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7) ABSTRACT

An encapsulated organic light emitting device. The device
may include a substrate, an organic light emitting layer stack
adjacent to the substrate, and at least one first barrier stack
adjacent to the organic light emitting device, the at least one
first barrier stack comprising at least one first barrier layer
and at least one first decoupling layer wherein the at least
one first barrier stack encapsulates the organic light emitting
device. There may be a second barrier stack adjacent to the
substrate and located between the substrate and the organic
light emitting device. The second barrier stack has at least
one second barrier layer and at least one second decoupling
layer. A method of making the encapsulated organic light
emitting device is also provided.
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ENVIRONMENTAL BARRIER MATERIAL FOR
ORGANIC LIGHT EMITTING DEVICE AND
METHOD OF MAKING

BACKGROUND OF THE INVENTION

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 09/427,138, filed Oct. 25, 1999
entitled “Environmental Barrier Material for Organic Light
Emitting Device and Method of Making” which is a con-
tinuation-in-part of U.S. patent application Ser. No. 09/212,
779, filed Dec. 16, 1998 entitled “Environmental Barrier
Material for Organic Light Emitting Device and Method of
Making.”

[0002] The present invention relates to organic light emit-
ting devices (OLEDs), and more particularly to OLEDs
encapsulated in barrier stacks.

[0003] There is a need for versatile visual displays for
electronic products of many different types. Light emitting
diodes (LEDs) and liquid crystal displays (LCDs) have
found many useful applications, but they are not adequate
for all situations. OLEDs are a relatively new type of visual
display which has shown great promise. An OLED basically
includes an organic electroluminescent substance placed
between two electrodes. When an electric potential is
applied across the electrodes, the electroluminescent sub-
stance emits visible light. Typically, one of the electrodes is
transparent, allowing the light to shine through. U.S. Pat.
Nos. 5,629,389 (Roitman et al.), 5,747,182 (Friend et al.),
5,844,363 (Gu et al), 5,872,355 (Hueschen), 5,902,688
(Antoniadis et al.), and 5,948,552 (Antoniadis et al.), which
are incorporated herein by reference, disclose various OLED
structures,

[0004] The use of OLEDs in flat panel displays and other
information display formats is limited by the poor environ-
mental stability of the devices. G. Gustafson, Y. Cao, G. M.
Treacy, F. Klavetter, N. Colaneri, and A. J. Heeger, Nature,
Vol. 35, Jun. 11, 1992, pages 477-479. Humidity and oxygen
significantly reduce the useful life of most OLEDs. As a
result, these devices are typically fabricated on glass sub-
strates with glass covers laminated on top of the OLED and
with the edges sealed to exclude water and oxygen from the
active layers. U.S. Pat. No. 5,872,355 discloses the use of a
polymer such as saran to seal the device. The water vapor
permeation rates (WVTR) required to provide sufficient
lifetime for OLEDs is calculated to be approximately 107°
g/m*/day. The best polymer films (such as saran) have
WVTR values that are 5 orders of magnitude too high to be
considered for OLED encapsulation. Furthermore, saran
cannot be deposited using flash evaporation, condensation,
and in situ polymerization within a vacuum chamber.

[0005] Thus, there is a need for an improved lightweight,
barrier construction which can be used to encapsulate the
OLED and prevent the deterioration caused by permeation
of oxygen and water vapor and for a method of making such
an encapsulated OLED.

SUMMARY OF THE INVENTION

[0006] These needs are met by the present invention which
is an encapsulated organic light emitting device (OLED). In
one embodiment, the encapsulated OLED includes a sub-
strate, an organic light emitting device adjacent to the
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substrate, and at least one first barrier stack adjacent to the
organic light emitting device, the at least one first barrier
stack comprising at least one first barrier layer and at least
one first decoupling layer, wherein the at least one first
barrier stack encapsulates the organic light emitting device.
By ‘adjacent,” we mean next to, but not necessarily directly
next to. There can be additional layers intervening between
the adjacent layers.

[0007] Optionally, there can be at least one second barrier
stack adjacent to the organic light emitting layer device and
located between the substrate and the organic light emitting
device. The second barrier stack has at least one second
barrier layer and at least one second decoupling layer. The
first barrier stack can be substantially transparent, the second
barrier stack can be substantially transparent, or both the first
and second barrier stacks can be substantially transparent,
depending upon the particular application. At least one of the
first or second barrier layers may be made from a material
including, but not limited to, metals, metal oxides, metal
nitrides, metal carbides, metal oxynitrides, metal oxy-
borides, and combinations thereof. Metals include, but are
not limited to, aluminum, titanium, indium, tin, tantalum,
zirconium, niobium, hafnium, yttrium, nickel, tungsten,
chromium, zinc, alloys thereof, and combinations thereof.
Metal oxides include, but are not limited to, silicon oxide,
aluminum oxide, titanium oxide, indium oxide, tin oxide,
indium tin oxide, tantalum oxide, zirconium oxide, niobium
oxide, hafnium oxide, yttrium oxide, nickel oxide, tungsten
oxide, chromium oxide, zinc oxide, and combinations
thereof. Metal nitrides include, but are not limited to,
aluminum nitride, silicon nitride, boron nitride, germanium
nitride, chromium nitride, nickel nitride, and combinations
thereof. Metal carbides include, but are not limited to, boron
carbide, tungsten carbide, silicon carbide, and combinations
thereof. Metal oxynitrides include, but are not limited to,
aluminum oxynitride, silicon oxynitride, boron oxynitride,
and combinations thereof. Metal oxyborides include, but are
not limited to, zirconium oxyboride, titanium oxyboride, and
combinations thereof.

[0008] Substantially opaque barrier layers can be made
from opaque materials including, but not limited to, opaque
metals, opaque polymers, opaque ceramics, opaque cermets,
and combinations thereof. Opaque cermets include, but are
not limited to, zirconium nitride, titamum nitride, hafnium
nitride, tantalum nitride, niobium nitride, tungsten disilicide,
titanium diboride, zirconium diboride, and combinations
thereof.

[0009] The barrier layers in the first and second barrier
stacks can be made of the same material or a different
material. Barrier layers within the first or second barrier
stacks can be the same or different.

[0010] The substrate can be either a flexible substrate or a
rigid substrate. Flexible substrates include, but are not
limited to, polymers, metals, paper, fabric, glass, and com-
binations thercof. Rigid substrates include, but are not
limited to, ceramics, metals, glass, semiconductors, and
combinations thereof.

[0011] The decoupling layers of the first and second
barrier stacks can be made from materials including, but not
limited to, organic polymers, inorganic polymers, organo-
metallic polymers, hybrid organic/inorganic polymer sys-
tems, and silicates. Organic polymers include, but are not
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limited to, (meth)acrylates, urethanes, polyamides, polyim-
ides, polybutylenes, isobutylene isoprene, polyolefins,
epoxies, parylene, benzocyclobutadiene, polynorbomenes,
polyarylethers, polycarbonate, alkyds, polyaniline, ethylene
vinyl acetate, and ethylene acrylic acid. Inorganic polymers
include, but are not limited to, silicones, polyphosphazenes,
polysilazne, polycarbosilane, polycarborane, carborane
siloxanes, polysilanes, phosphonitriles, sulfur nitride poly-
mers and siloxanes. Organometallic polymers include, but
are not limited to, organometallic polymers of main group
metals, transition metals and lanthanide/actinide metals (for
example, polymetallocenylenes such as polyferrocene and
polyruthenocene). Hybrid organic/inorganic polymer sys-
tems include, but are not limited to, organically modified
silicates, ceramers, preceramic polymers, polyimide-silica
hybrids, (meth)acrylate-silica hybrids, polydimethylsilox-
ane-silica hybrids. The decoupling layers in the first and the
second barrier stacks can be the same or different. Decou-
pling layers within the first and second barrier layers can be
the same or different at 23° C. and 0% relative.

[0012] The encapsulated organic light emitting device can
have an oxygen transmission rate through the at least one
first barrier stack of less than 0.005 cc/m*/day at 23° C. and
0% relative humidity, an oxygen transmission rate through
the at least one first barrier stack of less than 0.005 cc/m?/
day at 38° C. and 90% relative humidity, or a water vapor
transmission rate through the at least one first barrier stack
of less than 0.005 gm/m?/day at 38° C. and 100% relative
humidity.

[0013] There can optionally be a functional layer adjacent
to the substrate and located between the substrate and the
organic light emitting device. There can also be a functional
layer adjacent to the first barrier stack on a side opposite the
organic light emitting device, if desired.

[0014] The encapsulated organic light emitting device can
optionally include a protective layer adjacent to the at least
one first barrier stack on the side opposite the organic light
emitting device.

[0015] Another embodiment of the invention involves an
encapsulated organic light emitting device including at least
one second barrier stack comprising at least one second
barrier layer and at least one second decoupling layer, an
organic light emitting device adjacent to the at least one
second barrier stack, and at least one first barrier stack
adjacent to the organic light emitting device, the at least one
first barrier stack comprising at least one first barrier layer
and at least one first decoupling layer, wherein the at least
one first barrier stack and the at least one second barrier
stack encapsulate the organic light emitting device. The
encapsulated OLED optionally includes a substrate adjacent
to the at least one second barrier stack on the side opposite
the organic light emitting device.

[0016] The invention also involves a method of making
encapsulated organic light emitting devices. The method
includes providing a substrate having an organic light emit-
ting device thereon, and placing at least one first barrier
stack adjacent to the organic light emitting device to encap-
sulate the organic light emitting device, the at least one first
barrier stack comprising at least one first barrier layer and at
least one first decoupling layer.

[0017] Placing the at least one first barrier stack adjacent
to the organic light emitting device includes, but is not
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limited to, depositing the at least one first barrier stack
adjacent to the organic light emitting device, and laminating
the at least one first barrier stack adjacent to the organic light
emitting device. Depositing the at least one first barrier stack
includes, but is not limited to, depositing the at least one first
barrier stack in vacuum, depositing the at least one first
barrier stack at atmospheric pressure, and depositing the at
least one first barrier layer in vacuum and depositing the at
least one first decoupling layer at atmospheric pressure.
Methods of laminating the at least one first barrier stack
adjacent to the organic light emitting device include, but are
not limited to, laminating by heating, soldering, ultrasonic
welding, applying pressure, and using an adhesive.

[0018] Providing the substrate having the organic light
emitting device thereon includes, but is not limited to,
providing the substrate, and placing the organic light emit-
ting device adjacent to the substrate. Placing the organic
light emitting device adjacent to the substrate includes, but
is not limited to, depositing the organic light emitting device
adjacent to the substrate, and laminating the organic light
emitting device adjacent to the substrate. Depositing the
organic light emitting device includes, but is not limited to,
depositing the organic light emitting device in vacuum.

[0019] At least one second barrier stack may be placed
adjacent to the substrate before the organic light emitting
device is placed thereon so that the organic light emitting
device is encapsulated between the at least one first and
second barrier stacks, the at least one second barrier stack
comprising at least one second barrier layer and at least one
second decoupling layer. Placing the at least one second
barrier stack adjacent to the substrate includes, but is not
limited to, depositing the at least one second barrier stack
adjacent to the substrate, and laminating the at least one
second barrier stack adjacent to the substrate. Depositing the
at least one second barrier stack includes, but is not limited
to, depositing the at least one second barrier stack in
vacuum, depositing the at least one second barrier stack at
atmospheric pressure, and depositing the at least one second
barrier layer in vacuum and depositing the at least one
second decoupling layer at atmospheric pressure. Methods
for laminating the at least one second barrier stack include,
but are not limited to, heating, soldering, ultrasonic welding,
applying pressure, or using an adhesive.

[0020] The substrate can be removed from the encapsu-
lated organic light emitting device if desired, depending on
the specific design of the encapsulated OLED and the
application.

[0021] At least one of the at least one first or second
barrier layers can include at least two barrier layers. The at
least two barrier layers can be deposited using the same
deposition source, or different deposition sources. They can
be made of the same barrier material, or different barrier
materials. They can be vacuum deposited.

[0022] Accordingly, it is an object of the present invention
to provide an encapsulated OLED, and to provide a method
of making such a device.

BRIEF DESCRIPTION OF THE DRAWINGS
[0023] FIG. 1 is a cross-section of one embodiment of the
encapsulated OLED of the present invention.

[0024] FIG. 2 is a cross-section of an alternate embodi-
ment of the encapsulated OLED of the present invention.
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[0025] FIG. 3 is a cross-section of an alternate embodi-
ment of the encapsulated OLED of the present invention.

DESCRIPTION OF THE INVENTION

[0026] One embodiment of the present invention is shown
in FIG. 1. The encapsulated OLED 100 includes a substrate
105, and organic light emitting device 110, and a first barrier
stack 115. First barrier stack 115 includes first decoupling
layers 120, 125 and first barrier layer 130. The organic light
emitting device 110 is encapsulated between the substrate
105 and the first barrier stack 115.

[0027] Although FIG. 1 shows a barrier stack with decou-
pling layers on both sides of a barrier layer, the barrier stacks
can have one or more decoupling layers and one or more
barrier layers. There could be one decoupling layer and one
barrier layer, there could be multiple decoupling layers on
one side of one or more barrier layers, or there could be one
or more decoupling layers on both sides of one or more
barrier layers. The first layer of the barrier stack can be either
the decoupling layer or the barrier layer, and the last layer
can be either. The important feature is that the barrier stack
have at least one decoupling layer and at least one barrier
layer. The barrier layers are typically in the range of about
100-400 A thick, and the decoupling layers are typically in
the range of about 1000-10,000 A thick, although there are
no limits on thickness.

[0028] Although only one first barrier stack is shown in
FIG. 1, the number of barrier stacks is not limited. The
number of barrier stacks needed depends on the substrate
material used and the level of permeation resistance needed
for the particular application. One or two barrier stacks
should provide sufficient barrier properties for some appli-
cations. The most stringent applications may require five or
more barrier stacks.

[0029] The exact form and composition of the organic
light emitting device 110 is not critical. It can be made using
known techniques, including, but not limited to, those
described in U.S. Pat. Nos. 5,629,389 (Roitman et al.),
5,844,363 (Gu et al.), 5,872,355 (Hueschen), 5,902,688
(Antoniadis et al.), and 5,948,552 (Antoniadis et al.), which
have been incorporated herein by reference. The present
invention is compatible with organic light emitting devices
made with light emitting polymers and small molecules.

[0030] Another embodiment of the present invention is the
encapsulated OLED 200 as shown in FIG. 2. The encapsu-
lated OLED 200 includes substrate 205, a first barrier stack
210, an organic light emitting device 215, and a second
barrier stack 220. The first barrier stack 210 has first
decoupling layers 225, 230 and first barrier layers 235, 240.
The second barrier stack 220 includes second decoupling
layers 245, 250 and second barrier layers 255, 260. The
organic light emitting device 215 is encapsulated between
first barrier stack 210 and second barrier stack 220.

[0031] In the embodiment shown in FIG. 3, the encapsu-
lated OLED 300 includes two first barrier stacks 315, 320
and two second barrier stacks 325, 330 encapsulating the
organic light emitting device 335. The encapsulated OLED
300 includes a substrate 305. There is a functional layer 310
adjacent to the substrate. Functional layers include, but are
not limited to, organic or inorganic layers, planarizing
layers, scratch resistant layers, anti-reflective coatings, anti-
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fingerprint coatings, anti-static coatings, electrically conduc-
tive layers, electrode layers, and combinations thereof. In
this way, the substrate can be specifically tailored to different
applications. For example, a planarizing layer could be
included to reduce defects in the substrate. Such a planariz-
ing layer could be made of materials including but not
limited to, (meth)acrylates, carboxy terminated acryloni-
trile-butadienes, elastomers and elastomer-modified resins,
phenolics (including nitrile-phenolics), epoxies (including
nitrile-epoxies and nylon-epoxies), and combinations
thereof. In addition to planarizing the surface, some of these
materials will improve the adhesion of the organic light
emitting device and/or the barrier stacks to the substrate.

[0032] There are two first barrier stacks 315, 320. First
barrier stack 315 includes first decoupling layer 340 and first
barrier layer 345. First barrier stack 320 includes first
decoupling layers 350, 355 and first barrier layers 360, 365.
Second barrier stack 325 includes second decoupling layer
370 and second barrier layers 375, 380. Second barrier stack
330 includes second decoupling layers 385, 390 and second
barrier layer 395. As discussed above, the exact number and
arrangement of the barrier layers and decoupling layers in
the barrier stacks is not important as long as there is at least
one of each.

[0033] The substrate can be flexible or rigid, depending on
the application. The flexible substrate may be any flexible
material, including, but not limited to, polymers, for
example polyethlyene terephthalate (PET), polyethylene
naphthalate (PEN), or high temperature polymers such as
polyether sulfone (PES), polyimides, or Transphan™ (a high
Te cyclic olefin polymer available from Lofo High Tech
Film, GMBH of Weil am Rhein, Germany), metal, paper,
fabric, flexible glass (available from Coming Inc. under the
glass code 0211) and combinations thercof. The flexible
glass is a glass sheet with a thickness of less than 0.6 mm
that will bend at a radium of about 8 inches. Rigid substrates
include, but are not limited to, ceramics, polymers, metals,
glass, semiconductors, and combinations thereof. The sub-
strate may be removed prior to use if desired, depending on
the design of the encapsulated OLED and the specific
application.

[0034] The barrier layers in the barrier stacks may be any
suitable barrier material. The barrier layers in the first and
second barrier stacks can be made of the same material or a
different material. Barrier layers within the first or second
barrier stacks can be the same or different. Suitable barrier
materials include, but are not limited to, metals, metal
oxides, metal nitrides, metal carbides, metal oxynitrides,
metal oxyborides, and combinations thereof. Metals include,
but are not limited to, aluminum, titanium, indium, tin,
tantalum, zirconium, niobium, hafnium, yttrium, nickel,
tungsten, chromium, zine, alloys thereof, and combinations
thereof. Metal oxides include, but are not limited to, silicon
oxide, aluminum oxide, titanium oxide, indium oxide, tin
oxide, indium tin oxide, tantalum oxide, zirconium oxide,
niobium oxide, hafnium oxide, yttrium oxide, nickel oxide,
tungsten oxide, chromium oxide, zinc oxide, and combina-
tions thereof. Metal nitrides include, but are not limited to,
aluminum nitride, silicon nitride, boron nitride, germanium
nitride, chromium nitride, nickel nitride, and combinations
thereof. Metal carbides include, but are not limited to, boron
carbide, tungsten carbide, silicon carbide, and combinations
thereof. Metal oxynitrides include, but are not limited to,
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aluminum oxynitride, silicon oxynitride, boron oxynitride,
and combinations thereof Metal oxyborides include, but are
not limited to, zirconium oxyboride, titanium oxyboride, and
combinations thereof. Substantially opaque barrier layers
can be made from opaque materials including, but not
limited to, opaque metals, opaque polymers, opaque ceram-
ics, opaque cermets, and combinations thereof. Opaque
cermets include, but are not limited to, zirconium nitride,
titanium nitride, hafnium nitride, tantalum nitride, niobium
nitride, tungsten disilicide, titanium diboride, zirconium
diboride, and combinations thereof.

[0035] The barrier layers may be deposited by any suitable
process including, but not limited to, conventional vacuum
processes such as sputtering, evaporation, sublimation,
chemical vapor deposition (CVD), plasma enhanced chemi-
cal vapor deposition (PECVD), electron cyclotron reso-
nance-plasma enhanced vapor deposition (ECR-PECVD),
and combinations thereof.

[0036] Some applications may require only one side of the
device to be substantially transparent, and others may
require both sides to be substantially transparent. If one side
of the device is not required to be substantially transparent,
then the barrier layers on that side could be made of a
substantially opaque barrier material such as those described
above. By ‘substantially transparent,” we mean that there is
greater than about 40% transmission in the visible range.

[0037] When the barrier layer is made of two or more
barrier layers, the two (or more) barrier layers can be made
from the same barrier material or from different barrier
materials. If the barrier layer is made of two barrier layers,
the thickness of each barrier layer is usually about one half
the thickness of a typical single barrier layer, or about 50 to
200 A. There are no limitations on the thickness, however.

[0038] When the barrier layers are made of the same
material, they can be deposited either by sequential depo-
sition using two or more sources or by the same source using
two or more passes. If two or more deposition sources are
used, deposition conditions can be different for each source,
leading to differences in microstructure and defect dimen-
sions. Any type of deposition source can be used. Different
types of deposition processes, such as magnetron sputtering
and electron beam evaporation, can be used to deposit the
two or more barrier layers.

[0039] The microstructures of the two or more barrier
layers are mismatched as a result of the differing deposition
sources/parameters. The barrier layers can even have differ-
ent crystal structure. For example, ALO; can exist in dif-
ferent phases (alpha, gamma) with different crystal orienta-
tions. The mismatched microstructure can help decouple
defects in the adjacent barrier layers, enhancing the tortuous
path for gases and water vapor permeation.

[0040] When the barrier layers are made of different
materials, two or more deposition sources are needed. This
can be accomplished by a variety of techniques. For
example, if the materials are deposited by sputtering, sput-
tering targets of different compositions could be used to
obtain thin films of different compositions. Alternatively,
two or more sputtering targets of the same composition
could be used but with different reactive gases. Two or more
different types of deposition sources could also be used. In
this arrangement, the lattices of the two or more layers are
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even more mismatched by the different microstructures and
lattice parameters of the two or more materials.

[0041] The decoupling layer decouples defects between
adjacent layers and/or the substrate. The processes used to
deposit the barrier layers tend to reproduce any defects in the
layer they are deposited on. Therefore, defects in or on the
substrate or previous layer may be replicated in the depos-
ited barrier layer, which can seriously limit the barrier
performance of the films. The decoupling layer interrupts the
propagation of defects from one layer to the next. This is
achieved by reducing the surface imperfections of the sub-
strate or previous layer, so that the subsequently deposited
barrier layer or other layer, such as the organic light emitting
device, has fewer defects. In addition, the decoupling layers
decouple defects in the barrier layers. The decoupling layer
intervenes between barrier layers so that the defects in one
layer are not next to the defects in the subsequent layer. This
creates a tortuous path for gas diffusion, helping to improve
the barrier properties. A decoupling layer which is deposited
over the barrier layer may also help to protect the barrier
layer from damage during processing or further handling.

[0042] The decoupling layer can be produced by a number
of known processes which provide improved surface pla-
narity, including both atmospheric processes and vacuum
processes. The decoupling layer may be formed by depos-
iting a layer of liquid and subsequently processing the layer
of liquid into a solid film. Depositing the decoupling layer
as a liquid allows the liquid to flow over the defects in the
substrate or previous layer, filling in low areas, and covering
up high points, providing a surface with significantly
improved planarity. When the decoupling layer is processed
into a solid film, the improved surface planarity is retained.
Suitable processes for depositing a layer of liquid material
and processing it into a solid film include, but are not limited
to, vacuum processes such as those described in U.S. Pat.
Nos. 5,260,095, 5,395,644, 5,547,508, 5,691,615, 5,902,
641, 5,440,446, and 5,725,909, which are incorporated
herein by reference, and atmospheric processes such as spin
coating and/or spraying,.

[0043] One way to make a decoupling layer involves
depositing a polymer precursor, such as a (meth)acrylate
containing polymer precursor, and then polymerizing it in
situ to form the decoupling layer. As used herein, the term
polymer precursor means a material which can be polymer-
ized to form a polymer, including, but not limited to,
monomers, oligomers, and resins. As another example of a
method of making a decoupling layer, a preceramic precur-
sor could be deposited as a liquid by spin coating and then
converted to a solid layer. Full thermal conversion is pos-
sible for a film of this type directly on a glass or oxide coated
substrate. Although it cannot be fully converted to a ceramic
at temperatures compatible with some flexible substrates,
partial conversion to a cross-lined network structure would
be satisfactory. E-beam techniques could be used to
crosslink and/or densify some of these types of polymers
and can be combined with thermal techniques to overcome
some of the substrate thermal limitations, provided the
substrate can handle the e-beam exposure. Another example
of making a decoupling layer involves depositing a material,
such as a polymer precursor, as a liquid at a temperature
above its melting point and subsequently freezing it in place.

[0044] The decoupling layer may be made of many dif-
ferent materials, including, but not limited to, organic poly-
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mers, inorganic polymers, organometallic polymers, hybrid
organic/inorganic polymer systems, and silicates. Organic
polymers include, but are not limited to, (meth)acrylates,
urethanes, polyamides, polyimides, polybutylenes, isobuty-
lene isoprene, polyolefins, epoxies, parylene, benzocyclob-
utadiene, polyorbomenes, polyarylethers, polycarbonate,
alkyds, polyaniline, ethylene vinyl acetate, and ethylene
acrylic acid. Modified versions of the various polymer types
are included within the meaning of the polymer, for
example, olefins include modified olefins, such as ethylene
vinyl acetate. Also, as used herein, (meth)acrylates include
acrylate containing polymers and methacrylate containing
polymers.

[0045] Inorganic polymers include, but are not limited to,
silicones, polyphosphazenes, polysilazne, polycarbosilane,
polycarborane, carborane siloxanes, polysilanes, phospho-
nitriles, sulfur nitride polymers, and siloxanes. Organome-
tallic polymers include, but are not limited to, organome-
tallic polymers of main group metals, transition metals and
lanthanide/actinide metals (for example, polymetalloce-
nylenes such as polyferrocene and polyruthenocene). Hybrid
organic/inorganic polymer systems include, but are not
limited to, organically modified silicates, ceramers, prece-
ramic polymers, polyimide-silica hybrids, (meth)acrylate-
silica hybrids, polydimethylsiloxane-silica hybrids. Modi-
fied versions of the various materials are included within the
meaning of the types of materials described, for example,
silicones include modified silicones, such as fluorosilicones.

[0046] The decoupling layers of the first and second
barrier stacks can be the same, or they can be different. In
addition, the decoupling layers within each barrier stack can
be the same or different.

[0047] One or more of the decoupling layers can be
pigmented or substantially opaque, if desired. This may be
useful to produce colored backgrounds in displays for some
applications.

[0048] The method of making the encapsulated display
device will be described with reference to the embodiment
shown in FIG. 3. Any initial functional layers which are
desired, such as scratch resistant layers, planarizing layers,
electrically conductive layers, etc., can be coated, deposited,
or otherwise placed on the substrate. Alternatively, the
substrate may be purchased with the functional layers
already on it. A planarizing layer may be included to provide
a smooth base for the remaining layers. It can be formed by
depositing a layer of material such as a polymer, for
example, a (meth)acrylate-containing polymer, onto the sub-
strate or previous layer. The planarizing layer can be depos-
ited in vacuum, by using atmospheric processes such as spin
coating and/or spraying, or by roll coating. Preferably, an
(meth)acrylate-containing polymer precursor is deposited
and then polymerized in situ to form the polymer layer. As
used herein, the term (meth)acrylate-containing polymer
precursor includes acrylate-containing polymer precursors,
methacrylate-containing polymer precursors, and combina-
tions thereof. Polymer precursors include any material
which will polymerize to form a polymer, including mono-
mers, oligomers, and resins.

[0049] The second barrier stack is then placed on the
substrate. The first and second barrier stacks include at least
one barrier layer and at least one polymer layer. The barrier
stacks may be placed on the substrate (or other previous
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layer) by processes including, but not limited to, depositing
them or laminating them. The barrier stacks may be com-
pletely deposited under vacuum, or partially deposited under
vacuum and partially at atmospheric pressure.

[0050] Vacuum deposition of the decoupling layers
includes, but is not limited to, flash evaporation of polymer
precursors with in situ polymerization under vacuum, and
plasma deposition and polymerization of polymer precur-
sors. Atmospheric processes for depositing the decoupling
layers include, but are not limited to, spin coating and
spraying. Vacuum deposition of the barrier layers includes,
but is not limited to, sputtering, evaporation, sublimation,
chemical vapor deposition (CVD), plasma enhanced chemi-
cal vapor deposition (PECVD), electron cyclotron reso-
nance-plasma enhanced chemical vapor deposition (ECR-
PECVD), and combinations thereof. U.S. Pat. Nos. 5,440,
446 and 5,725,909, which have been incorporated by
reference, describe methods of depositing thin film barrier
layers and polymer layers.

[0051] Alternatively, the barrier stack may be placed adja-
cent to the substrate, organic light emitting device, or other
layer by laminating it adjacent to the previous layer. The
barrier stack may be preformed on a temporary or permanent
substrate and then laminated adjacent to the previous layer.
The lamination can be performed by processes including,
but not limited to, heating, soldering, ultrasonic welding,
applying pressure, or using an adhesive.

[0052] The environmentally sensitive display device is
then placed on the second barrier layer, substrate, or other
previous layer. The environmentally sensitive display device
can be placed adjacent to the previous layer by deposition,
such as vacuum deposition. Alternatively, it can be pre-
formed and then placed adjacent to the previous layer by
lamination. Methods of lamination include, but are not
limited to, heating, soldering, ultrasonic welding, applying
pressure, or using an adhesive.

[0053] The first barrier stack is then placed adjacent to the
environmentally sensitive display device to encapsulate it.
The first barrier stack can be placed adjacent to the envi-
ronmentally sensitive display device by methods including,
but not limited to, deposition and lamination, as described
above.

[0054] An optional functional layer can be placed adjacent
to the first barrier stack on the side opposite the organic light
emitting device. An optional protective layer can be placed
adjacent to the optional functional layer or the first barrier
stack on the side opposite the organic light emitting device.
The protective layer can be any of the commonly used
protective layers, including, but not limited to metal cans,
glass substrates, and epoxy or other sealants

[0055] Avoiding the formation of defects and/or microc-
racks in the barrier layer helps to protect the integrity of the
barrier layer. Therefore, it is desirable that the barrier layers
are not directly contacted by any equipment, such as rollers
in a web coating system, to avoid defects that may be caused
by abrasion over a roll or roller. This can be accomplished
by designing the deposition system so that the barrier layer
is covered by a decoupling layer prior to contacting or
touching any handling equipment.

[0056] A single pass, roll-to-roll, vacuum deposition of a
three layer combination on a PET substrate, ie., PET
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substrate/polymer layer/barrier layer/polymer layer, can be
more than five orders of magnitude less permeable to
oxygen and water vapor than a single oxide layer on PET
alone. See J. D. Affinito, M. E. Gross, C. A. Coronado, G.
L. Graff, E. N. Greenwell, and P. M. Martin, Polymer-Oxide
Transparent Barrier Layers Produced Using PML Process,
39" Annual Technical Conference Proceedings of the Soci-
ety of Vacuum Coaters, Vacuum Web Coating Session, 1996,
pages 392-397; J. D. Affinito, S. Eufinger, M. E. Gross, G.
L. Graff, and P. M. Martin, PML/Oxide/PML Barrier Layer
Performance Differences Arising From Use of UV or Elec-
tron Beam Polymerization of the PMIL Layers, Thin Solid
Films, Vol. 308, 1997, pages 19-25. This is despite the fact
that the effect on the permeation rate of the decoupling
layers alone, without the barrier layer (oxide, metal, nitride,
oxynitride), is barely measurable. This improvement in
barrier properties is believed to be due to two factors. First,
permeation rates in the roll-to-roll coated oxide-only layers
were found to be conductance limited by defects in the oxide
layer that arose during deposition and when the coated
substrate was wound up over system idlers/rollers. Asperi-
ties (high points) in the underlying substrate are replicated in
the deposited inorganic barrier layer. These features are
subject to mechanical damage during web handling/take-up,
and can lead to the formation of defects in the deposited film.
These defects seriously limit the ultimate barrier perfor-
mance of the films. In a single pass, decoupling layer/barrier
layer/decoupling layer process, the first decoupling layer
planarizes the substrate and provides an ideal surface for
subsequent deposition of the inorganic barrier thin film. The
second decoupling layer provides a robust “protective” film
that minimizes damage to the barrier layer and also pla-
narizes the structure for subsequent barrier layer (or organic
light emitting layer stack) deposition. The decoupling layers
also decouple defects that exist in adjacent barrier layers,
thus creating a tortuous path for gas diffusion.

[0057] The permeability of the barrier stacks used in the
present invention is shown in Table 1. The barrier stacks of
the present invention on polymeric substrates, such as PET,
have measured oxygen transmission rate (OTR) and water
vapor transmission rate (WVTR) values well below the
detection limits of current industrial instrumentation used
for permeation measurements (Mocon OxTran 2/20L and
Permatran). Table 1 shows the OTR and WVTR values
(measured according to ASTM F 1927-98 and ASTM F
1249-90, respectively) measured at Mocon (Minneapolis,
Minn.) for several barrier stacks on PET and polynorbomene
(PNB), along with some other measured values.

TABLE 1
Oxygen Permeation Rate Water Vapor Permeation
(ce/m*/day) (g/m?/day)”
Sample 23° C. 38° C. 23° C. 38° C.
Native 7 mil PET 7.62 — — —
TransphanJ* >1000
Native PNB! >1000
2-barrier stacks on 1
PNB
1-barrier stack <0.005  <0.005* — 0.46%
1-barrier stack with <0.005  <0.005* — 0.011*
ITO
2-barrier stacks <0.005  <0.005* — <0.005*
2-barrier stacks with <0.005  <0.005* — <0.005*
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TABLE 1-continued

Oxygen Permeation Rate Water Vapor Permeation

(ce/m’/day) (g/m’/day)*
Sample 23° C. 38° C. 23° C. 38° C.
ITO
S-barrier stacks <0.005 <0.005* — <0.005*
S-barrier stacks with <0.005 <0.005* — <0.005*

ITO

*38° C., 90% RH, 100% O,

*38° C, 100% RH

"Measured according to ASTM F 1927-98.

NOTE: Permeation rates of <0.005 are below the detection limits of cur-
rent instrumentation (Mocon OxTran 2/20L).

[0058] As can be seen from the data in Table 1, the barrier
stacks used in the present invention provide exceptional
environmental protection, which was previously unavailable
with polymers. The barrier stacks of the present invention
provide oxygen and water vapor permeation rates several
orders of magnitude better than PET alone. Typical perme-
ation rates for other barrier coatings range from 0.1 to 1
cc/m*/day. The barrier stacks are extremely effective in
preventing oxygen and water penetration to the underlying
devices, and substantially outperform other barrier coatings
on the market.

[0059] Two barrier stacks were applied to the polynor-
bomene. At a temperature of 23° C., the two barrier stacks
reduced the oxygen permeation rate from >1000 cc/m?/day
to 1 cc/m?/day, an improvement of more than three orders of
magnitude. The polynorbomene used in the preliminary
evaluation was a prototype material and had very poor
surface quality (pits, scratches, and other surface defects). It
is believed that the oxygen and water vapor permeation rates
can be reduced to <0.005 cc/m?/day by using a better quality
substrate material and more barrier stacks.

[0060] We have also compared the performance of OLED
devices (fabricated on glass and silicon) before and after
encapsulation using the barrier stacks of the present inven-
tion. After encapsulation, the current density-versus-voltage
and brightness-versus-current density characteristics were
identical (within experimental error) to the measured behav-
ior of the pristine (unencapsulated) devices. This shows that
the barrier stacks and deposition methods are compatible
with OLED device manufacturing.

[0061] Using a process of flash evaporation of a polymer
precursor and magnetron sputtering to deposit the barrier
stacks, deposition temperatures are well below 100° C., and
stresses in the barrier stack can be minimized. Multilayer
barrier stacks can be deposited at high deposition rates. No
harsh gases or chemicals are used, and the process can be
scaled up to large substrates and wide webs. The barrier
properties of the barrier stack can be tailored to the appli-
cation by controlling the number of layers, the materials, and
the layer design. In addition, because the barrier stacks
include crosslinked decoupling layers and hard barrier lay-
ers, the barrier stacks provide a degree of chemical resis-
tance and scratch resistance.

[0062] Thus, the present invention provides a barrier stack
with the exceptional barrier properties necessary for her-
metic sealing of an OLED. It permits the production of an
encapsulated OLED.
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[0063] While certain representative embodiments and
details have been shown for purposes of illustrating the
invention, it will be apparent to those skilled in the art that
various changes in the compositions and methods disclosed
herein may be made without departing from the scope of the
invention, which is defined in the appended claims.

What is claimed is:
1. An encapsulated organic light emitting device compris-
ing:

a substrate;

an organic light emitting device adjacent to the substrate;
and

at least one first barrier stack adjacent to the organic light
emitting device, the at least one first barrier stack
comprising at least one first barrier layer and at least
one first decoupling layer, wherein the at least one first
barrier stack encapsulates the organic light emitting
device.
2. The encapsulated organic light emitting device of claim
1 further comprising at least one second barrier stack
adjacent to the substrate and located between the substrate
and the organic light emitting device, the at least one second
barrier stack comprising at least one second barrier layer and
at least one second decoupling layer, wherein the at least one
first and second barrier stacks encapsulate the organic light
emitting device.
3. The encapsulated organic light emitting device of claim
1 wherein the at least one first barrier stack is substantially
transparent.
4. The encapsulated organic light emitting device of claim
2 wherein the at least one second barrier stack is substan-
tially transparent.
5. The encapsulated organic light emitting device of claim
1 wherein at least one of the at least one first barrier layers
comprises a material selected from metals, metal oxides,
metal nitrides, metal carbides, metal oxynitrides, metal
oxyborides, or combinations thereof.
6. The encapsulated organic light emitting device of claim
5 wherein at least one of the at least one first barrier layers
is metal selected from aluminum, titanium, indium, tin,
tantalum, zirconium, niobium, hafnium, yttrium, nickel,
tungsten, chromium, zine, alloys thereof, or combinations
thereof.
7. The encapsulated organic light emitting device of claim
5 wherein at least one of the at least one first barrier layers
is metal oxide selected from silicon oxide, aluminum oxide,
titanium oxide, indium oxide, tin oxide, indium tin oxide,
tantalum oxide, zirconium oxide, niobium oxide, hafnium
oxide, yttrium oxide, nickel oxide, tungsten oxide, chro-
mium oxide, zinc oxide, or combinations thereof.
8. The encapsulated organic light emitting device of claim
5 wherein at least one of the at least one first barrier layers
is metal nitride selected from aluminum nitride, silicon
nitride, boron nitride, germanium nitride, chromium nitride,
nickel nitride, or combinations thereof.
9. The encapsulated organic light emitting device of claim
5 wherein at least one of the at least one first barrier layers
is metal carbide selected from boron carbide, tungsten
carbide, silicon carbide, or combinations thereof.
10. The encapsulated organic light emitting device of
claim 5 wherein at least one of the at least one first barrier
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layers is metal oxynitride selected from aluminum oxyni-
tride, silicon oxynitride, boron oxynitride, or combinations
thereof.

11. The encapsulated organic light emitting device of
claim 5 wherein at least one of the at least one first barrier
layers is metal oxyboride selected from zirconium oxy-
boride, titanium oxyboride, or combinations thereof.

12. The encapsulated organic light emitting device of
claim 1 wherein the at least one first barrier stack is
substantially opaque.

13. The encapsulated organic light emitting device of
claim 2 wherein the at least one second barrier stack is
substantially opaque.

14. The encapsulated organic light emitting device of
claim 1 wherein at least one of the at least one first barrier
layers comprises an opaque cermet selected from zirconium
nitride, titanium nitride, hafnium nitride, tantalum nitride,
niobium nitride, tungsten disilicide, titanium diboride, zir-
conium diboride, or combinations thereof.

15. The encapsulated organic light emitting device of
claim 1 wherein the substrate comprises a flexible glass.

16. The encapsulated organic light emitting device of
claim 1 wherein the substrate comprises a rigid substrate
material is selected from ceramics, polymers, semiconduc-
tors, glass, silicon, or combinations thereof.

17. The encapsulated organic light emitting device of
claim 1 wherein at least one of the at least one first
decoupling layers is selected from organic polymers, inor-
ganic polymers, organometallic polymers, hybrid organic/
inorganic polymer systems, and silicates.

18. The encapsulated organic light emitting device of
claim 17 wherein at least one of the at least one first
decoupling layers is organic polymer selected from ure-
thanes, polyamides, polyimides, polybutylenes, isobutylene
isoprene, polyolefins, epoxies, parylene, benzocyclobutadi-
ene, polynorbornenes, polyarylethers, polycarbonate,
alkyds, polyaniline, ethylene vinyl acetate, and ethylene
acrylic acid.

19. The encapsulated organic light emitting device of
claim 17 wherein at least one of the at least one first
decoupling layers is inorganic polymer selected from sili-
cones, polyphosphazenes, polysilazane, polycarbosilane,
polycarborane, carborane siloxanes, polysilanes, phospho-
nitirles, sulfur nitride polmers and siloxanes.

20. The encapsulated organic light emitting device of
claim 17 wherein at least one of the at least one first
decoupling layers is organometallic polymer selected from
organometallic polymers of main group metals, transition
metals, and lanthanide/actinide metals.

21. The encapsulated organic light emitting device of
claim 17 wherein at least one of the at least one first
decoupling layers is hybrid organic/inorganic polymer sys-
tem selected from organically modified silicates, preceramic
polymers, polyimide-silica hybrids, (meth)acrylate-silica
hybrids, polydimethylsiloxane-silica hybrids and ceramers.

22. The encapsulated organic light emitting device of
claim 1 further comprising at least one functional layer
adjacent to the substrate and located between the substrate
and the organic light emitting device.

23. The encapsulated organic light emitting device of
claim 22 wherein at least one of the at least one functional
layers is selected from planarizing layers, scratch resistant
layers, anti-reflective coatings, anti-fingerprint coatings,
anti-static coatings, electrically conductive layers, color



US 2002/0125822 Al

filters, uv protection layers, anticorrosion layers, flame retar-
dant coatings, adhesive layers, or combinations thereof.

24. The encapsulated organic light emitting device of
claim 1 wherein the oxygen transmission rate through the at
least one first barrier stack is less than 0.005 cc/m?*/day at
23° C. and 0% relative humidity.

25. The encapsulated organic light emitting device of
claim 1 wherein the oxygen transmission rate through the at
least one first barrier stack is less than 0.005 cc/m?/day at
38° C. and 90% relative humidity.

26. The encapsulated organic light emitting device of
claim 1 wherein the water vapor transmission rate through
the at least one first barrier stack is less than 0.005 gm/m?/
day at 38° C. and 100% relative humidity.

27. The encapsulated organic light emitting device of
claim 1 further comprising a functional layer adjacent to the
at least one first barrier stack on a side opposite the organic
light emitting device.

28. The encapsulated organic light emitting device of
claim 1 further comprising a protective layer adjacent to the
at least one first barrier stack on a side opposite the organic
light emitting device.

29. An encapsulated organic light emitting device com-
prising:

at least one second barrier stack comprising at least one
second barrier layer and at least one second decoupling
layer;

an organic light emitting device adjacent to the at least
one second barrier stack; and

at least one first barrier stack adjacent to the organic light
emitting device, the at least one first barrier stack
comprising at least one first barrier layer and at least
one first decoupling layer, wherein the at least one first
barrier stack and the at least one second barrier stack
encapsulate the organic light emitting device.

30. The encapsulated organic light emitting device of
claim 29 further comprising a substrate adjacent to the at
least one second barrier stack on a side opposite the organic
light emitting device.

31. The encapsulated organic light emitting device of
claim 29 wherein at least one of the at least one first or
second barrier layers comprises a material selected from
metals, metal oxides, metal nitrides, metal carbides, metal
oxynitrides, metal oxyborides, or combinations thereof.

32. The encapsulated organic light emitting device of
claim 31 wherein at least one of the at least one first or
second barrier layers is metal selected from aluminum,
titanium, indium, tin, tantalum, zirconium, niobium,
hafnium, yttrium, nickel, tungsten, chromium, zinc, alloys
thereof, or combinations thereof.

33. The encapsulated organic light emitting device of
claim 31 wherein at least one of the at least one first or
second barrier layers is metal oxide selected from silicon
oxide, aluminum oxide, titanium oxide, indium oxide, tin
oxide, indium tin oxide, tantalum oxide, zirconium oxide,
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niobium oxide, hafnium oxide , yttrium oxide, nickel oxide,
tungsten oxide, chromium oxide, zinc oxide, or combina-
tions thereof.

34. The encapsulated organic light emitting device of
claim 31 wherein at least one of the at least one first or
second barrier layers is metal nitride selected from alumi-
num nitride, silicon nitride, boron nitride, germanium
nitride, chromium nitride, nickel nitride, or combinations
thereof.

35. The encapsulated organic light emitting device of
claim 31 wherein at least one of the at least one first or
second barrier layers is metal carbide selected from boron
carbide, tungsten carbide, silicon carbide, or combinations
thereof.

36. The encapsulated organic light emitting device of
claim 31 wherein at least one of the at least one first or
second barrier layers is metal oxynitride selected from
aluminum oxynitride, silicon oxynitride, boron oxynitride,
or combinations thereof.

37. The encapsulated organic light emitting device of
claim 31 wherein at least one of the at least one first or
second barrier layers is metal oxyboride selected from
zirconium oxyboride, titanium oxyboride, or combinations
thereof.

38. The encapsulated organic light emitting device of
claim 29 wherein at least one of the at least one first or
second barrier layers comprises opaque cermet selected
from zirconium nitride, titanium nitride, hafnium nitride,
tantalum nitride, niobium nitride, tungsten disilicide, tita-
nium diboride, zirconium diboride, or combinations thereof.

39. The encapsulated organic light emitting device of
claim 29 wherein at least one of the at least one first or
second decoupling layers is selected from organic polymers,
inorganic polymers, organometallic polymers, hybrid
organic/inorganic polymer systems, and silicates.

40. The encapsulated organic light emitting device of
claim 29 wherein the oxygen transmission rate through the
at least one first barrier stack is less than 0.005 cc/m?/day at
23° C. and 0% relative humidity.

41. The encapsulated organic light emitting device of
claim 29 wherein the oxygen transmission rate through the
at least one first barrier stack is less than 0.005 cc/m?/day at
38° C. and 90% relative humidity.

42. The encapsulated organic light emitting device of
claim 29 wherein the water vapor transmission rate through
the at least one first barrier stack is less than 0.005 gm/m?/
day at 38° C. and 100% relative humidity.

43. The encapsulate organic light emitting device of claim
29 further comprising at least one functional layer adjacent
to the at least one first barrier stack on a side opposite the
organic light emitting device.

44. The encapsulated organic light emitting device of
claim 29 further comprising a protective layer adjacent to
the at least one first barrier stack on a side opposite the
organic light emitting device.
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