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OLEDs With Low-Index Islands to Enhance Outcoupling of Light

TECHNICAL FIELD

[0001] The present invention relates to organic light emitting devices, and more particularly,

to organic light emitting devices having improved outcoupling efficiency.

BACKGROUND

[0002] Opto-electronic devices that make use of organic materials are becoming increasingly

desirable for a number of reasons. Many of the materials used to make such devices are

relatively inexpensive, so organic opto-electronic devices have the potential for cost advantages

over inorganic devices. In addition, the inherent properties of organic materials, such as their

flexibility, may make them well suited for particular applications such as fabrication on a

flexible substrate. Examples of organic opto-electronic devices include organic light emitting

devices (OLEDs), organic phototransistors, organic photovoltaic cells, and organic

photodetectors. For OLEDs, the organic materials may have performance advantages over

conventional materials. For example, the wavelength at which an organic emissive layer emits

light may generally be readily tuned with appropriate dopants.

[0003] OLEDs make use of thin organic films that emit light when voltage is applied across

the device. OLEDs are becoming an increasingly interesting technology for use in applications

such as flat panel displays, illumination, and backlighting. Several OLED materials and

configurations are described in U.S. Pat. Nos. 5,844,363, 6,303,238, and 5,707,745, which are

incorporated herein by reference in their entirety.

[0004] One application for phosphorescent emissive molecules is a full color display.

Industry standards for such a display call for pixels adapted to emit particular colors, referred to

as "saturated" colors. In particular, these standards call for saturated red, green, and blue pixels.

Color may be measured using CIE coordinates, which are well known to the art.

[0005] One example of a green emissive molecule is tris(2-phenylpyridine) iridium, denoted

Ir(ppy)3, which has the structure of Formula I :



[0006] In this, and later figures herein, we depict the dative bond from nitrogen to metal

(here, Ir) as a straight line.

[0007] As used herein, the term "organic" includes polymeric materials as well as small

molecule organic materials that may be used to fabricate organic opto-electronic devices. "Small

molecule" refers to any organic material that is not a polymer, and "small molecules" may

actually be quite large. Small molecules may include repeat units in some circumstances. For

example, using a long chain alkyl group as a substituent does not remove a molecule from the

"small molecule" class. Small molecules may also be incorporated into polymers, for example as

a pendent group on a polymer backbone or as a part of the backbone. Small molecules may also

serve as the core moiety of a dendrimer, which consists of a series of chemical shells built on the

core moiety. The core moiety of a dendrimer may be a fluorescent or phosphorescent small

molecule emitter. A dendrimer may be a "small molecule," and it is believed that all dendrimers

currently used in the field of OLEDs are small molecules.

[0008] As used herein, "top" means furthest away from the substrate, while "bottom" means

closest to the substrate. Where a first layer is described as "disposed over" a second layer, the

first layer is disposed further away from substrate. There may be other layers between the first

and second layer, unless it is specified that the first layer is "in contact with" the second layer.

For example, a cathode may be described as "disposed over" an anode, even though there are

various organic layers in between.

[0009] As used herein, "solution processible" means capable of being dissolved, dispersed,

or transported in and/or deposited from a liquid medium, either in solution or suspension form.

[0010] A ligand may be referred to as "photoactive" when it is believed that the ligand

directly contributes to the photoactive properties of an emissive material. A ligand may be

referred to as "ancillary" when it is believed that the ligand does not contribute to the photoactive

properties of an emissive material, although an ancillary ligand may alter the properties of a

photoactive ligand.



[0011] As used herein, and as would be generally understood by one skilled in the art, a first

"Highest Occupied Molecular Orbital" (HOMO) or "Lowest Unoccupied Molecular Orbital"

(LUMO) energy level is "greater than" or "higher than" a second HOMO or LUMO energy level

if the first energy level is closer to the vacuum energy level. Since ionization potentials (IP) are

measured as a negative energy relative to a vacuum level, a higher HOMO energy level

corresponds to an IP having a smaller absolute value (an IP that is less negative). Similarly, a

higher LUMO energy level corresponds to an electron affinity (EA) having a smaller absolute

value (an EA that is less negative). On a conventional energy level diagram, with the vacuum

level at the top, the LUMO energy level of a material is higher than the HOMO energy level of

the same material. A "higher" HOMO or LUMO energy level appears closer to the top of such a

diagram than a "lower" HOMO or LUMO energy level.

[0012] As used herein, and as would be generally understood by one skilled in the art, a first

work function is "greater than" or "higher than" a second work function if the first work function

has a higher absolute value. Because work functions are generally measured as negative

numbers relative to vacuum level, this means that a "higher" work function is more negative. On

a conventional energy level diagram, with the vacuum level at the top, a "higher" work function

is illustrated as further away from the vacuum level in the downward direction. Thus, the

definitions of HOMO and LUMO energy levels follow a different convention than work

functions.

[0013] More details on OLEDs, and the definitions described above, can be found in US Pat.

No. 7,279,704, which is incorporated herein by reference in its entirety.

SUMMARY

[0014] For many conventional organic light emitting devices (OLEDs), the efficiency of the

OLED is limited by its inability to emit all of the light that is generated in the light-emissive

region. One of the light loss mechanisms involves the trapping of light within the OLED

structure by internal reflection at interfaces within the OLED, resulting in the waveguiding of

light. For example, at a glass-air interface, light that is incident upon the inner surface of the

glass-air interface at an angle larger than a critical angle may not cross the interface, and instead,

may be reflected internally and become trapped within the device. This waveguided light

propagates laterally in the layered structure of the device and may not be emitted effectively,



lowering the external quantum efficiency of the device. In large area lighting applications, such

losses may represent a significant amount of wasted energy consumption. Therefore, there is a

need for techniques to improve the outcoupling efficiency of OLEDs. The present invention

provides organic light emitting device having improved outcoupling efficiency by using a

discontinuous layer made of a low-index material.

[0015] In one embodiment, the present invention provides an organic light emitting device

comprising: (a) a substrate; (b) a first electrode disposed over the substrate; (c) a second

electrode disposed over the first electrode; (d) a discontinuous layer disposed between the first

and second electrodes, the discontinuous layer comprising a translucent low-index material; and

(e) an organic layer disposed on and in physical contact with the discontinuous layer, the organic

layer comprising an organic material; wherein the low-index material has a lower refractive

index than the organic material in the organic layer.

[0016] In another embodiment, the present invention provides a method of making an

organic light emitting device, comprising: (a) providing a substrate; (b) depositing a translucent

low-index material onto a surface over the substrate, wherein the deposition is terminated before

the low-index material forms a continuous layer; and (c) depositing an organic material onto the

low-index material, wherein the low-index material has a lower refractive index than the organic

material.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 shows an organic light emitting device having separate electron transport, hole

transport, and emissive layers, as well as other layers.

[0018] FIG. 2 shows an inverted organic light emitting device that does not have a separate

electron transport layer.

[0019] FIG. 3 shows an organic light emitting device having a single island layer, according

to an embodiment of the present invention.

[0020] FIG. 4 shows an organic light emitting device having multiple island layers,

according to another embodiment of the present invention.

[0021] FIGS. 5A - C show various steps in a method for making an organic light emitting

device, according to another embodiment of the present invention.



DETAILED DESCRIPTION

[0022] Generally, an OLED comprises at least one organic layer disposed between and

electrically connected to an anode and a cathode. When a current is applied, the anode injects

holes and the cathode injects electrons into the organic layer(s). The injected holes and electrons

each migrate toward the oppositely charged electrode. When an electron and hole localize on the

same molecule, an "exciton," which is a localized electron-hole pair having an excited energy

state, is formed. Light is emitted when the exciton relaxes via a photoemissive mechanism. In

some cases, the exciton may be localized on an excimer or an exciplex. Non-radiative

mechanisms, such as thermal relaxation, may also occur, but are generally considered

undesirable.

[0023] The initial OLEDs used emissive molecules that emitted light from their singlet states

("fluorescence") as disclosed, for example, in U.S. Pat. No. 4,769,292, which is incorporated by

reference in its entirety. Fluorescent emission generally occurs in a time frame of less than 10

nanoseconds.

[0024] More recently, OLEDs having emissive materials that emit light from triplet states

("phosphorescence") have been demonstrated. Baldo et al., "Highly Efficient Phosphorescent

Emission from Organic Electroluminescent Devices," Nature, vol. 395, 151-154, 1998; ("Baldo-

I") and Baldo et al., "Very high-efficiency green organic light-emitting devices based on

electrophosphorescence," Appl. Phys. Lett., vol. 75, No. 3, 4-6 (1999) ("Baldo-II"), which are

incorporated by reference in their entireties. Phosphorescence is described in more detail in US

Pat. No. 7,279,704 at cols. 5-6, which are incorporated by reference.

[0025] FIG. 1 shows an organic light emitting device 100. The figures are not necessarily

drawn to scale. Device 100 may include a substrate 110, an anode 115, a hole injection layer

120, a hole transport layer 125, an electron blocking layer 130, an emissive layer 135, a hole

blocking layer 140, an electron transport layer 145, an electron injection layer 150, a protective

layer 155, and a cathode 160. Cathode 160 is a compound cathode having a first conductive layer

162 and a second conductive layer 164. Device 100 may be fabricated by depositing the layers

described, in order. The properties and functions of these various layers, as well as example

materials, are described in more detail in US 7,279,704 at cols. 6-10, which are incorporated by

reference.



[0026] More examples for each of these layers are available. For example, a flexible and

transparent substrate-anode combination is disclosed in U.S. Pat. No. 5,844,363, which is

incorporated by reference in its entirety. An example of a p-doped hole transport layer is m-

MTDATA doped with F.sub.4-TCNQ at a molar ratio of 50:1, as disclosed in U.S. Patent

Application Publication No. 2003/0230980, which is incorporated by reference in its entirety.

Examples of emissive and host materials are disclosed in U.S. Pat. No. 6,303,238 to Thompson

et al., which is incorporated by reference in its entirety. An example of an n-doped electron

transport layer is BPhen doped with Li at a molar ratio of 1:1, as disclosed in U.S. Patent

Application Publication No. 2003/0230980, which is incorporated by reference in its entirety.

U.S. Pat. Nos. 5,703,436 and 5,707,745, which are incorporated by reference in their entireties,

disclose examples of cathodes including compound cathodes having a thin layer of metal such as

Mg:Ag with an overlying transparent, electrically-conductive, sputter-deposited ITO layer. The

theory and use of blocking layers is described in more detail in U.S. Pat. No. 6,097,147 and U.S.

Patent Application Publication No. 2003/0230980, which are incorporated by reference in their

entireties. Examples of injection layers are provided in U.S. Patent Application Publication No.

2004/01741 16, which is incorporated by reference in its entirety. A description of protective

layers may be found in U.S. Patent Application Publication No. 2004/01741 16, which is

incorporated by reference in its entirety.

[0027] FIG. 2 shows an inverted OLED 200. The device includes a substrate 210, a cathode

215, an emissive layer 220, a hole transport layer 225, and an anode 230. Device 200 may be

fabricated by depositing the layers described, in order. Because the most common OLED

configuration has a cathode disposed over the anode, and device 200 has cathode 215 disposed

under anode 230, device 200 may be referred to as an "inverted" OLED. Materials similar to

those described with respect to device 100 may be used in the corresponding layers of device

200. FIG. 2 provides one example of how some layers may be omitted from the structure of

device 100.

[0028] The simple layered structure illustrated in FIGS. 1 and 2 is provided by way of non-

limiting example, and it is understood that embodiments of the invention may be used in

connection with a wide variety of other structures. The specific materials and structures

described are exemplary in nature, and other materials and structures may be used. Functional

OLEDs may be achieved by combining the various layers described in different ways, or layers



may be omitted entirely, based on design, performance, and cost factors. Other layers not

specifically described may also be included. Materials other than those specifically described

may be used. Although many of the examples provided herein describe various layers as

comprising a single material, it is understood that combinations of materials, such as a mixture of

host and dopant, or more generally a mixture, may be used. Also, the layers may have various

sublayers. The names given to the various layers herein are not intended to be strictly limiting.

For example, in device 200, hole transport layer 225 transports holes and injects holes into

emissive layer 220, and may be described as a hole transport layer or a hole injection layer. In

one embodiment, an OLED may be described as having an "organic layer" disposed between a

cathode and an anode. This organic layer may comprise a single layer, or may further comprise

multiple layers of different organic materials as described, for example, with respect to FIGS. 1

and 2 .

[0029] Structures and materials not specifically described may also be used, such as OLEDs

comprised of polymeric materials (PLEDs) such as disclosed in U.S. Pat. No. 5,247,190 to

Friend et al., which is incorporated by reference in its entirety. By way of further example,

OLEDs having a single organic layer may be used. OLEDs may be stacked, for example as

described in U.S. Pat. No. 5,707,745 to Forrest et al, which is incorporated by reference in its

entirety. The OLED structure may deviate from the simple layered structure illustrated in FIGS.

1 and 2 . For example, the substrate may include an angled reflective surface to improve out-

coupling, such as a mesa structure as described in U.S. Pat. No. 6,091,195 to Forrest et al, and/or

a pit structure as described in U.S. Pat. No. 5,834,893 to Bulovic et al, which are incorporated

by reference in their entireties.

[0030] Unless otherwise specified, any of the layers of the various embodiments may be

deposited by any suitable method. For the organic layers, preferred methods include thermal

evaporation, ink-jet, such as described in U.S. Pat. Nos. 6,013,982 and 6,087,196, which are

incorporated by reference in their entireties, organic vapor phase deposition (OVPD), such as

described in U.S. Pat. No. 6,337,102 to Forrest et al, which is incorporated by reference in its

entirety, and deposition by organic vapor jet printing (OVJP), such as described in U.S. patent

application Ser. No. 10/233,470, which is incorporated by reference in its entirety. Other suitable

deposition methods include spin coating and other solution based processes. Solution based

processes are preferably carried out in nitrogen or an inert atmosphere. For the other layers,



preferred methods include thermal evaporation. Preferred patterning methods include deposition

through a mask, cold welding such as described in U.S. Pat. Nos. 6,294,398 and 6,468,819,

which are incorporated by reference in their entireties, and patterning associated with some of

the deposition methods such as ink-jet and OVJD. Other methods may also be used. The

materials to be deposited may be modified to make them compatible with a particular deposition

method. For example, substituents such as alkyl and aryl groups, branched or unbranched, and

preferably containing at least 3 carbons, may be used in small molecules to enhance their ability

to undergo solution processing. Substituents having 20 carbons or more may be used, and 3-20

carbons is a preferred range. Materials with asymmetric structures may have better solution

processibility than those having symmetric structures, because asymmetric materials may have a

lower tendency to recrystallize. Dendrimer substituents may be used to enhance the ability of

small molecules to undergo solution processing.

[0031] Devices fabricated in accordance with embodiments of the invention may be

incorporated into a wide variety of consumer products, including flat panel displays, computer

monitors, televisions, billboards, lights for interior or exterior illumination and/or signaling,

heads up displays, fully transparent displays, flexible displays, laser printers, telephones, cell

phones, personal digital assistants (PDAs), laptop computers, digital cameras, camcorders,

viewfmders, micro-displays, vehicles, a large area wall, theater or stadium screen, or a sign.

Various control mechanisms may be used to control devices fabricated in accordance with the

present invention, including passive matrix and active matrix. Many of the devices are intended

for use in a temperature range comfortable to humans, such as 18 degrees C to 30 degrees C, and

more preferably at room temperature (20-25 degrees C).

[0032] The materials and structures described herein may have applications in devices other

than OLEDs. For example, other optoelectronic devices such as organic solar cells and organic

photodetectors may employ the materials and structures. More generally, organic devices, such

as organic transistors, may employ the materials and structures.

[0033] The terms halo, halogen, alkyl, cycloalkyl, alkenyl, alkynyl, arylkyl, heterocyclic

group, aryl, aromatic group, and heteroaryl are known to the art, and are defined in US 7,279,704

at cols. 31-32, which are incorporated herein by reference.

[0034] The present invention provides organic light emitting devices (OLEDs) having

improved outcoupling efficiency by using a discontinuous layer made of a translucent low-index



material. In certain embodiments, the organic light emitting device comprises two electrodes

and a discontinuous layer between the two electrodes. The discontinuous layer is made of a

translucent low-index material. An organic layer comprising an organic material is disposed on

the discontinuous layer such that the organic material is in physical contact with the

discontinuous layer. For clarity in distinguishing from other functional organic layers that may

be present in the OLED, this organic layer that is disposed on the discontinuous layer is referred

to herein as the "associated organic layer." The discontinuous layer may be disposed on any of

the various components of an OLED, including a substrate, an electrode (e.g., the anode), or one

of the functional organic layers in an OLED (e.g., charge transport layer, charge injection layer,

emissive layer, etc.).

[0035] As used herein, the term "low-index material" means a translucent material having a

lower refractive index than the organic material(s) used in the organic layer that is disposed on

the discontinuous layer. As used herein, the term "translucent material" means that the material

has a transmittance of greater than 50% of visible light that is incident at an orthogonal angle

upon a 50 nm thick layer of the material. The low-index material may have a refractive index (as

measured at λ = 550 nm) of 1.8 or less (for example, in the range of 1.0 - 1.8); and in some

cases, 1.5 or less (for example, in the range of 1.0 - 1.5). Examples of low-index materials that

can be used include inorganic alkali metal salts (for example, LiF, NaF, CsF, or MgF), metal or

metalloid oxides (for example, silicon oxide or aluminum oxide), or polytetrafluoroethylene (for

example, Teflon™). In some cases, the low-index material is a non-inert material, i.e., is

chemically reactive with the organic material(s) used in the organic layer. Chemical interaction

of the low-index material with the organic material(s) in the organic layer may serve to improve

conductivity. In some cases, the low-index material may be the same material used to make

another component of the OLED. For example, in OLEDs where LiF (refractive index -1.4) is

used in the electron injection layer interface, the low-index material used in the discontinuous

layer may also be LiF.

[0036] As used herein, a "discontinuous layer" means a layer comprising discrete elements

that lie substantially in the same plane but are physically isolated from each other (i.e., they do

not touch each other). As such, the total area occupied by the discrete elements of the

discontinuous layer is a fraction of the area upon which it is disposed. For example, in some

cases, the total area of the discontinuous layer may be in the range of 20 - 70% of the area upon



which it is disposed, but other fractional coverage areas are also possible. Coverage areas in this

range may be beneficial in providing improved outcoupling efficiency while maintaining a

sufficient current pathway through the associated organic layer to avoid or reduce the need for

increasing operating voltage.

[0037] The pattern of the discrete elements may be predetermined (e.g., formed by a

lithographic technique) or be stochastic (e.g., formed by island growth during thin film

deposition). Methods by which the discontinuous layer may be made are described in more

detail below. Having the discrete elements of the discontinuous layer be isolated from each other

may be beneficial in allowing a sufficient current pathway through the associated organic layer

to avoid or reduce the need for increasing operating voltage. In certain embodiments, the

spacing between the discrete elements is smaller than the wavelength of the light emitted by the

OLED. For example, the spacing between the discrete elements may be 500 nm or less; or in the

range of 50 - 500 nm; or in the range of 50 - 200 nm, but other spacing distances are also

possible.

[0038] The discrete elements may be in the form of islands, particles, grains, or any other

bulk formations of low-index material such that the discontinuous layer is made of substantially

individual elements that are dispersed on the surface at a micrometer or nanometer scale. In

certain embodiments, the discrete elements of the discontinuous layer may be uniformly

distributed on the surface. In some embodiments, the discrete elements that form the

discontinuous layer may be islands of the low-index material. As used herein, the term "islands"

refer to structures having a flat surface at the bottom (i.e., facing towards the substrate).

[0039] In certain embodiments, the discontinuous layer is thinner than the associated organic

layer. This feature can reduce the risk of the discontinuous layer creating shorting defects that

result in current leakage. This feature can also have the benefit of avoiding or reducing the loss

of active emitting area due to the embedding of low-index material into the organic stack of the

OLED. The relative thickness of the discontinuous layer may be 5 - 85% of the thickness of the

associated organic layer, but other relative thicknesses are also possible for the discontinuous

layer.

[0040] The width of each element of the discontinuous layer may be in the range of 0.01 -

500 nm; and in some cases, up to 100 nm; and in some cases, up to 10 nm; but other sizes are

also possible. As used herein, the width of the discrete elements in the discontinuous layer



means the lateral width of each element along the two-dimensional plane parallel to the substrate

where the lateral width of the element is the greatest. For example, in the case of islands, the

size of the islands would be measured as the diameter along the bottom flat surface (i.e., facings

towards the substrate) of the islands. For example, in the case of spherical particles, the size of

the particles would be measured as the diameter at the midsection of the particles. The

discontinuous layer may have a thickness of 50 A or less (e.g., 1 - 50 A); and in some cases, 20

A or less (e.g., 1 - 20 A), but other layer thicknesses are also possible. As used herein, the

"thickness" of the discontinuous layer means the average height of the discrete elements that

make up the discontinuous layer.

[0041] The organic material(s) used in the associated organic layer may be any of the organic

materials used in making the functional organic layers in an organic light emitting device. For

example, the organic material may be any of the charge transporting, charge injecting, or

hole/electron accepting materials known in the art. As the discontinuous layers becomes thicker

or as the discrete elements cover more area, there may be increased electrical resistance through

the associated organic layer caused by the discontinuous layer. Thus, in certain embodiments, it

may be beneficial to use organic materials having a relatively higher conductivity or charge

carrier mobility for making the associated organic layer. Using organic materials of relatively

higher conductivity or charge carrier mobility may minimize any increase in electrical resistance

caused by the discontinuous layer.

[0042] Because the measurement of charge carrier mobility can vary between laboratories

and other experimental conditions, it is generally more reliable to compare the conductivity of

two materials measured in the same experimental setup, i.e., a new material may be tested

against a common reference material whose charge carrier mobilities have been published. The

relative measurements can be carried out according to methods reported in the literature, such as:

Yasuda, T. et al, Jpn. J. Appl. Phys., Vol 41(9):5626-5629 (2002), Kulkarni, A. et al, Chem.

Mater., 16:4556-4573 (2004), Naka, S., Applied Physics Letters, 76(2): 197-199 (2000), and

Strohriegl, P., et al, Adv. Mater., 14(20):1439-1452 (2002). The charge carrier mobility of a

material may be estimated by application of a suitable experimental technique, such as time-of-

flight (TOF), space charge limited current (SCLC) measurement, or field-effect (FE) methods,

according to standard techniques.



[0043] Another way to compare the electrical conductivities of two different materials is

according to the following testing protocol. A 2.0 mm2 area square test device (V2 mm on each

side) is made using an indium-tin oxide anode (1200 A thick); a 100 A thick layer of the test

material is deposited onto the ITO anode; followed by 300 A NPD; followed by 300 A

CBP:Ir(ppy)3 (6%) as an emissive layer; followed by 100 A BAlq; followed by 400 A Alq3;

followed by 10 A of LiF and 1000 A of aluminum as the cathode. A constant voltage of 6V is

applied between the two electrodes and current flow is measured. In certain embodiments, the

organic material used in the associated organic layer produces 10% greater current as compared

to copper phthalocyanine (CuPc) as the test material under this testing protocol; and in some

cases, produces 50%> greater current. In some cases, the organic material used in the associated

organic layer produces up to 500% greater current as compared to CuPc as the test material

under this testing protocol, but other current increases may also be possible. NPD is Ν ,Ν ' -

diphenyl-N-N'-di(l-naphthyl)-benzidine; Alq3 is tris(8-hydroxyquinolinato)aluminium; CBP is

4'-N,N'-dicarbazole-biphenyl; BAlq is aluminum(III) bis(2-methyl-8-quinolinato)4-

phenylpheno late .

[0044] The associated organic layer may be any of the functional organic layers in an OLED.

In certain embodiments, the associated organic layer may be one of the functional organic layers

of an OLED that performs a charge transport or charge injection function. For example, the

associated organic layer may be a hole injection layer, hole transport layer, electron injection

layer, or electron transport layer.

[0045] FIG. 3 shows an example bottom-emitting OLED 10 according to an embodiment of

the present invention. OLED 10 includes a translucent substrate 12 coated with indium tin oxide

to form an anode 14. A discontinuous layer formed of islands 18 of a low-index material is

disposed on anode 14. The thickness of the discontinuous layer (which is the height of the

islands 18) is as described above. A hole injection layer 16 is disposed on the discontinuous

layer and also fills in the gaps between islands 18. The discontinuous layer of islands 18 is

thinner than the hole injection layer 16. The low-index material that forms islands 18 have a

lower index of refraction than the material used to make hole injection layer 16. One or more

other functional organic layers 20 (e.g., emissive layer, hole transport layer, electron transport

layer, electron injection layer, blocking layer, etc.) are then disposed over hole injection layer 16.

A cathode 24 is disposed on the top of the organic stack.



[0046] The discontinuous layer of the present invention may operate by refracting light,

scattering light, or a combination of both. In the device of FIG. 3, a ray of light 26 generated

within the organic stack is shown entering the hole injection layer 16 and becoming refracted by

islands 18 towards the substrate normal. The angle of the refracted light 26 is sufficiently acute

to prevent waveguiding within the anode 14 and substrate 12, allowing light 26 to exit the

device.

[0047] In certain embodiments, the OLED may have two or more alternating pairs of

associated organic layers and discontinuous layers stacked in series. The organic material(s)

used in each associated organic layer may be the same or different from the organic material(s)

used in the other associated organic layers. The low-index material(s) used in each

discontinuous layer may be the same or different from the low-index material(s) used in the other

discontinuous layers.

[0048] FIG. 4 shows an example OLED 40 according to another embodiment of the present

invention. OLED 40 includes a substrate 12 coated with indium tin oxide to form an anode 14.

Disposed on anode 14 are three pairs of discontinuous layers and hole injection layers 16 stacked

in series in an alternating fashion. Each discontinuous layer is formed of islands 18 made of a

low-index material. A hole injection layer 16 is disposed on each discontinuous layer and also

fills in the gaps between islands 18. Each discontinuous layer of islands 18 is thinner than the

associated hole injection layer 16. One or more other functional organic layers 20 (e.g., emissive

layer, hole transporting layer, electron transporting layer, electron injection layer, blocking layer,

etc.) are then disposed over the top-most hole injection layer 16.

[0049] Using multiple discontinuous layers may further increase the outcoupling of light

generated within the OLED. Furthermore, each discontinuous layer may be designed to provide

a wider current path between the discrete elements that make up the discontinuous layer. This

configuration may also be beneficial in providing a less resistive contact at the interface with the

component upon which the discontinuous layer is disposed. For example, if the stack of multiple

discontinuous layers and associated organic layers is on an electrode (e.g., anode), this

configuration may provide a better electrical contact at this electrode interface.

[0050] In another embodiment, the present invention provides a method of making an

OLED, such as the OLEDs described above. The method comprises depositing one or more

low-index materials onto a surface over the substrate to form a discontinuous layer made of the



low-index material(s). The surface may be any component of an OLED, including the substrate,

an electrode, or any of the other functional organic layers in the organic stack. The method of

the present invention may take advantage of the fact that, in many cases, the initial stages of thin

film growth is characterized by nucleation and island formation, which then coalesce to form a

continuous film.

[0051] Thus, in certain embodiments, the deposition of the low-index material is terminated

before the low-index material forms a continuous film. To make a discontinuous layer, the low-

index material may be deposited to a thickness of 50 A or less (e.g., in the range of 1 - 50 A);

and in some cases, to a thickness of 20 A or less (e.g., in the range of 1 - 20 A). In certain

embodiments, the discontinuous layer may be formed by a stochastic process, which excludes

methods that form the discontinuous layer in a pre-determined pattern (e.g., a grid pattern),

including methods employing lithographic, etching, patterning, embossing, or masking

techniques.

[0052] The deposition of the low-index material may be performed using any suitable

method, including thermal evaporation, pulsed laser deposition, etc. The deposition process may

form the discontinuous layer as discrete elements (e.g., islands, particles, grains, etc.) as

described above. An organic material is then deposited onto the discontinuous layer of low-

index material to form an organic layer (associated organic layer) that is disposed on the

discontinuous layer.

[0053] FIGS. 5A - C show an example of how a discontinuous layer may be formed.

Referring to FIG. 5A, an anode 14 is deposited onto a substrate 12. A low-index material is then

deposited onto anode 14. At the initial stages of the deposition process, the surface of anode 14

is seeded with the low-index material to form nucleation sites 30. As seen in FIG. 5B, as more

low-index material is deposited, the nucleation sites 30 continue to grow to form islands 18 of

the low-index material. The deposition process is terminated before the islands 18 would

coalesce into a continuous film that covers over the surface of anode 14.

[0054] Referring to FIG. 5C, one or more organic materials (e.g., a hole injection material)

are deposited onto the islands 18 to form an organic layer 16 (e.g., a hole injection layer)

disposed on and in physical contact with islands 18. The organic material(s) also fill-in the

spaces between islands 18. This process of depositing the low-index material(s) and the organic

material(s) may be repeated in an alternating fashion to form multiple discontinuous layers, such



as the multiple discontinuous layers shown in the OLED of FIG. 4 . Other functional organic

layers 20 may then be deposited over organic layer 16.

EXAMPLES

[0055] Specific representative embodiments of the invention will now be described,

including how such embodiments may be made. It is understood that the specific methods,

materials, conditions, process parameters, apparatus, and the like do not necessarily limit the

scope of the invention.

[0056] Three green-emitting OLEDs were constructed side-by-side on the same glass

substrate. Two of the OLEDs were representative examples of OLEDs of the present invention,

and one OLED was made as a comparative example. The thin films were grown by standard

vacuum thermal evaporation techniques. Each device had an indium tin oxide (ITO) electrode

deposited on the glass substrate. For the comparative device, LGlOl (LG Chem, South Korea)

was deposited to a thickness of 100 A to form the hole injection layer. For device example # 1

(single discontinuous layer), LiF was deposited onto the ITO electrode to a thickness of 15 A to

form a discontinuous layer of LiF islands. LGlOl was then deposited onto the LiF discontinuous

layer to a thickness of 100 A to form the hole injection layer. For device example #2 (multiple

discontinuous layers), LiF was deposited onto the ITO electrode to a thickness of 15 A to form

the first discontinuous layer. LGlOl was then deposited onto the first LiF discontinuous layer to

a thickness of 20 A to form the first hole injection layer. LiF and LGlOl were then deposited

repeatedly in an alternating manner until 5 pairs of 15 A thick LiF discontinuous layers and 20 A

thick hole injection layers were formed. On each of the three OLEDs, the following layers were

then subsequently formed on the hole injection layer: a hole transport layer of NPD [Ν ,Ν ' -

diphenyl-N-N'-di(l-naphthyl)-benzidine] of thickness 300 A ; followed by an emissive layer of

NS60 doped with 10% weight of Green Dopant A of thickness 300 A ; followed by a blocking

layer of the blocking material NS60 (Nippon Steel, Japan) of thickness 50 A ; followed by an

electron transport layer of Alq3 [aluminum(III)tris(8 hydroxyquinoline)] of thickness 450 A ;

followed by an electron injection layer of 10 A of LiF; followed by a cathode of aluminum of

thickness 1,000 A. As demonstrated here, one of the benefits of using LiF to make the

discontinuous layers in device examples # 1 and #2 is that the same material is used to make the

electron injection layer interface.



[0057] Table 1 below compares the emission characteristics of the devices. (FWHM is the

full-width at half-maximum of the emission peak.) These results indicate that the LiF

discontinuous layers used in device examples # 1 and #2 did not have a substantial impact on

color emission. The spacing between the LiF islands in the discontinuous layer is believed to be

smaller than the wavelength of light being emitted by the device. This narrow spacing could be

expected to cause interference and distort the emission spectrum. As an unexpected result,

however, there was no substantial impact on color emission. Luminance and color emission also

did not vary substantially with viewing angle, thus indicating that the discontinuous layer did not

create a strong optical cavity effect.

Table 1.

[0058] Table 2 below compares the electroluminescent performance of the devices when

operated at 1000 nits brightness. Device example # 1 (single discontinuous layer) exhibited about

a 4% increase in external quantum efficiency (EQE) as compared to the comparative device.

Device example #2 (multiple discontinuous layers) exhibited about a 14.5% increase in external

quantum efficiency (EQE) as compared to the comparative device.

[0059] The data indicates that the example devices required a slightly higher operating

voltage. Nevertheless, the power efficiency (lm/W) of the example devices was greater than the

comparative device. Device example #2 achieved a 12.1% increase in power efficiency. The



power efficacy takes into account both the EQE and the voltage penalty, and is a commonly used

performance measure for OLED lighting applications.

Table 2 .

[0060] Table 3 below compares the operating lifetimes of the devices, which were operated

at a current density of 40 mA/cm2 at room temperature. L o is the initial brightness of the device,

LT8o% is the time elapsed for decay of brightness to 80% of the initial brightness level, and

Gnits h is (L0
2 LT8o%)/109. These results indicate that the discontinuous layer did not have a

substantial impact on device lifetime.

Table 3 .

[0061] The OLEDs described herein may be top-emitting OLEDs or bottom-emitting

OLEDs. As explained in U.S. Patent No. 7,012,363 (Weaver et al), which is incorporated by

reference herein, a top-emitting OLED is configured to transmit light in a direction away

(upward) from the substrate, whereas a bottom-emitting OLED is configured to transmit light

through the substrate. An OLED of the present invention may be both top-emitting and bottom-

emitting. Further, the OLEDs described herein may be passive matrix or active matrix OLEDs.

The organic light emitting devices of the present invention may be used in a variety of electronic



devices, including flat panel displays, computer monitors, televisions, billboards, lighting

apparatuses (e.g., for interior or exterior illumination and/or signaling), heads up displays, fully

transparent displays, flexible displays, laser printers, telephones, cell phones, personal digital

assistants (PDAs), laptop computers, digital cameras, camcorders, viewfmders, micro-displays,

vehicles, a large area wall, theater or stadium screen, or a sign.

[0062] As used herein, wherein referring to parts of an OLED, "top" means furthest away

from the substrate, while "bottom" means closest to the substrate. For example, for a device

having two electrodes, the bottom electrode is the electrode closest to the substrate, and is

generally the first electrode fabricated. Where one (first) part of a device is denoted to be

disposed "over" another (second) part, it is meant that the first part is disposed further away from

the substrate than the second part, but necessarily directly on the second part.

[0063] The materials described herein as useful for a particular layer in an organic light

emitting device may be used in combination with a wide variety of other materials present in the

device. For example, emissive dopants disclosed herein may be used in conjunction with a wide

variety of hosts, transport layers, blocking layers, injection layers, electrodes and other layers

that may be present. The materials described or referred to below are non-limiting examples of

materials that may be useful in combination with the compounds disclosed herein, and one of

skill in the art can readily consult the literature to identify other materials that may be useful in

combination.

[0064] In addition to and/or in combination with the materials disclosed herein, many hole

injection materials, hole transporting materials, host materials, dopant materials, exciton/hole

blocking layer materials, electron transporting and electron injecting materials may be used in

an OLED. Non-limiting examples of the materials that may be used in an OLED in combination

with materials disclosed herein are listed in Table 4 below. Table 4 lists non-limiting classes of

materials, non-limiting examples of compounds for each class, and references that disclose the

materials.

TABLE 4 .
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[0065] It is understood that the various embodiments described herein are by way of example

only, and are not intended to limit the scope of the invention. For example, many of the materials

and structures described herein may be substituted with other materials and structures without

deviating from the spirit of the invention. The present invention as claimed may therefore

includes variations from the particular examples and preferred embodiments described herein, as

will be apparent to one of ordinary skill in the art. It is understood that various theories as to

why the invention works are not intended to be limiting.



CLAIMS

We claim:

1. A method of making an organic light emitting device comprising:

providing a substrate;

depositing a translucent low-index material onto a surface over the substrate, wherein the

deposition is terminated before the low-index material forms a continuous layer; and

depositing an organic material onto the low-index material, wherein the low-index

material has a lower refractive index than the organic material.

2 . The method of claim 1, wherein the low-index material is deposited by vapor deposition.

3 . The method of claim 1, wherein the deposition of the low-index material forms a

discontinuous layer comprising a plurality of discrete elements that are physically isolated from

each other, and wherein the deposition of the organic material forms an organic layer.

4 . The method of claim 3, wherein the discrete elements are islands.

5 . The method of claim 3, wherein the discrete elements have a size in the range of 0.01 -

500 nm.

6 . The method of claim 3, wherein the spacing between the discrete elements is less than

500 nm.

7 . The method of claim 3, wherein the discontinuous layer is thinner than the organic layer.

8. The method of claim 1, wherein the low-index material has a refractive index of 1.8 or

less.

9 . The method of claim 8, wherein the low-index material is an inorganic alkali metal salt.



10. The method of claim 1, wherein the low-index material is deposited to a thickness of 50

A or less.

11. The method of claim 10, wherein the low-index material is deposited to a thickness of 20

A or less.

12. The method of claim 1, wherein the organic material is a charge transport material.

13. The method of claim 1, wherein the organic material is a charge injection material.

14. The method of claim 1, wherein the surface is the surface of the substrate.

15. The method of claim 1, wherein the surface is the surface of another functional organic

layer in the device.

16. The method of claim 1, further comprising repeating the steps of depositing the

translucent low-index material and depositing the organic material one or more times in an

alternating fashion.

17. The method of claim 1, wherein the organic material produces at least 10% greater

current as compared to copper phthalocyanine according to a testing protocol using a 2.0 mm2

area square testing device of 2 mm on each side, the testing device consisting of:

a 1200 A thick layer of indium-tin oxide as the testing device anode;

a 100 A thick layer of the test material on the indium-tin oxide anode;

a 300 A thick NPD layer on the test material layer;

a 300 A CBP:Ir(ppy)3 (6%) layer as an emissive layer on the NPD layer;

a 100 A thick BAlq layer on the emissive layer;

a 400 A thick Alq3 layer on the BAlq layer;

a LiF (10 A)/A1 (1000 A) layer on the Alq3 layer as the testing device cathode;



wherein the testing protocol is performed by applying a constant 6V to the testing device

and measuring the current flow.

18. An organic light emitting device comprising:

a substrate;

a first electrode disposed over the substrate;

a second electrode disposed over the first electrode;

a discontinuous layer disposed between the first and second electrodes, the discontinuous

layer comprising a translucent low-index material; and

an organic layer disposed on and in physical contact with the discontinuous layer, the

organic layer comprising an organic material;

wherein the low-index material has a lower refractive index than the organic material in

the organic layer.

19. The device of claim 18, wherein the discontinuous layer comprises a plurality of discrete

elements that are physically isolated from each other.

20. The device of claim 18, wherein the discrete elements have a stochastic pattern.

21. The device of claim 18, wherein the discontinuous layer is thinner than the organic layer.

22. The device of claim 18, wherein the organic layer is a charge transport layer.

23. The device of claim 18, wherein the organic layer is a charge injection layer.

24. The device of claim 18, wherein the discontinuous layer is disposed on and in physical

contact with the first electrode.

25. The device of claim 18, wherein the discontinuous layer is disposed on and in physical

contact with another functional organic layer in the device.



26. The device of claim 18, wherein the organic layer is a first organic layer, and the

discontinuous layer is a first discontinuous layer, and wherein the device further comprises:

a second discontinuous layer disposed on the first organic layer, the second discontinuous

layer comprising the low-index material; and

a second organic layer disposed on and in physical contact with the second discontinuous

layer, the second organic layer comprising an organic material that is the same or different from

the organic material used in the first organic layer.
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