregnwedly eY acupppdapasifdgiobaneraetal maltilaysr flptfogul ar | y

ful . : . hesi. i | I i t
useyl ARG, 05,0 PTRL00 oKW, G Y oh o e r
under | yi n@rok@yRNA. Cordrido 0N L. Gitaéft EayeGradives nnd P. Vhaladhe'PoBmdpraNidd i on

| ayer can be, for exanEIe,vg separate polyneric |ayer or 20a
met al - conkranspriegt Bagjisr Layeh ' #8cigtyl ofercuen Gastas 39theynapalohqehiicalnet al nitri de

or netal(gﬁxgkﬁ&ggggxﬁﬁgsﬁgﬂgzion pronotion | ayer may have a thickness of a

few nm (e. Q. out 50 nm and can be thicker if desired.

The desired chimse@otimespasl dontiuiansk dabh pklRers la9tr (ahé aBoeathhinagapiel ymeri c

| ayer will depend in part on the nature and surface topography of the

subdq r at daverhand i adbpuen toohp uadEtvarg Wy erorelsradlesae anbansed\by dBPERPERGOt h,
defect-fr c i . L3 i . . plied.
For - oxamp arheRe ExbApltf Db R RAMER L AR AR, dPMEER kiR RRP
(e.g., 2 iothc3prasgnct of ahotablcTeaitor ombderGctiangnoaphdoe(dd) gheana, iglovdesi red. As
descri bed el sewhere, the barrjer assenbly can include the inorganic |ayer
30 depositi¥daser %@Whéq%la%esGlﬁm%t@rrﬂ%ﬁsqhwp@aé%n%ph%icsnrw@resensi tive

devi ce, adi%@%g%i%h%{cﬁggﬁe?&ﬁﬁl%ﬁport n?éprgﬂréa‘%%nt,eﬁ‘ﬁé’si@?&%t?eta{rﬂ&ns H Eﬁ{égé?;“r €

sensitive vice can b or exanpl e, ‘an organic, organi c, or

or gahi ¢/ thasurfaniof tieamidedyidg tiyor mdeyvieceptivacd fodimagon bothe sWidequently

2010/ 056559PCT/ US20Q9/ 062944 exanpl e, a phot ovol tai ¢ devi.c uch_as a Cl G5;
a di spl ayﬁpag?ﬁ PVEGE R (GehR DY el et BEBGHACE! DT a et BisHbret i c

di spl ay; BB QlioPhiBffotiGh BRLf RhRMTASSESBL Bl tibh Qi B9 devi ce,
or other§§&EF%X?E%gng@gcpfgnﬁﬁ%d§V#ces caﬁgbgﬁgﬁgaﬁgu a?é’ |rec?Iy wth
t he gr adimiymetnippsimayodsobd deidedpep. ankoredyiagyer to ingrofevintelsyaan be
attached tg a 5erX|€Ie carrier fubstr tef and mask can Qe degPS|ted to
pr ot ect éd %51191}.6%1,3 aé FTHYRIPRRdon 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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fromthe inorganic | ayer deposition. A snoothing polyneric |ayer and the

i norgani c | ayer can be deposited as descri bed el sewhere, and the mask can

t hen be rwoovedsexaposi ng the el ectrical connections. Eremisasog/oeavpodi nent s
wi |l now be described in the following illustrative 10exanples, in which
all parts and percentages are by wei ght unless otherw se indicated.
Exanpl es Exanpl es of barrier assenblies were made on a vacuum coater

si m | ar t@ampke. 2 phefavelfai¢iéeded el as i QLGS a higpleyidenes such 2340 U4d.( Shaw et

.) and eYeché@hrloijni%(oP%g ?’e%%rg ho%t catllsﬁl%yé agglﬁfaﬁb (8P8thtelﬂ8 cgcﬁ)%lﬁinl%)s(éeg?solht%yer Vas

nade by reac ion ca

40kHz d UatatAGgiawedevicd PeH dtB&s. E@@chbl@ @ld’ctrﬁlfuc d@@beﬁ@h%@ﬁ&aﬁ@ﬁﬁt@ﬁv&@rectly
Si (90% / AL 10@6 tar ets and two Al (75%/Si (25% targets connected to
separ at e |0@@posm@n Que kyer. f eé@z@nlepfaﬁrdewe&:@m%@é@cfmrw Ag

sputteri [ Y, f red the
voIt%ge g%%mggnéggfgﬁ%@%%égggvagﬁ'?ﬁgeggﬁhﬁggﬂﬁég#ﬁ %ggén%%ﬁbﬁ9renain
hi gh and fagh tieyiastgahicdayicadgaisitionl tAagaootngiiolyénckic IBﬁHrrah& thealasIgatik Yayen
polyethylene terepht hal ate (PET) A PET substrate filmwas covered with a
stack of can badepesied asdesstibrdisavdires. ang thegpaskdpe thenibsdpgarids cenase tha ), a
Silicon Qlde..4 3080 Tfgnd an acrylate protective |layer. The G O had a depth
conposition varying % ween a silicon-rich oxide adjacent the snoothing

| ayer, and an Exeuipldiymbbditncdxs Wil ity be éaxeribditinphofdtobminveillustygive The
|nd|V|duaI ers were forned as follows: (Layer 1 - snoothin yneric

| ay &) Aezampf%éﬂ@rwlve}hegﬂ Py anéfpemee‘ﬁge%ﬁfﬁbﬁ.wgm uglssoeherish laglcﬁ{@sd\ PET film
(comrercially available fromDuPont-Teijin Filnms) was | oaded into a
roll-to-roll vacuum processi ng chanber. The chanber was punped down to a
pressure of 7x10-5 Torr. The web spd&dnvsles mai ntai ned at 3 neters/mn while
WD 2010/ 056559PCT/ US2009/ 062944

Examples of barrier assemblies were made on a vacuum coater similar to the
15 coater described 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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mai nt ai ni ng the backside of the filmin contact wth a coating drumchilled
to -10 C. Wth the filmin contact with the drum the filmsurface was

coat ed wwb 20100056359 cl odecane di met hanol di acryl ate (SR @83&S2a0mmm@aci al |y
avai l able from Sartomer). The diacryl ate was vacuum degassed to a pressure
of 20nforr prior to coating, and punped at a flow rate 50f 0.7nL/mn

t hrough an ultrasonic atom zer operated at a frequency of 60 kHz into a

heat ed vapeniaiang B bepiesidseat tharfile & sragcarvitheroginghiant eulied ond0nendntr
vapor st rgag) condensed anhoqhe tﬁét hlgﬂ %H»%Jcé%%s an eéf"@v?tp%gﬁg%ﬂ%llc@%am
ng a plasnma-genérate :

crosslinked usi eam operated a and 2.9 mAto
form an &BRcmhancldiadrdbe (SRYS33S, (dnyeicially-avhildhl@BBSdr@dyer) Thetrdiydite! y
after the acrylate deposition and with the 10filmstill in contact with the

drum a OF® Vagyep degassadigransessaiepd SOTdQranrsy te casipgnandgrumned gt # flow ratee

t e- T ' . | i
vor & used o R AR SO YGL AL Qe IR, AP BhL A S RENb 00 (B RGAPT' Tho
targets. hthedfhapsizadah bigdebet onlighined at 260° €0 UhSiréstQpAhotonticg @uporandarhhe

second cat hode contajned two 75% Al/ 25% Si _targets, (targets comrercially
avai | abl €opfgrderiadhs im sface spd Mapalcelrpabeam cropylinged upig ¢ elas@aposi ti on,

the volt i f j for a
proporti %gftegﬁgg?ﬁrpgﬁ%%?ag?en I a{]d gg%é{?%o%?ﬁb I?%ﬁaia%?’é%t%ﬁg&pr edet er m ned
oxygen flow t qlLeasal? cabladie.laybRelnihéditchGrponeracslypdypspivntaadedtt the 90%
Si/10% Al targets using 5000 watts_ of power, with a gas m xture containing
1301& com sl 18 santaet wigk hcskygen CHP 1ayes pias prtchderesiipaigp aJ 0dingtet or r . The
second A I h - 25% S| i i ng 5000
vt s of Souer HEISHRRL Ko RRh Bt F R Py Al A e LA PR B S Co e
oxygen atwae sipadt tbeonipolassypads of cZhadek ] witloeach cathiode powmgled targdt. mhe t hi ck

G O | ayer_deposited atop the 0Lgerol acrylate. (Layer 3 - inorganjc |ayer)

| mredi at iyt @fhode copaingd v dPastitOgnAbinash 1 thpeccond grtledq sontdingddMicact
with the dg 50X jl LOX le-layer was
25sput t erﬁo@%lg%?ot%:%q% éﬂs‘E?xg%ﬁséi%&%%ﬂ@%%&b}éﬁ%&%égﬁ gr%l%tgk%l%&gnd acryl ate
coat®ed waMatstialkp®mringispotta dOPosAABY LS valtaggepndl dmredchipaphley swppdy vabliedf r om
Acadeny Preci sion Materials). The Si was sputtered using 500 watts of
power W%Sﬁnén@%gorrﬁ B{Pm@oe%ﬁﬁ@gwﬂ-ﬁg%%wie%%ﬁwﬁogﬁan@nsaccm oxygen at a
Sputter r f 1L r Vi ' Lggrely 1
6 anm ¢ Arek ap EnRiosyeh ot bRl catoe PTIEEEAL, oL L shE i BBRUTH 0

| medi at ediyi 08§ Abtargdteussigx000ayats afppost, twidna gascniwintrt codteinfrigl IB0sechl i n

contact with the drum a second acrylate (sang.acry|late as . in |ayer 1) was
Coat od artiEei U SREPRSEC fld BHE el LT ih@ﬁ%oaiﬁﬁgp%% sane
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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WO 2010/ 056559PCT/ US2009/ 062944 general conditions as for Layer 1, but with
t hese exceptions. Electron beam crosslinking was carried out using a

mul ti-filwoento/sedse gun operated at 9 kV and 2. 06 mA. TirCI/yse@wioszds an 830
nm acryl ate | ayer atop Layer 3. The resulting four |ayer stack on the

pol ymeric substrate exhi bited an average 5spectral transm ssion Tvi s=89%
(determ ned by averaging the percent transm ssion T between 400 nm and 700
nm neas Lgeé@rageonéiltemsaﬁ rdager .t wéthdlecse axeentiens. Figsgen begn srasslaikane r at e

was neasuy W3 dan i M. F- 12 % RH.and the
result wavgaesgcg ée\/ﬁilaqqﬁgglgg 68@1%3’-'/&%%? eﬁﬁf %eo%l\éro%ggt%edc%i%ok% %F(ﬂiztb 8?;5/_%,?% of the MOCON
PERVATRANr¥\it¢d Mgk nrd QOry V¥ Rytesbp Ngysyst em (comrercial |y avail able from

10MOCON, Inc). Exanple 2: Depth profile of gradient ingrganic |ayer.
A three | ayer Biegenligng upbyghiacksabe pakysopis substisirgrdibited agaperade i ng

Layes s 1’sp ctra‘filﬂg?%?iisagoﬁr sis%gg% é@&%{l?cflgy %g&gﬁgteh%’pepc%}lﬁ t\(‘\%ntsﬁﬁ) fondlepoSi ting

t he Layer acry e ence o acryl ate al'lowed the

resul ti ngetwhiccdelODaye indsT@ECkn § Bcharddeas e adgle oif igiddno®- Afwdtén vapbr secondary
ion mass spectronetry (TOF-SIMS) on a TOF-SIMS instrunent (commercially
avai | abl €rasBsIONRIT RS nEmapyathi accprdspeg Vit & STdh FalddPys p9° Gaad pRYfodkted
using a Lo i 2 it ha i f about
S Trm andian s S8 oMoy PbOTELE YA BRI B RGO 2 e
out usi NPERMAAREN-W® Moi€r70baawTRasitRizasistain (d&xd@raiatly fvh{fabl fiom a pl ot
showi ng conposi tion change in an inorganic |ayer. The concentration

(y-!aQ(i S) MOCON:8um and silicon as a function of sputter tinme (x-axis) is
shown in FIG 2. Sputter tine, in the TOF SI M apparatus, correlates to the
depth through the coating. FIG 2 is a plot of the conposition of the

i nor gani cExa»mple 2t dy&th prefikwf gdadiemninbiganickyedeposi ted material (at left
in plot, 25corresponds to optional additional inorganic | ayer 140 shown in

FIG 1) to thet fhPSiayeeieki MePargmer SUaptretatyas peRare rbyae_a?ﬁlg%k%@gspbﬁds to
first 'n%g%%q?é%aﬁte&ggmk%s BRI Nyl d%ﬁ%giggg%%r gi'a lfe. THE

concentration o um num ) decreases ndtes, and the
contEnt r absamc of a sof lagaractfuty alegedthetresuitigy thasdayct bacldtslad msadrddarsinger
assenbl | E‘\usmec-g'EﬂPg%t lsjesceogdaargl] 31/0\/1\41 r%gs% S%Qcatﬁon?ertr%t (g"l"((:)tFi-glrll\/lé)r oonngl TOF-SIMS instrument
(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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30noi sture is desired, including but not limted to displays such as those
usi ng OLEDs, el ectrochromcs, or el ectrophoretics; sem conductors such as
phot ovol twDes16sessphin fil mtransistors; el ectroni c papecT/tse@uds2oé ghti ng
i ncludi ng OLED and ot her el ectrol um nescent WO

2010/ 056559PCT/ US2009/ 062944 solid state lighting; packaging including
food, pharmaceutical and chem cal packagi ng; and the |iKke. “Unl ess

ot her wi seolifdiatcdigdingapackaging Brckdigpioed sthagmacestical and chessicalypekaging: and
physi cal properties used in the specification and clains are to be
under st ood as %erng 5nodified by the term "about." Accordingly, unless

i ndi cated to tihgepwilidraigs indib@ed)WMiuhtals XPraasiBE &asurs 8ized, @hlolnisaridhe
foregoi ng specification and attached clains are apgroxinations t hat can

vary depatabisg nipeaitigsiscd éxsthe speopiicrien enéslagpiyrto bourdergerdishein®y t hose
skilled i . izl ng t i (8¢l I | references
and %ublf@%%?%%§§%Fﬁé H%?@?nf§$8&§§%§@ssﬁﬁﬂ?ﬁ%%%§§?%$§%ﬁﬁgF§§% by

10r ef er enagndridalt fadrhetemtset fottyl ih tHedotcpbimgdpsifiasionand Altidhedighimpaei fi c
enbodi nents have been illustrated and described herein, it will be

appr eci atd@arpymts dhas capyy Hapgnding ynonjthe depdred PrOPCHERS SauaPAq e gbtained

al t er nat . L yal 1k 11 OR: .substituted for the
specificqgﬂggéﬁﬁgﬁ@ghs d§£&§%§&52§3%%@@g9§§9§%@Jﬁﬁﬁgarting fromthe scope
of the presentAldielensisraad phblicitiampditeddictadm ates xprbdn dedriovated ercinany
adaptations or variations of 15the specific enbodinents di scussed herein.
Thet®f or dcfepgnce & thetr sptdy nfthis ¢pdogyirg cAblqned specific gnbe@imsaisyhars bedhe

cl ai > an, AR A AL AP TP 1D RRRRLARPABIPSTHTRYAR PRARE 4t i 5
claimed is: 1. arrirer assenBly, co I SI Nng:

that a variety of alternate and/or equivalent implementations can be substituted for the

specific embodiments shown and described without departing from the scope of the

present disclosure. This application is intended to cover any adaptations or variations of

15 the specific embodiments discussed herein. Therefore, it is intended that this disclosure be

limited only by the claims and the equivalents thereof.
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a substrate having a first surface; and an inorganic |ayer adjacent the
first surface, the inorganic |ayer conprising: 5a first inorganic material,
and a secwodoiossani c material, wherein a ratio of thePCirnstomoegani c
material to the second inorganic material changes in a direction
perpendicular to the first surface. 102. The barrier assenbly of claim1,
further conprising a protective polyneric |ayer disposed adjacent the

i nor gani Whatyiselagpefl ispposite the first surface of the substrate. 3.The

barrier assenb f im. 1 .t.her conprising a snoothing polyneric |ayer
di sposeda]bet weAe)rélat eég‘ifslg}gls Y g%r?%%gg'and the inorganic layer. 15 4. The

barrier assenbly ofa wbstkdie havivb e figdt Quifi; hmxpr gani ¢ | ayer is visible |ight
transm ssive. 5. The barrier assenbly of claim1, wherein the first
i norgani ¢ nateri al dridorgarcoseedinetnt Herfstruefagm the inargapisdpicr sempsisigegs

nitrides, carbides or barides of atomc elements fromGoups HA TI1A VA
VA, VIA VIIA |IB, or ||aéﬁgﬁ%19%agﬁo’?ﬁ%‘§%uéb@llls, VB, or VB, rare-earth

metal s, or conbinations d4Resebihorganicthaeldds ri er assenbly of claimS5,
wherein the first inorganic material conprises a 25first atom c el enent,
t he second i nor gani'thai&in@rptig obthapiritdeasggnic il tot thapecord Bpsganidi f f er ent

fromthe first atomc elr{?eﬁ&%l’ch%sg{]gdfr@&ioﬁéjﬁgaﬁ?&icﬁfaf)m the rfﬁ%ﬂsﬂrfﬁ’ée. the

first atomc elenent to € seco omc¢ e

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

disposed adjacent the inorganic layer and opposite the first surface of the substrate.

3. The barrier assembly of claim 1, further comprising a smoothing polymeric layer
disposed between the first surface and the inorganic layer.

15
4. The barrier assembly of claim 1, wherein the inorganic layer is visible light

transmissive.

5. The barrier assembly of claim 1, wherein the first inorganic material and the
20 second inorganic material comprise oxides, nitrides, carbides or borides of atomic
elements from Groups IIA, IITA, IVA, VA, VIA, VIIA, IB, or 1IB, metals of Groups I11B,

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

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

element to the second atomic element.

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

silicon and the second atomic element comprises aluminum.
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307. The barrier assenbly of claim®6, wherein the first atom c el enent
conprises silicon and the second atom c el enment conprises alum num WO
2010/ 0565850RCIVISE&2909/ 062944 8. The barrier assenbly ofCEliskombe2oher ei n
the ratio changes fromgreater than 0.9 to less than 0.1 in the direction
perpendicular to the first surface. 9. The barrier assenbly of claim1,
wherein the ratio changes fromgreater than 0.7 to 5less than 0.3 in the
di r ect i or®- per peisdiagtigrassopdly peclpin &t wherpindleeratio thangph &opagrepter thas 88l y of
claim1l, int ratio c not,ond |y in the direction
perpendiéu géﬁiglEggwfﬁ%gE0%£§¥%§§§u%%6§%@$ﬁgzug%?éer assenbly of claim 2,
further conprising a third inorganic material disposed between the

i norgani c layer and the protective polyneric layer. 12. The barrier
assenbl y bf clHicrhatricr agpeaitdy af ¢lpian 1 hivhreindey whaichanggs Sonpgrestenihan §&<to

P A R R AR S AR TS 1S o e
rare-earth metals, or conbinations thereof 13. The barrier assenbly of

claim1, haviqa§§ wat er vapor transm ssion rate |less than 0,005 g/ n2/day at
50 C and oo The bartigyasyeplapt ¢lainp b, whercintheraggchanges gsatepicpllpin ticai m 1,

havi ng a . 1.S8. e less than 0.005 g/ n2/day at 85 C and
100% rel a |%§]hﬁ%?§#¥éﬂ£?§ﬁkiﬁgp é%@%er assenbly of claim1, wherein the
substrate conprises an el ectroni c 25devi ce.

10 11.  The barrier assembly of claim 2, further comprising a third inorganic material

disposed between the inorganic layer and the protective polymeric layer.

12.  The barrier assembly of claim 11, wherein the third inorganic material comprises
oxides, nitrides, carbides or borides of atomic elements of Groups 1A, IITA, IVA, VA,
15 VIA, VIIA, 1B, or 1IB, metals of Groups IIIB, IVB, or VB, rare-carth metals, or

combinations thereof.

13.  The barrier assembly of claim 1, having a water vapor transmission rate less than
0.005 g/m*/day at 50° C and 100% relative humidity.

20
14.  The barrier assembly of claim 1, having a water vapor transmission rate less than

0.005 g/m*/day at 85° C and 100% relative humidity.

15.  The barrier assembly of claim 1, wherein the substrate comprises an electronic

25 device.

16.  The barrier assembly of claim 15, wherein the electronic device comprises an
organic electroluminescent device (OLED), an electrophoretic device, a photovoltaic
device, a thin film transistor device, or a combination thercof.

30
17.  The barrier assembly of claim 1, wherein the substrate is a polymeric substrate that

comprises polyethylene terephthalate (PET), polyethylene napthalate (PEN), heat

-17-



16. The barrier assenbly of claim15, wherein the electronic device
conpri ses an organi c el ectrol um nescent device (CLED), an el ectrophoretic
devi ce, awphotoonsedsbai ¢ device, a thin filmtransi stor deCras2000/06m44

conmbi nation thereof 30 17. The barrier assenbly of claim1, wherein the
substrate is a polyneric substrate that conprises polyethylene
terepht hal ate (PET), polyethyl ene napthal ate (PEN), heat

2010/ 0565%6PHeEd BE; @bgat@@ gigad ?Eabippkyzéﬂnﬁlzyien%@alyvsnymnht@@@ePEN
| |
pol yoxy lpoﬁ‘ eﬂ?e?&h Qto}{ L% (ga%l?%}l%ly@?lﬁar‘o %{t?\;ggf&%{ %ﬁyh%retlﬁg r}%‘?e

fl uor opo ycar ona

styrene, rﬁahylssu}rémpoly@ﬁﬁmhpﬂybmgle@x ofide, Metﬁérﬁﬁll’db r’pcﬂlﬁathersulfone
polyethersulfone gg yam dei m d ol |n1de or pol yphthal anm de, or bl ends
PP

t her eof . MBIyE@UTPEI iygﬁldﬁﬁ@ﬁwpbthélran&qieapﬁblzndsﬁhﬁwﬁér conprising a
trangparent conducting oxi de di sposed on the protective polyneric |ayer, or
di sposed on the inorganic |ayer, or disposed on both the protective

pol ymer i cl8l. ay eFhedsagkidriagsenibdy ghclhen D aAjiether cb@il@siﬁfg& e parent caadeuniagyxife cl ai m
18, wherein the transparent conducting oxi de conprises indiumtin oxide.
20. A bardisnoschesdstprefecttsmohinggrivdayd. ubgiosed en Higunerganic 14yes or §isppede; and

15an '”0RQﬂ&hﬁﬂ%ﬁ%%%m%%%R@ﬁh&hPﬂ Q%QHQﬁfﬂOﬁﬁ/ qg&% the first surface, the

i nor gani ¢ oxi de osit conp I'sing rst oxide of a first atomc
el enent, a second oxide of a second atonic el enent,
wher ei n an atomic ratio of the first atom c el errent to the second atonic

20el®nentl chaﬁﬂ@éﬁaﬂher&smbéﬁc of JJainy &, pehasie thedransparepecopdudingogideace.  21.

The barri im20, further conprising a protective polyneric
| ayer dlsgggﬁﬁéﬁﬁﬁg%éﬁéot g i norgani ¢ oxi de conposition and opposite the

first surface of the substrate.
20. A barrier assembly, comprising:
a substrate having a first surface; and
15 an 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,

wherein an atomic ratio of the first atomic element to the second atomic

20 element changes in a direction perpendicular to the first surface.

21.  The barrier assembly of claim 20, further comprising a protective polymeric layer

disposed adjacent the inorganic oxide composition and opposite the first surface of the

substrate.
25
22.  The barrier assembly of claim 20, further comprising a smoothing polymeric layer
disposed between the first surface and the inorganic oxide composition.
23.  The barrier assembly of claim 21, further comprising a third inorganic oxide
30 disposed between the inorganic oxide composition and the protective polymeric layer.
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25 22. The barrier assenbly of claim20, further conprising a snoothing
polyneric | ayer di sposed between the first surface and the inorganic oxide
conposi t iwW0.20102B8655%he barrier assenbly of claim 21, furPrhEUSeanmpsisgs ng a
third inorgani c oxi de 30di sposed between the inorganic oxide conposition
and the protective polyneric layer. WD 2010/ 056559PCT/ US2009/ 062944 24. The

barrier assenbly of claim 23, wherein the oxide of the first atomc

el ement, Yhe olticcharifr asyranbirebelaima drvherain hremide frflic fin atomie glemest gani ¢
oxl d.e conpl Iop?Tlg 3F {hle%g&nﬁ)&ltoqgi_c%'ien%n?,?naLﬂl{g t%%grldqﬁ jr ?rﬁé jof?]rdg %81%%51?6 Jiﬂéonmak! ng a
barrier asse ?y, conprising: providing a Subst Pa e; Tormng a snoot hing

pol ymer i oxlidy@ralghinhieo:eddst r at e; formng an inorganic |ayer on the
snoot hi ng pol yneric |ayer, the inorganic |ayer conprising an inorganic
conposition that changes throughout 10a thickness of the inorganic |ayer;

and form a tectd I J a8 . 1 norgani c | ayer. 26.
The %rocégg 0#9@35§%¥%§$m§ﬁ§%3§ﬁ&58%n1nl’%ﬁ%%pﬁgﬁganic | ayer conprises dual
al ternating currentproAdngapubitedté;ng of a first pair of sputtering targets
foll owed by dual AC 15sputtering of a second pair of sputtering targets.

27. The process of fermaingazeooiies Belimene lavey et thsapbstgicisput tering targets
BRI i s L e e

targets conprise a seco Ition rst

atom c conposition. 20 I[2%r cdm@riphgarsisorginict@npostfon thinehengestieugtioust pair
of sputtering targets are in a first gaseous atnpsphere, and the second
pai Fof sputtering targeti@ickpessiohthe iseeang lyesedds at nosphere different

fromthe first gasegys,at, 1 %1k rACESsoafc Gl@ m 27, wherein
the first atomc cggrrpolggt irﬁéﬁtggﬁ%%toﬁéﬁéeccogﬁog Siidrgdhic WH’
26. The process of claim 25, wherein forming the inorganic layer comprises dual
alternating current (AC) sputtering of a first pair of sputtering targets followed by dual AC

15 sputtering of a second pair of sputtering targets.

27.  The process of claim 26, 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.

20
28.  The process of claim 26, 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.

25 29.  The process of claim 27, wherein the first atomic composition and the second
atomic composition comprise atomic elements of Groups I1A, 1IIA, IVA, VA, VIA, VIIA,
IB, or IIB, metals of Groups IIIB, IVB, or VB, rare-carth metals, or combinations thereof.

30.  The process of claim 25, wherein the substrate is provided on a roll, and the

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

31. A photovoltaic device comprising the barrier assembly of claim 1.
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atom c conposition conprise atomc elenents of Goups I1A |1IIA [VA VA
VIA, VI1A IB, or IIB, netals of Goups IIIB, 1VB, or VB, rare-earth
net al s, owocormiseE®i ons t hereof. 30. The process of clai RCZAS200006D40 t he
substrate is provided on a roll, and the 30form ng steps are perforned
continuously, in order, as the substrate is unrolled. 31.A photovoltaic
device conprising the barrier assenbly of claiml1. WD

2010/ 056559PCT/ US2009/ 062944 32. A di spl ay device conprising the barrier
assenbly of cl 'd@g%iycdlegli%?né‘ar%&iﬁigg HeAafrid IR FQNIE§. CONPPi sing the

barrier assenbly

33. A solid state lighting device comprising the barrier assembly of claim 1.

220-



