1 DI FFUSI ON BARRI ER COATI NGS HAVI NG GRADED COWVPCSI TI ONS AND DEVI CES

| NCORPORATI NG THE SAME BACKGROUND OF THE | NVENTI ON The present invention
rel ates generally to conposite filnms having i nproved resistance to

di ffusion of chem cal species and to devices incorporating such conposite
films. In particular, the present invention relates to l'ight- enitting

devi ces havin | east _an_or ic electrolumnescent material
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semiconductor layers may be either hole (positive charge)-injecting or electron
(negative charge)-injecting layers and also comprise organic materials. The material
for the light-emitting layer may be selected from many organic EL materials. The
light emitting organic layer may itself consist of multiple sublayers, each comprising a
different organic EI material. State-of-the-art organic EL materials can emit
electromagnetic ("EM") radiation having narrow ranges of wavelengths in the visible
spectrum, Unless specifically stated, the terms "M radiation” and "light" are used
interchangeably in this disclosure to mean generally radiation having wavelengths in
the range from uvltraviolet ("UV") to mid-infrared ("mid-IR") or, in other words,
wavelengths in the range from about 300 mm to about 10 micrometer. To achieve
white light, prior-art devices incorporate closely arranged OELDs emitting blue,
green, and red light. These colors are mixed to produce white light.

Conventional OELDs are built on glass substrates because of a combination of
fransparency and low permeability of glass fo oxygen and water vapor. A high



2 perneability of these and other reactive species can |lead to corrosion
or other degradation of the devices. However, glass substrates are not
suitable for certain applications in which flexibility is desired. In
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The present invention provides a substrate having at least a coating disposed on a
surface thereof, which coating is capable of reducing diffusion rates of chemical
species therethrough. The coating comprises a material the composition of which
varies across a thickness thereof. Such a coating will be termed interchangeably
hereinafier a "diffusion-barrier coating having graded composition," "graded-
composition diffusion-bairier coating," "graded-composition bamier coating,"
"diffusion-barrier coating,” or simply "graded-composition coating."

In one aspect of the present invention, the substrate comprises a polymeric material.

In another aspect of the present invention, a region between the substrate and the
coating is diffuse such that there is a gradual change from the composition of the bulk
substrate to the composition of the portion of the coating adjacent to the substrate. In
this embodiment, a material of the coating adjacent to the subsirate penetrates into the
substrate.



3 In still another aspect of the present invention, at |east a substrate
havi ng a diffusion-barrier coating having graded conposition is included in
an assenbly conprising a device sensitive to chem cal species to protect
such an assenbly from attack by these chem cal species. In still another
aspect of the present i nvention, such device is an CELD, which conprises
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In another aspect of the present invention, a method for making an assembly
comprising a device ihat is sensitive to chemical species comprises the steps of: (a)
providing at least a substrate coated with a diffusion batrier coating having a graded
composition; and (b) disposing the device on the substrate.

In another aspect of the present invention, such a device is an OELD, and the method
comprises the steps of: (&) providing at least a substrate coated with a diffusion barrier
coating having a graded composition; (b) forming a first electrode on the substrate; (c)
forming an organic light-emitting layer on the first electrode; and (d) forming a
second electrode on the organic light-emitting layer.

In still another aspect of the present invention, an OLED comprising a pair of
electrodes and an organic light-emitting layer disposed between the pair of electrodes
and a substrate coated with a diffusion barrier coating having a graded composition
are laminated together to form a light source.

Other features and advantages of the present invention will be apparent from a perusal
of the following detailed description of the invention and the accompanying drawings
in which the same numerals refer to like elements.



O her features and advantages of the present invention will be apparent
froma perusal of the followi ng detail ed description of the invention and

t he acconpanying drawi ngs in which the sane nunerals refer to like

el enents. 4 BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a schematic

di agram of a deposition apparatus u5| hg t he expandi ng t hernmal - pl asma

chem cal - vapor deposi tion. Figure a_schematic diagram of the apparatus
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di agram of a deposition apparatus using the radio-frequency plasnma-enhanced
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Figure 2 is a schematic diagram of the apparatus of Figure I used in a continuous
deposition.

Figure 3 is a schematic diagram of a deposition apparatus using the radio-frequency
plasma-enhanced chemical-vapor deposition.

Figure 4 shows the elemental composition at various depths of a graded-composition
barrier coating of the present invention.

Figure 5 compares the oxygen transmission rates through an uncoated substrate and
one that is coated with a graded-composition barrier coating.

Figure 6 compares the water transmission rates through an uncoated substrate and one
that is coated with a graded-composition barvier coating.

Figure 7 shows the relative light transmission through a substrate having a graded-
composition barrier coaling compared to that through an uncoated substrate.

Figure 8 shows schematically a device used with a substrate having a graded-
composition barrier coating.

Figure 9 shows schematically a construction of an OELD.

Figore 10 shows another embodiment of an OELD including a hole injection

enhancement layer.

Figure 11 shows another embodiment of an OELD including a hole injection
enhancement Jayer and a hole transport layer.

Figure 12 shows another embodiment of an OELD including an electron injecting and
transporting layer.

Figure 13 shows an OELD sealed between a substrate having a graded-composition
barrier coating and a reflective layer.



Figure 5 conpares the oxygen transm ssion rates through an uncoated
substrate and one that is coated with a graded-conposition bather coating.
Figure 6 conpares the water transm ssion rates through an uncoated
substrate and one that is coated with gr aded- conposition barrier coating.
Figure 7 shows the relative light transm ssion through a substrate having a
gr aded-conpqsi tion barrier coating conpared to that through an uncoated
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The present invention, in one aspect, provides a substrate having at least a coating
disposed on a surface thereof, which coating is capable of reducing diffusion rates of
chemical species through the substrate. The coating comprises a material, the
composition of which varies across a thickness thereof. Such a coated substrate finds
uses in providing protection to many devices or components; e.g., electronic devices,
that are susceptible to reactive chemical species normally encountered in the
environment. In another example, such a substrate or film having a diffusion-barrier
coating having graded composition can advantageously be used in packaging of
materials, such as foodstuff, that are easily spoiled by chemical or biological agents
normally existing in the environment,

Organic light-emitting material and/or cathode materials in OELDs are susceptible to
attack by reactive species existing in the environment, such as oxygen, water vapor,
hydrogen sulfide, SO, NO,, solvenis, etc. Films having a graded-composition
diffusion-barrier coating are particularly useful to extend the life of these devices and
render them more commercially viable. A barrier coating of the present invention
may be made by depositing reaction or recombination products of reacting species
onto a substrate or {ilm. Varying the relative supply rates or changing the identities of
the reacting species results in a coating that has a graded composition across its
thickness. Thus, a coating of the present invention does not have distinet interfaces at
which the composition of the coating changes abruptly. Such abrupt changes in
composition tend to introduce wealk spots in the coaling structure where delamination
can easily occurs. Subsfrate materials that benefit from having a graded-composition
diffusion-barrier  coating are organic  polymeric materials; such  as
polyethyleneterephthalate ("PET"); polyacrylates; polycarbonate; silicone; epoxy
tesins; silicone-functionalized epoxy resins; polyester such as Mylar (made by E.J. du
Pont de Nemours & Co.); polyimide such as Kapton 1 or Kapton E (made by du
Pont), Apical AV (made by Kanegafugi Chemical Industry Company), Upilex (made
by UBE Industiies, Itd); polyethersulfones ("PES," made by Sumitomo);
polyetherimide such as Ultem (made by General Electric Company); and
polyethylenenaphthalene ("PEN").



Figure 13 shows an OELD seal ed between a substrate having a

gr aded- conpositi on bather coating and a reflective layer. 5 Figures 14
shows an CELD seal ed between two substrates, each having a _
graded- conmposition barrier coating. Figure 15 shows a seal ed OELD having a
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Coating thickness is typically in the range from about 10 nm to about 10000 nm,
preferably from about 10 nm to about 1000 nm, and more preferably from about 10
nm to about 200 nm. It may be desired to choose a coating thickness that does not
impede the transmission of light through the substrate, such as a reduction in light
transmission being less than about 20 percent, preferably less than about 10 percent,
and more preferably less than about 5 percent. The coating may be formed by one of
many deposition techniques, such as plasma-enhanced chemical-vapor deposition
("PECVD"), radio-frequency  plasma-enhanced  chemical-vapor  deposition
("RFPECVD"), expanding thermal-plasma chemical-vapor deposition ("ETPCVD™,
sputtering including reactive sputtering, electron-cyclotron-resonance plasma-
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continuous substrate in simlar equipnent. For exanple, Figure 2 shows a




In the ETPCVD technique, the plasma is generated at a high pressure
conpared to the regul ar PECVD techni que. The plasma in arc channel 65 has a
velocity on the order 8 of sound velocity. The plasna expands

supersoni cally into reactor chanber 1Q via nozzle 70 and noves subsonically
toward substrate 90. Figure 3 schematically shows reactor 200 and
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film having a graded-composition coating.

ECRPECVD is another suitable deposition technigue. This method operates at low
pressure, typically less than about 0.5 mum Hg, and typically without electrodes, A
discharge is generated by microwave, A magnetic field is used lo create the resonance
condition of the electron gas, which results in a very high degree of ionization due to
electron acceleration at a distance away from the substrate. The Jow pressure
preserves a high number density of free radicals until the plasma reaches the substrate
and prevents normally undesirable severe bombardment thereof.

ICPECVD is another electrodeless deposition technique that can create high-density
plasma at low pressure. A plasma is generated by an electromagnetic field generated
by a conceniric induction coil disposed cutside one end of the deposition chamber.



pl asma at | ow pressure. A plasma is generated by an el ectromagnetic field
generated by a concentric induction coil disposed outside one end of the
deposition chanber. 9 The substrate is disposed in the deposition chanber
at the opposite end. Deposition can typically be carried out at pressure
much less than 0.5 nm My. hi anot her enbodi nent of the present invention,
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udnsmlsﬂon rate by over two orders of magnitude. Light transmission at various

wavelengths of the visible spectrum through the coated substrate is shown in Figure 7.
The reduction in light {ransmission in the blue to red region (about 430 nm to about
700 nm) was generally less than 7 percent.

A plastic substrate coated with a graded-composition coating, which is formed by any
method disclosed above can be advantageously used to produce flexible light sources
based on organic light-emitting materials. Other electronic devices that can benefit
from the protection afforded by a graded-composition coating ave, for example,
digplays including liquid crystal displays, photovoltaic devices, flexible integrated
cirevits, or components of medical diagnostic systems. The term "flexible” means



10 being capable of being bent into a shape having a radius of curvature
of less than about 100 cm The term "substantially transparent” neans
allowing a total transm ssion of at |east about 50 percent, preferably at

| east about 80 percent, and nore prefgrably at |east 90 percent, of |ight
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bet ween an elsdetribeteaband t he | ayer 330 of organic EL material. Wen a
voltage is supplied by a voltage source 326 and applied across el ectrodes

322 and 338,5ubki@ghd 38k bé b eMolNReRS Gankifickke BRLSIHR 2 plufiiRy & £fLERed

enbodi ment pie]é%s of different materials and has an index of refraction (or refractive index) in the
range from about 1.05 to about 2.5, preferably from about 1.1 1o about 1.6.
Preferably, substrate 340 is made of a substantially transparent polymeric material.
Examples of suitable polymeric materials are polyethylenterephathalate ("PET"),
polyacrylates, polycarbonate, silicone, epoxy resins, silicone-functionalized epoxy
resins, polyester, polyimide, polyetherimide, PES, PEN, polynorbonenes, or
poly(eyclic olefins).

Light-emitting member 320 comprises at least one layer 330 of at least one organic
EL material sandwiched between two electrodes 322 and 338, as shown in Figure 9.
As will be disclosed below, the light-emitting member may comprise one or more
additional layers between an electrode and the layer 330 of organic EL material.
When a voltage is supplied by a voltage source 326 and applied across electrodes 322
and 338, Light emits from the organic EL material. In a preferred embodiment,
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More than one organic EL |ayer may be formed successively one on top of
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More than one organic EL layer may be formed successively one on top of another,
each layer comprising a different organic BEL material that emits in a different
wavelength range. Such a construction can facilitate a tuning of the color of the light
emitted from the overall light-emitting device 310.



derivatives, as disclosed in US Patent 6,023,371, which is incorporated
herein by reference. Areflective netal |ayer 360 may be di sposed on
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I n anot her enbodi nent of the present invention, the light-emtting device
310 further conprises a light-scattering material disposed in the path of
light emtted fromthe light-emtting device 310 to provide nore uniform
light therefrom For exanple, Figure #gtillustrates an enbodi nment
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z 5 and x+y 1. For exanple, the YAG Gd, Ce phosphor shows an absorption of
light in the wavel ength range from about 390 nu to about 530 nmu (i.e., the
bl ue-green spectral region) and an em ssi on of light in the wavel ength
range from about 490 ri mto about 7003£g1 .e., the green-to-red spectral
region). Related phosphors include Lu 3012 and Th2A15012, both doped with
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and Mh?+ ions xusi in the same phosphor lattice, Se efficiently absorbs

light in thé egion, which is not absorbed very efficiently by Me, and
transfers the energy to M2+ ion. Thus, a larger total amount of [|ight
emtted by thendheamibodmentaf ‘élmpmsemsnwb‘s@r,b}@dhgiy ehittihg idevies 3 1efsuhei ng in
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spectrum Figure 15 illustrates an embodiment comprising a layer 390 of scattering material
disposed on the substrate 340. The light-scattering material is provided by choosing
particles that range in size from about 10 nm to about 100 micrometers. A preferred
embodiment includes particles about 4 micrometers in size. For example, for a device
emitting white light, the particle size is preferably on the order of 50-65 nm. Particles
of the light-scattering material may be advantageously dispersed in a substantially
transparent polymeric film-forming material such as those disclosed above, and the
mixture is formed info a film which may be disposed on the substrate 340. Suitable
light-scatiering materjals are solids having refractive index higher than that of the film
forming material. Since typical film forming materials have refractive indices
between about 1.3 to about 1.6, the particulate scattering material should have a
refractive index higher than about 1.6 and should be optically transparent over the
targef wavelength range. In addition, it is preferable that the light scatfering material
be non-toxic and substantially resistant to degradation upon exposwre to normal
ambient environments. For a device designed to provide visible illumination
(wavelength in the range of about 400-700 nm), examples of svitable light-scattering
materials are rutile (TiO,), hafnia (HFO,), zirconia(ZrQ,), zircon (Zr0,Si0,),
gadolinium gallium garnet (Gd,Ga,0,,), barium sulfate, ytixia (Y,0,), ytirium
aluminum garnet ("YAG", Y,ALO,,), calcite (CaCOy), sapphire (Al,0,), diamond,
magnesium oxide, germanium oxide. It is necessary to prepare these compounds with
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A reflective netal is optionally deposited on the surface of the organic EL
menber 320 opposite to substrate 340. The reflective netal nmay be deposited
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vari ations JSQULE-, 20 o d scope
of the inve %‘ oﬁﬁgﬁgﬁ%ﬁgﬁﬁf QP doBot O PO A SBLES i Sc0P
Gd)(V,B)O, Fn™; and 3 SMgO 0.5MgF,.GeO,: Mn** (magnesium

ﬂuomgcrmanaie).

Blue-emitling phosphors: BaMg, Al O, Bu™; Sr,(PO,),ClyBu®; and
(Ra,Ca,51)(PO)1o(CLE),: Bu™, (Ca,Ba,Sr)(ALGa),S, Bu™.

Yellow-emitting phosphors: (Ba,Ca,S1):(PC,),(CLF),:Ev®", Mn*™",

Still other ions may be incorporated into the phosphor to transfer energy from the
light emitted from the organic material to other activator ions in the phosphor host
lattice as a way to increasc the energy utilization. For example, when Sb*" and Mn**
ions exist in the same phosphor lattice, Sb* efficiently absorbs light in the blue
region, which is not absorbed very efficienily by Mn®™, and transfers the energy to
Mn*" ion. Thus, a larger total amount of light emitted by the organic EL material is
absorbed by both ions, resulting in higher quantum efficiency of the total device.

The photoluminescent material may also be an organic dye that can absorb radiation
emitted by the organic EL material and emit electromagnetic radiation in the visible
spectrum.



21 CLAIM5 1. A conposite article conprising a substrate having at |east a
substrate surface and a graded-conposition barrier coating disposed on said
at |east a substrate surface, said graded-conposition barrier coating
conprising a coating material includingign inorganic and an organic
material, a conposition of which coating varies substantially continuously

across a thjckness, of sal d graded npo I.on barrj .coatin 2. The
conposi te afb§ BPSPRRRFRA] ‘?Fngdh%’FjéﬁF‘ﬁfnld %mé%mﬁg é’&iyﬂle%l’j‘?tt‘?”&? éu‘é‘bﬁi)rl ses a

pol ymeri c npslgscryhtes, s@bstabhielly oappaktisilantd ol gorg cArpiibspyot @nglosition 8 wher ei n
sai d pol ymey| %SC E&?%é%ﬁﬂ?b ﬂréfexsaﬁly%és%ﬂ?fe[bwﬂ 1t0h r%ﬁ%g vﬁﬂxﬂﬁ'o%tﬂ&c%x‘aim of
er epht at acr

pol yet hyl ene ycar onate, I'i cone, epoxy

resins, sil Pelpmelq @ﬁ‘@tlﬁld‘rﬁlélp 19 0@}5@ sagl A4 f‘i@m 37 Wé‘é@fé}rmmﬂ]éﬂ PIREE
pol yet heri MhdiBst (1RO eekines FH ﬁm&;mmqg ekl e napaRl hatke mem nﬁmwxﬁrtmonene,
53 L?’ ei( rclygl'i: ]q? l’ﬁ‘%{?‘%}:‘é‘%’%‘?eﬁé{ an;gg P ?sp%nppeﬁ%ldgs R rf(t’)lmed infd Cacig €l b?f%pmg? cgé’ung,
dip coating, printing, or casting on a substrate. Thereafter, the film is removed from
the subsirate and disposed on the light-emitting member 320, The thickness of film or
layer 390 is preferably less than lmm, more preferably less than 500 pm. Preferably,
the flm-forming polymeric materials have refractive indices close to those of the
substrate 340 and the organic EL material; i.e., in the range from about 1.4 to about

1.6.

According 1o one aspect of the present invention, particles of a scattering material and
a phosphor are dispersed in the same film or layer 390. In another embodiment,
scattering film 390 may be a diffuser film, which is a plastic film having a roughened
surface.

1

A method of making an OELD of the present invention is now described. A cleaned
flexible substrate, such as a plastic, is first provided. Then, a graded-composition
barrier coating is formed on at least a surface of the flexible subsirate by a one of
many deposition techniques disclosed above.

A first electrically conducting material is deposited on the graded-composition barrier
coating to form a first electrode of the organic EL member 320, Alternatively, the
first electrode may be deposited on the surface of the substrate 340 that has not been
coated with graded-composition barrier coating. The first electrode may be an anode
or a cathode, and one or more appropriate materials are chosen among those disclosed
catlier for the electrodes. Preferably, the first electrode is an anode comprising a
trahsparent metal oxide, such as ITO, The first electrode material preferably sputter-
deposited on the substrate. Furthermore, the first electrode may be patterned to a
desired configuration by, for example, etching. At least one organic EL material is
deposited on the first electrode by physical or chemical vapor deposition, spin coating,
dip coating, spraying, printing, or casting, followed by polymerization, if necessary,
or curing of the material. The organic EL material may be diluted in a solvent to
adjust its viscosity or mixed with another polymeric matesial that serves as a film-
forming vehicle. A second electrically conducting material is deposited on the at least
one organic EL material to form a second electrode. Preferably, the second electrode



selected fromthe group consisting of oxide, nitride, carbide, boride, and
conbi nations thereof of elenents of Goups IIA IIIA VA VA VIA VIIA
IB, and 11 B, netals of Goups II11B, 1VB, and VB, and rare-earth netals. 5.
The conposite article according to claim1, wherein said coating nmateri al
Is formed by a nethod selected fromthe group consisting of plasnma-enhanced

chem cal -vapor d si.tion, radio-frequen | gsma- enhanced ¢ | cal -
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chem cal - vapor deposition, and conbi nations thereof., " 22 6. conposite
article accorgickse Séqlcgﬁhﬁoig,an F rBHAIY SPRIPER ?ﬁ@gawﬁtﬁirp%mbqr&for nmed by
expandi ng t hermal - pl asma chemi cal - vapor deposition. 7. The conposite
articl e accox diffegiteanethhismplionaltyeteposited aidhe saticngf it epimé ELsnéobared by
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cont ai ni ng 211 en¥boelr YO B&%{ectﬁmay%x%qgﬁecﬁve metal is deposited thereon. Preferably, the
bonding layer comprises an electrically insulating and substantially fransparent
polymeric material. The bonding layer may be deposited by one of the methods
disclosed above for deposition of an organic layer. The reflective metal layer is
formed so as to completely surround the organic EL member 320. Preferably, the
reflective metal layer together with the graded-composition bartier coating forms a
hermetic seal around the organic EL member 20,  Furthermore, one or more
additional layers of other inorganic materiais may be deposited on the reflective metal
layer.

A mixture of particles of a scattering or PIL. material and a transparent polymeric
material is deposited on the surface of the substrate 340 opposite the organic EL
member. Aliernatively the mixture may be cast into a lape by a {ape casting method,
such as the doctor blade method. The tape is then cured and attached fo the substrate
340.

In another embodiment, subsets of layers necessary or desired for the operation of an
OELD of the present invention are formed in separate assemblies, and the assemblies
are laminated or attached together to produce a working device. For example, a {irst
substrate having a first graded-composition barrier coating, an assembly of an organic
EL member, and a second substrate having a second graded-composition barrier
coating are laminated together 1o provide a light source having improved resistance 1o
attack by chemical species in the environment.

In still another aspect of the present invention, large-area flexible displays or lighting
systems incorporate QELDs of the present invention.

While specific preferred embodiments of the present invention have been disclosed in
the foregoing, it will be appreciated by those skilled in the art that many



9. The conposite article according to claim1, wherein a transm ssion rate
of water vapor through said substrate coated having said coating deposited
thereon is |l ess than about 1g/(nRday), as nmeasured at 25 C and with a gas
havi ng 100-percent relative humdity. 10. The conposite article according
to claim1 further conprising a diffus@eregion bet ween said substrate and

said coating, said diffuse region conprising materials of both sajd
substrate aﬁaﬁggﬁﬁo%%é¥pﬁ6#mn%fﬁ'ﬁ“@ggﬁb§F¥ ed@?&%ﬂ@”ﬁbﬁﬁ@?@iaﬁm§m§ubstrate
havi ng at | éagt tha sgitibsid @bpe slithd @aeentends defgred dethe eppypdsi dlaion. barri er
coating disposed on said at |east a substrate surface; said

gr aded- conposition barrier coating conprising a coating material including
an inorganic and an organic material, a comnposition of which

graded- conposition barrier coating varies substantially continuously across
a thickness of said coating; said substrate conprising a polyneric
material; said coating material conprising a naterial selected from
organic, inorganic, ceramc materials, and conbinations thereof; wherein a
transm ssion rate of oxygen through said substrate coated having said
coating deposited thereon is | ess than about 0.1 cnB/(nRday), as neasured
at 25 C and with a gas containing 21 vol une-percent oxygen, a transm ssion
rate of water vapor through said substrate coated with said coating is |ess
t han about 1g/(nRday), as neasured at 25 C and with a gas having

100- percent relative humdity, and said coating is deposited on said
substrate by a nethod selected fromthe group consisting of plasma-enhanced
chem cal -vapor 23 deposition, radio-frequency plasna-enhanced
chem cal - vapor deposition, expandi ng thermal - plasma chem cal - vapor
deposition, sputtering, reactive sputtering, electroncyclotron-resonance

pl asma- enhanced chem cal - vapor deposition, inductively-coupled

pl asma- enhanced chemi cal - vapor deposition, and conbi nations thereof. 12. A
nmet hod for making a conposite article, said nethod conprising: providing a
substrate having at | east a substrate surface; depositing a

gr aded- conposition barrier coating material having a conposition including
an inorganic and an organic material on said substrate surface; and
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CLAIMS

1. A composite article comprising a substrate having at least a substrate surface and a
graded-composition barrier coating disposed on said at least a substrate surface, said
graded-composition barrier coating comprising a coating material including an inorganic
and an organic material, a composition of which coating varies continuously across a

thickness of said graded-composition barrier coating.

2. The composite article according to claim 1, wherein said substrate comprises a

polymeric material.

3. The composite article according to claim 2, wherein said polymeric material is
selected from the group consisting of polyethyleneterephthalate, polyacrylates,
polycarbonate, silicone, epoxy resins, silicone-functionalized epoxy resins, polyester,
polyimide, polyetherimide, polyethersulfone, polyethylenenapthalene, polynorbonene,

poly(cyclic olefins).

4. The composite article according to claim 1, wherein said inorganic material is
selected from the group consisting of oxide, nitride, carbide, boride, and combinations
thereof of elements of Groups IIA, IIIA, IVA, VA, VIA, VIIA, 1B, and IIB, metals of
Groups IIIB, IVB, and VB, and rare-earth metals.

5. The composite article according to claim 1, wherein said coating material is
formed by a method selected from the group consisting of plasma-enhanced chemical-
vapor deposition, radio-frequency plasma-enhanced chemical-vapor deposition, expanding
thermal-plasma chemical-vapor deposition, sputtering, reactive sputtering, electron-
cyclotron-resonance plasma-enhanced chemical-vapor deposition, inductively-coupled

plasma-enhanced chemical-vapor deposition, and combinations thereof.

6. The composite article according to claim 1, wherein said coating material is

formed by expanding thermal-plasma chemical-vapor deposition.
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7. The composite article according to claim 1, wherein said coating material is

formed by radio-frequency plasma-enhanced chemical-vapor deposition.

8. The composite article according to claim 1, wherein a transmission rate of oxygen
through said substrate coated having said coating deposited thereon is less than 0.1

cm?®/(m?day), as measured at 25 °C and with a gas containing 21 volume-percent oxygen.

9. The composite article according to claim 1, wherein a transmission rate of water
vapor through said substrate coated having said coating deposited thereon is less than

1g/(m>day), as measured at 25 °C and with a gas having 100-percent relative humidity.

10.  The composite article according to claim 1 further comprising a diffuse region
between said substrate and said coating, said diffuse region comprising materials of both

said substrate and said coating.

11. A composite article comprising a substrate having at least a substrate surface and a
graded-composition barrier coating disposed on said at least a substrate surface; said
graded-composition barrier coating comprising a coating material including an inorganic
and an organic material, a composition of which graded-composition barrier coating varies
continuously across a thickness of said coating; said substrate comprising a polymeric
material; said coating material comprising a material selected from organic, inorganic,
ceramic materials, and combinations thereof; wherein a transmission rate of oxygen
through said substrate coated having said coating deposited thereon is less than 0.1
cm?/(m’day), as measured at 25 °C and with a gas containing 21 volume-percent oxygen,
a transmission rate of water vapor through said substrate coated with said coating is less
than 1g/(m’day), as measured at 25 °C and with a gas having 100-percent relative
humidity, and said coating is deposited on said substrate by a method selected from the
group consisting of plasma-enhanced chemical-vapor deposition, radio-frequency plasma-
enhanced chemical-vapor deposition, expanding thermal-plasma chemical-vapor
deposition, sputtering, reactive sputtering, electron-cyclotron-resonance plasma-enhanced
chemical-vapor deposition, inductively-coupled plasma-enhanced chemical-vapor

deposition, and combinations thereof.
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12. A method for making a composite article, said method comprising:
providing a substrate having at least a substrate surface;

depositing a graded-composition barrier coating material having a composition
including an inorganic and an organic material on said substrate surface; and

changing said composition of said coating material continuously while said coating
is being formed such that said composition varies continuously across a thickness of said

graded-composition barrier coating.

13. The method according to claim 12, wherein said depositing is selected from the
group consisting of plasma-enhanced chemical-vapor deposition, radio- frequency plasma-
enhanced chemical-vapor deposition, expanding thermal-plasma chemical-vapor
deposition, sputtering, reactive sputtering, electron-cyclotron-resonance plasma-enhanced
chemical-vapor deposition, inductively-coupled plasma-enhanced chemical-vapor

deposition, and combinations thereof.

14. The method according to claim 12, wherein said substrate comprises a polymeric
material selected from the group consisting of polyethyleneterephthalate, polyacrylates,
polycarbonate, silicone, epoxy resins, silicone-functionalized epoxy resins, polyester,
polyimide, polyetherimide, polyethersulfone, polyethyelenenaphthalene, polynorbone, and
poly(cyclic olefins).

15. The composite article according to claim 12, wherein said inorganic material is
selected from the group consisting of oxide, nitride, carbide, boride, and combinations
thereof of elements of Groups IIA, 111A, IVA, VA, VIA, VIIA, 1B, and IIB, metals of
Groups IIIB, IVB, and VB, and rare-earth metals.

16. The method according to claim 12 further comprising effecting a penetration of at

least a portion of said coating material into said substrate to produce a diffuse region

between said substrate and said coating.

17. The method according to claim 16, wherein said diffuse region is produced by an
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energetic ion bombardment of a surface of said substrate to sputter a portion of a material
of said substrate, and depositing a mixed material comprising sputtered substrate material

and another material.

18. The method according to claim 12, wherein said changing said composition of said
coating is carried out by changing a composition of reactive species generated by a plasma

that is directed at said substrate.





