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(57) Abstract: The present disclosure relates to an
emissive construct, which can be used in various OLED
applications, for example, top-emission white organic
light-emitting diodes. The emissive construct includes a
fluorescent emissive layer, a partial hole-blocking layer,
and a phosphorescent emissive. A recombination zone is
shared between the fluorescent emissive layer and the
phosphorescent emissive layer, such that the thickness of
the partial hole-blocking layer is less than about one-third
of the thickness of the recombination zone.
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TOP-EMITTING WHITE ORGANIC LIGHT-EMITTING DIODES HAVING
IMPROVED EFFICIENCY AND STABILITY

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Patent Application No.
61/570,667, filed December 14, 2011, which isincorporated by reference herein in its entirety.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present application relates to top-emission white-color organic light-
emitting diode (OLED) devices for lighting applications.
Description of the Related Art

[0003] Organic light-emitting materials offer a very promising field of study for
energy efficient lighting applications. Many methods have been proposed to increase the OLED
device power efficiency, including modifying materials, device structure, device fabrication
techniques, and light outcoupling techniques. A traditional OLED comprises a bottom emission
type OLED (BE-OLED), wherein the bottom electrode is a transparent conducting metal oxide,
such as Indium-Tin-Oxide (rrO) deposited on top of a transparent substrate, such as glass.
Generally, without light outcoupling involved, most of the emitted light in a BE-OLED is
trapped inside the device in the form of an organic mode, substrate mode, or plasma mode. Only
about 10-30% of the light escapes from the device and contributes to the lighting. Thus, the
light trapped in the glass substrate may account for 20% of the total emissive light. This
generaly requires light extraction in BE-OLEDSs to be practically necessary.

[0004] Recently, top-emission OLED (TE-OLED) devices, wherein the top electrode
(generdly, the cathode) is either a semi-transparent metal cathode or a transparent conducting
metal oxide like ITO, have been explored. For a semi-transparent top cathode, the microcavity
effect may be serious due to arelatively higher reflectance of the metal semi-transparent cathode
compared with a transparent ITO cathode. This can lead to selective wavelengths passing
through the cathode, contributing to the light output and viewing angle dependence of the
emission spectrum. While such a feature may be good for display applications, it can also
negatively affect general lighting applications because white-color light emission is desired.

[0005] There are many challenging issues in TE-OLED manufacturing, including
materials for the bottom reflective anode, the active cells of the light-emitting layers, and the

semi-transparent cathode. Also, tuning the light enhancement layer and the light scattering layer,
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al while further enhancing the power efficiency of TE-OLED to meet various lighting
application requirements, invokes large amounts of consideration. Compared to BE-OLED, the
efficiency needs of TE-OLED require much more attention in order to meet the light application

reguirement.

SUMMARY OF THE INVENTION

[0006] An embodiment provides an emissive construct, which can be used in various
OLED applications, for example, top-emission white organic light-emitting diodes. In some
embodiments, the emissive construct comprises a fluorescent emissive layer comprising a first
host material, a partial hole-blocking layer having a first thickness disposed on the fluorescent
emissive layer, and a phosphorescent emissive layer disposed on the partial hole-blocking layer,
comprising a second host material. In some embodiments, a recombination zone is shared
between the fluorescent emissive layer and the phosphorescent emissive layer. In some
embodiments, the recombination zone has a second thickness, wherein the first thickness of the
partial hole-blocking layer is less than about one-third of the second thickness of the

recombination zone.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Figure 1 shows an embodiment of the layers of awhite TE-OLED device.

[0008] Figure 2 shows the electroluminescence (EL) spectrum of an embodiment of a
white TE-OLED device at lower (2000 nit) and higher (10000 nit) brightness levels.

[0009] Figure 3 shows the brightness dependence of current efficiency and power
efficiency of an embodiment of awhite TE-OLED device.

[0010] Figure 4 shows the brightness level over the lifetime of an embodiment of a
white TE-OLED device.

[0011] Figure 5 shows the brightness level over the lifetime of an embodiment of
another white TE-OLED device.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
[0012] The emissive constructs described herein can be used in various devices. In
some embodiments, the emissive construct is used in an OLED. In some embodiments, the
OLED comprising the emissive construct is selected from a BE-OLED or a TE-OLED.
Preferably, the OLED comprising the emissive construct comprises atop-emission white OLED.

OLEDs can be constructed of various known layers. In some embodiments, the OLED
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comprises an anode and a cathode. In some embodiments, the anode comprises a reflective
anode. In some embodiments, the cathode comprises a semi-transparent or transparent cathode.

[0013] The layers that comprise emissive construct may be positioned in the device
at various locations, though preferred embodiments are further described below. Preferably, the
emissive construct comprises afluorescent emissive layer, apartia hole-blocking layer adjacent
to the fluorescent emissive layer, and a phosphorescent emissive layer adjacent to the partial
hole-blocking layer. Furthermore, additional layers may also be present. For example, the
OLED may comprise a substrate. In some embodiments, the OLED comprises an insulating
layer. In some embodiments, the OLED comprises a hole-injection layer. In some
embodiments, the OLED comprises a hole-transport layer. In some embodiments, the OLED
comprises an electron transporting layer. In some embodiments, the OLED comprises an
electron injection layer. In some embodiments, the OLE comprises a light emission
enhancement layer. In some embodiments, the OLED comprises alight scattering layer.

[0014] Each of the layers in the OLED can be present in any order from bottom to
top. Where afirst layer is disposed over a second layer, the first and second layers can be, but
need not be adjacent to one another. Where afirst layer is disposed on a second layer, then the
first layer is adjacent to the second layer. In some embodiments, the insulating layer is disposed
over the substrate. In some embodiments, the reflective anode is disposed over the insulating
layer. In some embodiments, the hole-injection layer is disposed over the reflective anode. In
some embodiments, the hole-transport layer is disposed over the hole-injection layer. In some
embodiments, the emissive construct is disposed over the hole-transport layer. In some
embodiments, the electron transporting layer is disposed over the emissive construct. In some
embodiments, the electron injection layer is disposed over the electron transporting layer. In
some embodiments, the semi-transparent or transparent cathode is disposed over the electron
transport layer. In some embodiments, the light emission enhancement layer is disposed over the
semi-transparent or transparent cathode. In some embodiments, the light scattering layer is
disposed over the light emission enhancement layer. Any layer that is disposed over another
layer may or may not be adjacent to that other layer.

[0015] Figure 1 depicts an example of a light-emitting device 100. In this
embodiment, the light emitting device is atop-emitting white OLED, which emits light from the
cathode side. The device comprises a transparent or opaque substrate 101, an insulating layer
102 disposed over the transparent or opaque substrate 101, a reflective or opaque anode 103
disposed over the insulating layer 102, a hole-injection layer (HIL) 104 disposed over the
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reflective or opague anode 103, ahole-transport layer (HTL) 105 disposed over the HIL 104, and
an emissive construct 110 disposed over the HTL.

[0016] In Figure 1, the emissive construct 120 comprises three layers. First, a
fluorescent emissive layer 121 comprising afirst host material is disposed over the HTL 105. A
partial hole-blocking layer 122 having is disposed over the fluorescent emissive layer 121 and a
phosphorescent emissive layer 123 is disposed over the partial hole-blocking layer 122. A
recombination zone includes the fluorescent emissive layer 121 and the phosphorescent emissive
layer 123. The recombination zone is the area shared among the complimentary emissive layers
where positive and negative charges are combined. In some embodiments, the fluorescent
emissive layer 121 and the phosphorescent emissive layer 123 define the recombination zone. In
some embodiments, the partia hole-blocking layer 122 has a thickness that is less than about
one-third of the thickness of the recombination zone. The thickness of the recombination zone is
defined by the combined thickness of all the emissive layers (e.g., fluorescent emissive layer 121
and the phosphorescent emissive layer 123).

[0017] As shown in Figure 1, an éectron-transport layer (ETL) 106 is disposed over
the emissive construct 120, an electron injection layer (EIL) 107 is disposed over the ETL 106, a
semi-transparent or transparent cathode 108 is disposed over the ETL 106, a light emission
enhancement layer 109 is disposed over the semi-transparent or transparent cathode 108, and a
light scattering layer 110 is disposed over the light emission enhancement layer 109.

[0018] In some embodiments, the fluorescent emissive layer 121 comprises a first
host material. Various host materials can be utilized. For example, the first host material may
be a fluorescent material, such as a blue light-emitting fluorescent material, that is capable of
fluorescence without any fluorescent dopant. The fluorescent material may also be any materia
that is suitable as ahost for afluorescent dopant material. In some embodiments, the first host
emits blue light. In some embodiments, the fluorescent emissive layer isundoped. For example,
the first host material may include, but is not limited to, one or more of the following

compounds:
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[0019] In some embodiments, the host comprises a non-polymeric compound. In
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some embodiments, the host consists essentialy of a non-polymeric compound. Compounds
described in US 20110062386 and United States Provisional Patent Application No. 61/426,259,
filed December 22, 2010, both of which are incorporated by reference in their entirety, may aso
be used as first host materials.

[0020] In some embodiments, the fluorescent emissive layer comprises a blue light-
emitting fluorescent dopant. In some embodiments, the blue-emitting fluorescent dopant
materials have a Tl that is greater than about 2.3. For example, the blue light-emitting
fluorescent dopant can be selected from the following compounds. The terms "TI," or "triplet
energy,” have the ordinary meaning understood by a person of ordinary skill in the art, and
include the energy of the transition from lowest energy triplet state of an exciton to the ground
state. There are many methods known in the art that may be used to obtain the triplet energy,

such by obtaining phosphorescence spectrum.
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[0021] In some embodiments, the first host material has a Sl energy level that is

higher than a SI energy level of the blue light-emitting fluorescent dopant. Asused herein, "SI"
refers to the lowest energy excited singlet state of an exciton. As used herein, an "exciton"
refers to molecule, an atom, or an associated group of molecules and/or atoms in an excited
electronic state. A higher energy S1 of the first host material may alow an exciton of the host
material to more readily transfer excited singlet energy to alower S1 energy fluorescent dopant,
as compared to a dopant that has a higher S1 energy than the first host material. Transferring

excited singlet energy to the dopant provides a dopant in the S1 state, which can then fluoresce.
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[0022] In some embodiments, the Host SI is greater than the fluorescent blue emitter
Sl. In some embodiments, the Host T1 is greater than the phosphorescent blue emitter TI. In
some embodiments, the Host Tl is less than the fluorescent blue emitter Tl. In some
embodiments, the first host material has a Tl that is lower than a T of the blue light-emitting
fluorescent dopant. In some embodiments, the first host material has a singlet energy (Sl) that is
higher than asinglet energy (SI) of the blue light-emitting fluorescent dopant.

[0023] In some embodiments, the phosphorescent emissive layer is an orange-
emitting layer. In some embodiments, the phosphorescent emissive layer comprises a second
host material. Various host materials can be utilized in the phosphorescent emissive layer. In
some embodiments, the second host in the phosphorescent emissive layer is the same as the first
host in the fluorescent emissive layer. For example, the second host may comprise any of the
compounds listed as options for the first host above. The second host may also be different than
the first host. In some embodiments, the T1 of the first host in the fluorescent emissive layer is
greater than the T1 of the second host in the phosphorescent emissive layer.

[0024] The phosphorescent emissive layer may also include one or more
phosphorescent dopants. For example, the phosphorescent emissive layer may comprise a
second host and one or more phosphorescent dopants, such as one or more phosphorescent
dopants that are (1) yellow and red emitters, (2) green and red emitters, or (3) a single orange
emitter. In some embodiments, the T1 of the phosphorescent second host is greater than the T
of the one or more phosphorescent dopants.

[0025] In some embodiments, the phosphorescent emissive layer comprises a
material or materias that emit(s) a complementary color light, such that the blue light emitted
from the fluorescent blue emitting layer combines in whole or in part with the phosphorescent
emission of the phosphorescent emissive layer to provide a perceived white light. In some
embodiments, the second host of the phosphorescent emissive layer can be selected from the

following compounds:
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[0026] In some embodiments, the phosphorescent emissive layer may be a white-
light creating complementary phosphorescent emitter. In some embodiments, the
phosphorescent emissive layer can be a yellow emitting compound and a red emitting

compound. In some embodiments, the yellow emitting compound can be YE-O1.

[0027] In some embodiments, the red emitting compound can be Ir(piq)2acac.

Ir(pig)2(acac)
[0028] Other appropriate complementary emitters can be selected from those
described in U.S. Patent Application No. 13/293,537, filed November 10, 2011 and U.S.
Provisional Patent Application Nos. 61/449,032, filed March 3, 2011, and 61/533,679, filed

September 12, 2011, the contents of each of which are incorporated by reference herein in their

entirety.
[0029] The thicknesses of the fluorescent emissive layer and the phosphorescent
emissive layer may vary. In some embodiments, the thickness of the fluorescent emissive layer

is in the range of about 5 nm to about 50 nm. In some embodiments, the thickness of the
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fluorescent emissive layer isin the range of about 10 nm to about 50 nm. In some embodiments,
the thickness of the fluorescent emissive layer isin the range of about 10 nm to about 40 nm. In
some embodiments, the thickness of the fluorescent emissive layer is in the range of about 10
nm to about 30 nm. In some embodiments, the thickness of the phosphorescent emissive layer is
in the range of about 5 nm to about 50 nm. In some embodiments, the thickness of the
phosphorescent emissive layer is in the range of about 10 nm to about 50 nm. In some
embodiments, the thickness of the phosphorescent emissive layer is in the range of about 10 nm
to about 40 nm. In some embodiments, the thickness of the phosphorescent emissive layer isin
the range of about 10 nm to about 30 nm. In some embodiments, the fluorescent emissive layer
has athickness of about 20 nm. In some embodiments, the phosphorescent emissive layer has a
thickness of about 20 nm.

[0030] A partial hole-blocking layer is disposed between the fluorescent emissive
layer and the phosphorescent emissive layer, acting as confinement of electron-hole
recombination center, exhibiting color-stability with respect of applied voltage. Additionally, a
recombination zone is shared between the fluorescent emissive layer and the phosphorescent
emissive layer. Various materials can be used in the partial hole-blocking layer. Preferably, the
Tl of the partial hole-blocking layer material is greater than both the T| of the fluorescent host
material and the T1 of the phosphorescent host material. In some embodiments, the HOMO
value of the partial hole-blocking layer is more negative than the HOMO value of the fluorescent
host material.

[0031] In some embodiments, the partial hole blocking layer can include, for
example, materials having an 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD),
[,3-bis(N,N-t-butyl-phenyl)-1,3,4-oxadiazole  (OXD-7), 1,3-big[2-(2,2-bipyridine-6-yl)-1,3,4-
oxadiazo-5-yl]benzene (BPY-OXD), 2,9-dimethyl-4,7-diphenyl-phenanthroline (bathocuproine
or BCP), and [,3,5-trig2-N-phenylbenzimidazol-z-yllbenzene (TPBI). In some embodiments,
the partial hole-blocking layer allows about 50% to about 95% of the holes reaching the hole
blocking layer to pass from the phosphorescent emissive layer to the fluorescent emissive layer.
In some embodiments, the partial hole-blocking layer allows about 50% to about 95% of the
holes reaching the hole blocking layer to pass from the fluorescent emissive layer to the
phosphorescent emissive layer.

[0032] Preferably, the partial hole-blocking layer has a thickness that is less than
about one-third of the thickness of the recombination zone. In some embodiments, the thickness
of the partial hole-blocking layer is in the range of about 0.5 nm to about 3 nm. In some

embodiments, the thickness of the recombination zone is in the range of about 2 nm to about 40
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nm, about 2 nm to about 30 nm, or about 2 nm to about 20 nm. In some embodiments, the
thickness of the recombination zone is in the range of about 5 nm to about 15 nm. In some
embodiments, the thickness of the recombination zone is in the range of about 8 nm to about 12
nm. In some embodiments, the thickness of the recombination zone is about 10 nm.

[0033] Another embodiment provides amethod for color tuning atop-emission white
organic light-emitting diode. In some embodiments, the method comprises inserting a partial
hole-blocking layer having afirst thickness, as described herein, between a fluorescent emissive
layer and a phosphorescent emissive layer, and adjusting the first thickness to tune the color of
the top-emission white organic light-emitting diode. The fluorescent emissive layer and the
phosphorescent emissive layer combined has a second thickness. In some embodiments, the
method comprises thickening the hole-blocking layer (increasing the first thickness) to provide a
blue shift. In some embodiments, the method comprises thinning the hole-blocking layer
(decreasing the first thickness) to provide ared shift.

[0034] The cathode layer can be a semi-transparent metal electrode comprising metal
aloys (such as Mg:Ag mixture), abi-layer structure (such as Ca/Au), or a transparent electrode
(such as rro, Al:ZznO). The cathode can aso comprise transparent and conducting carbon
materials (such as CNT, grapheme). The light enhancement layer can comprise transparent
materials, which may comprise both organic small molecule materials and inorganic materials
including metal oxide, or wide band gap semiconductor compounds (band gap larger than blue
light, wavelength shorter than 450 nm). The light scattering layer may comprise a thermal
deposited porous nano- structured film.

[0035] The hole injection layer can comprise transition metal oxide. In some
embodiments, the reflective-opaque anode comprises an Ag and Al bi-layer. The hole-transport
layer can be partially p-doped and the electron-transport layer can be partially n-doped. The
partially doped means there are still certain thickness of the transport layer un-doped close to the
origina layer.

[0036] In some embodiments, awhite light emitting OLED device is provided which
can include, in sequence from bottom to top, a substrate, an insulating layer coated on top of the
substrate; areflective and opague anode above the insulating layer; ahole injection layer above
the anode; a hole transport layer above the hole injection layer; the emissive construct described
above; an electron transporting layer above the emissive construct; an electron injection layer
above the electron transporting layer; a semitransparent or transparent cathode above the electron
transport layer, a light emission enhancement layer above the cathode; and a light scattering

layer disposed above the light emission enhancement layer. The materials of the substrate, the
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insulating layer, the reflective and opague anode, the hole injection layer, the hole transport
layer, the electron transporting layer, the electron injection layer, the semitransparent or
transparent cathode, the light emission enhancement layer, and the light scattering layer are
further described in U.S. Provisional Patent Application No. 61/533,679, filed September 12,
2011, which is further incorporated by reference in its entirety herein, particularly for the
discussion of these types of OLED layers.

[0037] For lighting application, top-emission white organic light emitting diode has
the issue of lower efficiency and color changing with viewing angles, and complex device
structure. This invention, considering overall device design and materials selected for each layer
of the device, solved these issues and achieved: simple device structure, easy processing, all the
device fabrication done through thermal deposition, new world record in the device power
efficiency with white color meeting the DOE general lighting requirement and insensitive color
respect to different viewing angles.

[0038] In some embodiments, the invention may provide a method for color tuning a
white light emitting hybrid OLED device emit a colder (more blue) light which can include
inserting the emissive construct described above between an anode and a cathode; and
thickening the HBL layer a sufficient distance to provide the desired blue shift.

[0039] In some other embodiments, the invention may provide a method for color
tuning awhite light emitting hybrid OLED device to emit awarmer (more red/orange light) light
comprising inserting the emissive construct described above between an anode and a cathode;
and adjusting the HBL layer a sufficient distance (thickness) to provide the desired blue/red
shift.

[0040] Some embodiments provides an emissive construct, which can be used in
various OLED applications, for example, top-emission white organic light-emitting diodes. In
some embodiments, the emissive construct comprises a fluorescent emissive layer comprising a
first host material, a partial hole-blocking layer having a first thickness disposed on the
fluorescent emissive layer, and a phosphorescent emissive layer disposed on the partial hole-
blocking layer, comprising a second host material. In some embodiments, arecombination zone
is shared between the fluorescent emissive layer and the phosphorescent emissive layer, and is
defined as including the fluorescent emissive layer and the phosphorescent emissive layer. The
thickness of the recombination zone is defined as the combined thickness of the fluorescent
emissive layer and the phosphorescent emissive layer. In some embodiments, the recombination
zone has a second thickness, wherein the first thickness of the partial hole-blocking layer is less

than about one-third of the second thickness.
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[0041] In some embodiments, the phosphorescent emissive layer comprises a
phosphorescent dopant, wherein the light emitted by the phosphorescent dopant provides white
light when combined with the light emitted by the fluorescent emissive layer. In some
embodiments, the phosphorescent emissive layer comprises a yellow-emitting phosphorescent
dopant and a red-emitting phosphorescent dopant. In some embodiments, both the fluorescent
emissive layer and the phosphorescent emissive layer are about 20 nm thick. In some
embodiments, a highest occupied molecular orbital of the hole-blocking layer has a higher
energy than ahighest occupied molecular orbital of the first host material.

[0042] In some embodiments, the yellow-emitting phosphorescent dopant and the
red-emitting phosphorescent dopant do not need to be included in the same phosphorescent
emissive layer. In those embodiments, the phosphorescent emissive layer of the emissive
construct may further comprise two sub-layers. The first sub-layer comprises a yellow-emitting
phosphorescent dopant and the second sub-layer comprises a red-emitting phosphorescent
dopant, or vice versa. In some embodiments, the host of each of the sub-layers may be the same.

In some embodiments, the two sub-layers may have different hosts.

EXAMPLES
[0043] It has been discovered that embodiments of top-emission while OLEDs
produced using the systems and methods disclosed above can achieve simple device structure
and easier processing. The OLEDs can be manufactured using thermal deposition and provide
improved device power efficiency. These benefits are further shown by the following examples,
which are intended to be illustrative of the embodiments of the disclosure, but are not intended

to limit the scope or underlying principles in any way.

Example 1- Device fabrication

[0044] Pre-cleaned glass substrates were baked at about 200 °C for about 1 hour
under ambient environment, then under UV-ozone treatment for about 30 minutes. Then, apoly
methyl methacrylate (PMMA) layer (about 180 nm thick) was spin-coated on top of the surface
of the glass substrates (solution: 2 wt% PMMA in di-chloro benzene [DCB] solvent) at about
6000 RPM for about 40 seconds. The substrates were then baked at about 120 °C for about 2
hours. The substrates were loaded into a deposition chamber. A bi-layer reflective bottom
anode, (50 nm Al layer and 50 nm Ag layer) was deposited sequentialy, first Al then Ag, at a
rate of about 2 A/s. Molybdenum oxide (M0O,, about 10 nm) was deposited as a hole-injecting
layer at deposition rate of about 1 A/s. Then ap-doping layer (20 nm), MOO, was co-deposited

-14-
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with 4,4'-big[N-(naphthyl)-N-phenyl-amino]biphenyl (NPB) a 5% in volume ratio at the
deposition rate of about 0.05 1A /s and about 1A /s for MOO, and NPB, respectively. A layer of
NPB (about 20 nm) was then deposited as a hole-transport layer. A fluorescent blue emissive
layer (20 nm) was then deposited having a fluorescent blue emitter (BE-1) that was co-deposited
with ahost material (Host-1) a 10% in volume with the deposition rate of about 0.1 A/s for BE-
1and about 1 A/s for Host-1.

9 o004
v &

BE-1

Q1 .
)OO~ 10
o

Host-1

[0045] Then, a partia hole blocking layer of 1,3,5-Tris(l-phenyl-IH-benzimidazol-
)2-yl)benzene (TPBI) was deposited on top of the fluorescent blue emissive layer at about 0.1
AJs for athickness of about 2 nm. Then deposition of the phosphorescent emissive layer (20 nm)
of three co-deposition of host (Host-1) with yellow emitter (YE-1) and red emitter (Ir(pq),acac)
at the deposition rate of about 1 A/s for Host-1, about 0.05 A/s for YE-1, and about 0.005 A/s for

Ir(pa) ,acac.

\Ir/o_
=
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Ir(pa) ,acac

[0046] The doping concentration of the yellow emitter and the red emitter were about

5% and about 0.5% by volume, respectively. Next, an electron transport layer (ETL) of about 30
nm was deposited at the deposition rate of about 1 A/s. The electron injection layer (EIL) was
then deposited as athin layer of lithium fluoride (LiF, 1 nm thick, deposition rate 0.1A/s) and a
thin layer of magnesium (Mg, 1 nm thick) at about 0.1 A/s. A semi-transparent cathode (about
21 nm) was deposited by co-deposition of magnesium (Mg) and silver (Ag) at aratio of about
1:2 by volume. A light enhancement layer of MOO, (70 nm) was deposited on top of the
cathode. Finally a light scatter layer (3,5-bis(3-(benzo[d]oxazol-2-yl)phenyl)pyridine) was
deposited on top of the light enhancement layer at deposition rate of about 2 A/s for 900 nm. All

the deposition was done at a base pressure of about 2 x 107 torr. The device area was

iavaacall

3,5-bis(3-(benzo[d] oxazol-2-yl)phenyl)pyridine

approximately 7.7 mm?2,

[0047] The electroluminescence spectrum of Example 1 was measured. Figure 2
shows an EL spectrum of the TE-WOLED of current invention at lower (2000nit) and higher
brightness (I0000nit) with CIE(0.44, 0.36), CRI(65). As shown in Figure 2, the hole-blocking
layer effectively confines the charge recombination center at the interface between the orange
and blue emissive layers, giving stable emissive color at higher brightness.

[0048] The brightness dependence of the current efficiency and power efficiency of
Example 1was also measured. Figure 3 shows the brightness dependence of current efficiency
and power efficiency of an embodiment of awhite TE-OLED device.

[0049] Figure 4 shows the brightness level over the lifetime of adevice in accordance
with Example 1, except the substrate was PEDOT coated with rrO/Glass. Figure 5 shows the

brightness level over the lifetime of Example 1. As shown in Figures 4 and 5, the device
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lifetime and stability is improved using the more simplified substrate of PMMA coated with
glass.

[0050] Although the subject matter of the claims have been disclosed in the context
of certain embodiments and examples, it will be understood by those skilled in the art that the
scope of the claims extends beyond the specifically disclosed embodiments to other alternative
embodiments and/or uses of the invention and obvious modifications and equivalents thereof.
Thus, it is intended that the scope of the present claims should not be limited by the particular

disclosed embodiments described above.
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WHAT ISCLAIMED IS:

1. A top-emission white organic light-emitting diode (OLED) comprising an
emissive construct, wherein the emissive construct comprises:

afluorescent emissive layer comprising afirst host material;

aphosphorescent emissive layer comprising a second host material;

a partial hole-blocking layer having a first thickness disposed between the
fluorescent emissive layer and phosphorescent emissive layer; and

wherein the fluorescent emissive layer and the phosphorescent emissive layer
define arecombination zone having a second thickness; and

wherein the first thickness is less than about one-third of the second thickness.

2. The top-emission white OLED according to Claim 1, wherein the first thickness
isin the range of about 0.5 nm to about 3 nm.

3. The top-emission white OLED according to any one of Claims 1to 2, wherein the
partial hole-blocking layer allows about 50% to about 95% of the holes reaching the hole
blocking layer to pass from the phosphorescent emissive layer to the fluorescent emissive layer,
or allows about 50% to about 95% of the holes reaching the hole blocking layer to pass from the
fluorescent emissive layer to the phosphorescent emissive layer.

4. The top-emission white OLED according to any one of Claims 1to 3, wherein the
first host emits blue light.

5. The top-emission white OLED according to Claim 4, wherein the fluorescent
emissive layer is undoped.

6. The top-emission white OLED according to Claim 4, wherein the fluorescent
emissive layer comprises ablue light-emitting fluorescent dopant.

7. The top-emission white OLED according to Claim 6, where the first host material
has aTl that islower than aT| of the blue light-emitting fluorescent dopant.

8. The top-emission white OLED according to Claim 6, where the first host material
has a S1 energy level that is higher than a S1 energy level of the blue light-emitting fluorescent
dopant.

9. The top-emission white OLED according to Claim 6, where the first host material
has a singlet energy that is higher than a singlet energy of the blue light-emitting fluorescent
dopant.

10. The top-emission white OLED according to any one of Claims 1to 9, wherein the

phosphorescent emissive layer comprises a phosphorescent dopant, wherein the light emitted by
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the phosphorescent dopant provides white light when combined with the light emitted by the
fluorescent emissive layer.

11. The top-emission white OLED according to Clam 10, wherein the
phosphorescent emissive layer comprises a yellow-emitting phosphorescent dopant and a red-
emitting phosphorescent dopant.

12. The top-emission white OLED according to any one of Claims 1to 11, wherein
both the fluorescent emissive layer and the phosphorescent emissive layer are about 20 nm
thick.

13. The top-emission white OLED according to any one of Claims 1to 9, wherein the
phosphorescent emissive layer further comprises a first sub-layer and a second sub-layer,
wherein the first sub-layer comprises a yellow-emitting phosphorescent dopant and the second
sub-layer comprises ared-emitting phosphorescent dopant.

14. The top-emission white OLED according to any one of Claims 1to 13, wherein a
highest occupied molecular orbital of the hole-blocking layer has ahigher energy than ahighest
occupied molecular orbital of the first host material.

15. The top-emission white OLED according to any one of Claims 1to 14, further
comprising an anode and a cathode; wherein the emissive construct is positioned between the
anode and the cathode.

16. The top-emission white OLED according to Claim 15, further comprising:

ahole-injection layer disposed over the anode;

ahole-transport layer disposed over the hole-injection layer;

wherein the emissive construct is over the hole-transport layer;

an electron transporting layer disposed over the emissive construct;

an electron injection layer disposed on the electron transporting layer; and
wherein the cathode is disposed on the electron transport layer.

17. A method for color tuning a top-emission white organic light-emitting diode,
comprising:

inserting a partial hole-blocking layer having a first thickness between a
fluorescent emissive layer and a phosphorescent emissive layer, wherein the fluorescent
emissive layer and the phosphorescent emissive layer combined has a second thickness,
and the first thickness is less than about one-third of the second thickness; and

adjusting the first thickness to tune the color of the top-emission white organic

light-emitting diode.
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18. The method for color tuning a top-emission white organic light-emitting diode
according to Claim 17, wherein adjusting the first thickness comprises increasing the first
thickness to provide a desired blue shift in color.

19. The method for color tuning a top-emission white organic light-emitting diode
according to Claim 17, wherein adjusting the first thickness comprises decreasing the first

thickness to provide a desired red shift in color.
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