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Description

FIELD OF INVENTION

[0001] The present invention is directed toward organic light emitting devices (OLEDs) that are comprised of an
emissive layer containing a phosphorescent dopant compound.

BACKGROUND OF THE INVENTION

[0002] Optoelectronic devices include those which convert electrical energy into optical energy, or vice versa, as well
as those that detect optical signals through electronic processes. Such devices include photodetectors, phototransistors,
solar cells, light emitting diodes and lasers. Such devices typically include a pair of electrodes with at least one charge-
carrying layer between the electrodes. Dependent on the function of the device, the charge-carrying layer or layers may
be comprised of a material or materials that are electroluminescent when a voltage is applied across the device or the
layer or layers may form a heterojunction capable of generating a photovoltaic effect when exposed to optical radiation.
[0003] In particular, OLEDs are comprised of several organic layers in which one of the layers is comprised of an
organic material that can be made to electroluminesce by applying a voltage across the device, C. W. Tang et al., Appl.
Phys. Lett 51, 913 (1987). Certain OLEDs have been shown to have sufficient brightness, range of color and operating
lifetimes for use as a practical alternative technology to LCD-based full color flat-panel displays, S.R. Forrest, P.E.
Burrows and M.E. Thompson, Laser Focus World, Feb. 1995. Since many of the thin organic films used in such devices
are transparent in the visible spectral region, they allow for the realization of a completely new type of display pixel in
which red (R), green (G), and blue (B) emitting OLEDs are placed in a vertically stacked geometry to provide a simple
fabrication process, a small R-G-B pixel size, and a large fill factor, U.S. Patent No. 5,707,745. This patent disclosed a
stacked OLED (SOLED) for which both intensity and color could be independently varied and controlled with external
power supplies in a color tunable display device. Each layer in the integrated SOLED was independently addressable
and emitted its own characteristic color. This colored emission could be transmitted through the adjacently stacked,
transparent, independently addressable, organic layer or layers, the transparent contacts and the glass substrate, thus
allowing the device to emit any color that could be produced by varying the relative output of the color-emitting layers.
U.S. Patent No. 5,707,745, thus, illustrates a principle for achieving integrated, full color pixels that provide high image
resolution, which is made possible by the compact pixel size. Furthermore, relatively low cost fabrication techniques,
as compared with prior art methods, may be utilized for making such devices.
[0004] A transparent OLED (TOLED), V. Bulovic, G. Gu, P.E. Burrows, M.E. Thompson, and S.R. Forrest, Nature
380, 29 (1996), which represents a further significant step toward realizing high resolution, independently addressable
stacked R-G-B pixels, was reported in U.S. Patent No. 5,703,436, in which the TOLED had greater than 71% transparency
when turned off and emitted light from both top and bottom device surfaces with high efficiency (approaching 1% quantum
efficiency) when the device was turned on. The TOLED used transparent indium tin oxide (ITO) as the hole-injecting
electrode and a Mg-Ag-ITO electrode layer for electron-injection. A device was disclosed in which the ITO side of the
Mg-Ag-ITO electrode layer was used as a hole-injecting contact for a second, different color-emitting OLED stacked on
top of the TOLED.
[0005] OLEDs that emit light by fluorescence are described in Burrows et al., Color-tunable Pixels and Lasers using
vacuum-deposited Organic Thin Films, SPIE 3148, 252-262 (1997), Burrows et al., Achieving full-color Organic Light-
Emitting Devices for lightweight, flat-panel displays, IEEE Transactions on Electron Devices 44, 1188-1203 (1997),
Burrows et al., Color-tunable Organic Light Emitting Devices, Lasers and Electro-Optics Society Annual Meeting 1, 82
- 83 ( 1996), and Shoustikov et al., Orange and red Organic Light-Emitting Devices using Aluminum tris(5-hydroxy
quinoxaline), Synthetic Metals 91, 217-221 (1997).
[0006] An organic electroluminescent component with a layer structure comprising organometallic complexes of rare
earth metals is disclosed in DE 44 25 450. Satoshi et al. have reported the electroluminescent characteristics of organic
multilayer light-emitting diodes with a benzophenone dispersed poly(methylmethacrylate) film as an emitting layer,
Satoshi et al., Electroluminescence, from Triplet Excited States of Benzophenone, Applied Physics Letters 69, 224-226
(1996).
[0007] Such devices whose structure is based upon the use of layers of organic optoelectronic materials generally
rely on a common mechanism leading to optical emission. Typically, this mechanism is based upon the radiative recom-
bination of injected electrons and holes. Specifically, OLEDs are comprised of at least two thin organic layers separating
the anode and cathode of the device. The material of one of these layers is specifically chosen based on the material’s
ability to assist in injecting and transporting holes, a "hole transporting layer" (HTL), and the material of the other layer
is specifically selected according to its ability to assist in injecting and transporting electrons, an "electron transporting
layer" (ETL). With such a construction, the device can be viewed as a diode with a forward bias when the potential
applied to the anode is more positive than the potential applied to the cathode. Under these bias conditions, the anode
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injects holes (positive charge carriers) into the hole transporting layer, while the cathode injects electrons into the electron
transporting layer. The portion of the luminescent medium adjacent to the anode thus forms a hole injecting and trans-
porting zone while the portion of the luminescent medium adjacent to the cathode forms an electron injecting and
transporting zone. The injected holes and electrons each migrate toward the oppositely charged electrode. When, for
example, an electron and hole localize on the same molecule, a Frenkel exciton is formed. These excitons are trapped
in the material which has the lowest energy. Recombination of this short-lived state may be visualized as an electron
dropping from its conduction potential to a valence band, with relaxation occurring, under certain conditions, preferentially
via a photoemissive mechanism. Under this view of the mechanism of operation of typical thin-layer organic devices,
the electroluminescent layer comprises a luminescence zone receiving mobile charge carriers (electrons and holes)
from each electrode.
[0008] The materials that function as the electron transporting layer or as the hole transporting layer of the OLED are
frequently the same materials that are incorporated into the OLED to produce the electroluminescent emission. Such
devices in which the electron transporting layer or the hole transporting layer functions as the emissive layer are referred
to as having a "single heterostructure" (SH). Alternatively, the electroluminescent material may be present in a separate
emissive layer between the hole transporting layer and the electron transporting layer in what is referred to as a "double
heterostructure" (DH).
[0009] In a single heterostructure OLED, either holes are injected from the HTL into the ETL where they combine with
electrons to form excitons, or electrons are injected from the ETL into the HTL where they combine with holes to form
excitons. Because excitons are trapped in the material having the lowest energy gap, and commonly used ETL materials
generally have smaller energy gaps than commonly used HTL materials, the emissive layer of a single heterostructure
device is typically the ETL. In such an OLED, the materials used for the ETL and HTL should be chosen such that holes
can be injected efficiently from the HTL into the ETL. Also, the best OLEDs are believed to have good energy level
alignment between the highest occupied molecular orbital (HOMO) levels of the HTL and ETL materials. In a double
heterostructure OLED, holes are injected from the HTL and electrons are injected from the ETL into the separate emissive
layer, where the holes and electrons combine to form excitons.
[0010] The material that is used as the cathode layer of an OLED has until now been comprised of a metal which has
a low work function, for example, Mg:Ag. Such metallic cathode layers provide an electrically conductive path for current
flow as well as a means of injecting electrons into the adjacent electron transporting layer. However, such metallic layers
are also highly reflective and absorptive in the visible region of the spectrum.
[0011] This means that if a transparent OLED is desired, such as for stacked layers of a full-color SOLED or the single
OLED of a monochromatic TOLED, a balance needs to be established between metallic layers that are thick enough
to function as a cathode, but not so thick as to cause substantial light transmission or reflection losses. A conventional
TOLED, therefore, uses 75-100 Å Mg:Ag capped with a thick layer of sputter-deposited ITO; the Mg:Ag layer serving
both to inject electrons into Alq3 and to protect it from the ITO sputtering. Thus, although a device with about 70%
transmission may be obtained, there is still significant reflection from the compound cathode. In addition, in SOLED
devices in which at least one of the color-producing layers is contained between the metallic cathodes of adjacent color-
producing OLEDs, microcavity effects are present which can give rise to color tuning problems. Z. Shen, P.E. Burrows,
V. Bulovic, S.R. Forrest, and M.E. Thompson, Science 276, 2009 (1997). Such microcavity effects may also lead to an
undesired angular dependence of the emitted light. Furthermore, thin Mg:Ag layers are sensitive to atmospheric deg-
radation and, therefore, require special designs and processing steps to be undertaken so as to preserve their effec-
tiveness in functioning as the cathode of an OLED.
[0012] Though solar cells have been disclosed in which a highly transparent ITO layer may have functioned as a
cathode under certain circumstances, such ITO cathodes were disclosed as having been prepared by depositing the
charge-carrying organic layer onto the ITO layer, N. Karl, A. Bauer, J. Holzäofel, J. Marktanner, M. Möbus, and F. Stölzle,
"Efficient Organic Photovoltaic Cells: The Role of Excitonic Light Collection, Exciton Diffusion to Interfaces, Internal
Fields for Charge Separation, and High Charge Carrier Mobilities", Molecular Crystals and Liquid Crystals, Vol. 252, pp
243-258, 1994 (Karl et al) and Whitlock, J.B., Panayotatos, P., Sharma, G.D., Cox, M.D., Savers, R.R., and Bird, G.R.;
"Investigations of Materials and Device Structures for Organic Semiconductor Solar Cells," Optical Eng., Vol. 32, No.
8, 1921-1934 (August 1993), (Whitlock et al). ITO layers on which the organic layer had been deposited would not have
been expected to form a low-resistance electrical contact with the adjacent organic layer and, thus, would not have been
expected to function, as confirmed hereinafter for OLEDs, as an efficient cathode.
[0013] It would be desirable if optoelectronic devices could be made using cathodes that are as highly transparent as
the highly transparent ITO anodes. It would be desirable, furthermore, that such highly transparent cathodes still have,
for example, in OLEDs, electron-injection characteristics comparable to the thin, semi-transparent, low-work-function
metallic layers, such as Mg:Ag, that are typically used as the cathode layer.
[0014] Various compounds have been used as HTL materials or ETL materials. HTL materials mostly consist of triaryl
amines in various forms which show high hole mobilities (10-3 cm2/Vs). There is somewhat more variety in the ETLs
used in OLEDs. Aluminum tris(8-hydroxyquinolate) (Alq3) is the most common ETL material, and others include oxidiazol,
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triazol, and triazine.
[0015] For example, a typical single heterostructure device may be made of ITO/TPD/Alq3/Mg-Ag. ITO serves as the
anode, N,N’-diphenyl-N,N’-bis(3-methylphenyl)-1,1’biphenyl-4,4’diamine (TPD) serves as the HTL, Alq3 serves as the
ETL, and Mg-Ag serves as the cathode. When a bias is applied across the device, holes are injected from ITO into TPD
and migrate to the interface between the TPD and the Alq3, and electrons are injected from the Mg-Ag alloy into Alq3
and move to the same interface. Holes are injected from the TPD into the Alq3, where they combine with electrons to
form excitons. The excitons randomly diffuse through the Alq3 layer until they recombine, preferentially via a photoemis-
sive mechanism. The maximum distance of exciton migration in the Alq3 layer of such a device is estimated to be around
300 Å in Alq3.
[0016] Most emissive materials used in OLEDs have either low hole mobility or low electron mobility. As a result,
exciton formation typically occurs very close to the interface where the charge carrier having the lower mobility is injected
into the emissive layer. For example, most ETL materials have very poor hole conducting properties, such that the
excitons will be preferentially formed very close to the HTL/ETL interface in a single heterostructure OLED having an
emissive ETL. Because excitons are very short lived, they do not move very far before recombining. As a result, only a
small volume of the ETL is used for exciton formation and recombinations. Using only a small volume of the emissive
layer for exciton formation and recombination may lead to lower lifetime for the OLED. There is therefore a need for an
emissive layer having a high electron mobility and a high hole mobility, such that exciton formation can occur in a
reasonable volume of the layer. For example, there is a need for an ETL having a high hole mobility, so that exciton
formation and light emission can occur in a reasonable volume of the ETL of a single heterostructure OLED having an
emissive ETL.
[0017] It was first thought that mixing HTL and ETL materials together would decrease the spatial separation and
increase the diffusion of holes into the ETL material. This idea was first demonstrated in a variety of polymer systems
where both hole transporting and electron transporting moieties were blended into the polymer matrix. The most com-
monly used combination is the PVK/PBD system where PVK (polyvinylcarbazole) serves as hole transporter and PBD
(2-(4-t-butylphenyl)-5-(4-phenyl-1-phenylene)oxidiazole) as the electron transporter. A number of different dyes have
been doped into this system as emitting centers to generate colors from blue to red.
[0018] U.S. Patent No. 5,294,870 discloses a series of aluminum(III) complexes with two 8-hydroxyquinaldine ligands
and a derivative of phenolate ligand, Alq’2(OAr). All of these species are blue emitters and are reasonable electron
transporters. Devices have been fabricated with Alq’2(OAr) sandwiched between TPD and Alq3. This configuration is
necessary because of the poor electron injection from the Mg-Ag electrode. Nevertheless, these devices show blue-
green emissions in their electroluminescent (EL) spectra and are nearly identical to their photo-luminescent (PL) spectra.
These compounds have also shown good properties as host materials for doping with other fluorescent dyes, such as
perylene to give blue emission. However, the ETL materials disclosed are poor hole transporters.
[0019] At the molecular level, a series of new emitting materials have been designed having an oxadiazole group as
electron transporter and a triphenylamine as hole transporter. Tamoto et al, Electroluminescence of 1,3,4-Oxadiazole
and Triphenylamine-Containing Molecules as an Emitter in Organic Multilayer Light Emitting Diodes, Chem. Mater. 9,
1077-1085 (1997). Layers formed of these emitting materials tend to form exciplexes with hole transporters with low
ionization potentials. When exciplexes are not formed, high external quantum efficiency and energy conversion efficiency
are observed. However, devices consisting of these materials suffer from low luminescent lifetimes. It was also discovered
that these emitting materials have more tendency to transfer electrons than holes.
[0020] In addition to emissive materials that are present as the predominant component in the electron transporting
layer, and that function both as the electron transporting material as well as the emissive material, the emissive material
may itself be present in relatively low concentrations as a dopant in the electron transporting layer. Whenever a dopant
is present, the predominant material in the electron transporting layer may be referred to as a host material. Materials
that are present as host and dopant are selected so as to have a high level of energy transfer from the host to the dopant
material. In addition, these materials need to be capable of producing acceptable electrical properties for the OLED.
Furthermore, such host and dopant materials are preferably capable of being incorporated into the OLED using starting
materials that can be readily incorporated into the OLED by using convenient fabrication techniques, in particular, by
using vacuum-deposition techniques.
[0021] It is desirable for OLEDs to be fabricated using materials that provide electroluminescent emission in a relatively
narrow band centered near selected spectral regions, which correspond to one of the three primary colors, red, green
and blue so that they may be used as a colored layer in an OLED or SOLED. It would be desirable, in particular, to be
able to select these compounds from a class of compounds in which the emission may be varied by selectively varying
the substituents or by modifying the structure of a base compound that produces emission from a charge transfer
transition. It is furthermore desirable that such compounds also be capable of being readily deposited as a thin layer
using vacuum deposition techniques so that it may be readily incorporated into an OLED that is prepared entirely from
vacuum-deposited organic materials.
[0022] A recent article disclosed a jelly fish (Aequorea victoria) which gives very narrow green fluorescence, R. Heim,
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A.B. Cubitt, and R.Y. Tsien, Nature (1995) 373, 663-664. The reported spectrum was centered at roughly 510 nm with
a half width of 40 nm and the active chromophore responsible for this emission was shown to be:

[0023] This p-hydroxybenzylidene-imidazolidinone chromophore is reported to be generated by cyclization and oxi-
dation of the protein’s own Ser-Tyr-Gly sequence and is bound to the protein in two places, labeled as "prot". Mutants
of the protein have been reported which produce emission which is significantly blue shifted. It was proposed that the
blue shift is due to changes in the protein matrix to which the dye is bound rather than to changes in the dye itself, R.
Heim, D. C. Prasher, and R. Y. Tsien, Proc. Nat. Acad. Sci. (1994) 91, 12501-12504. The fluorescence in these dyes
is from a donor/acceptor network, involving a phenoxide ion donor and a carbonyl acceptor. The Heim publications
describe use of the chromophores for labeling proteins with fluorescent tags to detect their localization or conformational
changes both in vitro and in intact cells. However, these publications disclose nothing about preparation or use of the
isolated chromophore molecule itself.
[0024] A class of azlactone-related compounds that may be used as a dopant in the emissive layer of an OLED in
which the emission of the dopant may be varied by selectively varying the substituents or by modifying the structure of
the base compound that produces the emission. Such compounds are capable of being readily deposited as a thin layer
using vacuum deposition techniques so that it may be readily incorporated into an OLED that is prepared entirely from
vacuum-deposited organic materials. A review article summarizing azlactones discloses nothing about the fluorescent
properties and nothing about a utility for these compounds, Y.S. Rao and R. Filler, Synthesis (1975) 749-764.
[0025] Co-pending U.S. 08/774,087 (WO 98/01011) filed December 23, 1996, is directed to OLEDs containing emitting
compounds that produce a saturated red emission. The emission layer is comprised of an emitting compound having a
chemical structure represented by Formula I:

wherein X is C or N;
R8, R9 and R10 are each independently selected from the group consisting of hydrogen, alkyl, substituted alkyl, aryl
and substituted aryl; wherein R9 and R10 may be combined together to form a fused ring;
M1 is a divalent, trivalent or tetravalent metal; and
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a, b and c are each 0 or 1;
wherein, when X is C, then a is 1; when X is N, then a is 0;
when c is 1, then b is 0; and when b is 1, c is 0.

[0026] The examples disclosed in Serial No. 08/774,087 included an emissive compound of formula I wherein X = C;
R8 = phenyl;
R9 = R10 = H; c = 0; and b = 1. This compound has the chemical name 5,10,15,20-tetraphenyl-21H,23H-porphine (TPP).
OLEDs comprised of the TPP-containing emissive layer produce an emission spectrum comprised of two narrow bands
that are centered at about 650 and about 713 nm, as shown in Fig. 1. The emission from this device involves fluorescence
from the TPP dopant. One of the problems with the TPP-doped device is that the narrow band at 713 nm, which comprises
about 40% of the emission, is not within a range that is useful for display applications. A second problem is that TPP-
doped OLEDs are very unstable, such that the shelf life of such devices is typically very short. It would be desirable if
these two aspects of TPP-doped devices could be improved. The present invention is directed to addressing these
problems of prior art devices.
[0027] Another aspect of the present invention relates to the fact that, based on spin statistical arguments, it is generally
understood that the majority of the excitons that are produced in an OLED are in a non-emissive triplet electronic state.
Formation of such triplet states can result in a substantial loss of the excitation energy in the OLED via radiationless
transitions to the ground state. It would be desirable if the total OLED quantum efficiency could be enhanced by utilizing
this energy transfer pathway through the exciton triplet states, for example, by having the exciton triplet state energy
transferred to an emissive material. Unfortunately, though it is known that the energy from an excited triplet state may
be efficiently transferred under certain circumstances to the triplet state of a molecule that phosphoresces, the phos-
phorescent decay rate is typically not expected to be rapid enough to be adequate for use in a display device. The
present invention is further directed to OLEDs which also address such problems of prior art devices.
[0028] A well documented cause of OLED failure is thermally induced deformation of the organic layers (e.g. melting,
crystal formation, thermal expansion, etc.). This failure mode can be seen in the studies that have been carried out with
hole transporting materials, K. Naito and A. Miura, J. Phys. Chem. (1993), 97, 6240-6248; S. Tokito, H. Tanaka, A.
Okada and Y. Taga. AppL Phys. Lett. (1996), 69, (7), 878-880; Y. Shirota, T Kobata and N. Noma, Chem. Lett. (1989),
1145-1148; T. Noda, I. lmae, N. Noma and Y. Shirota, Adv. Mater. (1997), 9, No. 3; E. Han, L. Do, M. Fujihira, H. Inada
and Y. Shirota, J. Appl. Phys. (1996), 80, (6) 3297-701; T. Noda, H. Ogawa, N. Noma and Y. Shirota, Appl. Phys. Lett.
(1997), 70, (6), 699-701; S. Van Slyke, C. Chen and C. Tang, Appl. Phys. Lett. (1996), 69, 15, 2160-2162; and U.S.
Pat. No. 5,061,569.
[0029] Organic materials that are present as a glass, as opposed to a crystalline or polycrystalline form, are desirable
for use in the organic layers of an OLED, since glasses are capable of providing higher transparency as well as producing
superior overall charge carrier characteristics as compared with the polycrystalline materials that are typically produced
when thin films of the crystalline form of the materials are prepared. However, thermally induced deformation of the
organic layers may lead to catastrophic and irreversible failure of the OLED if a glassy organic layer is heated above its
Tg. In addition, thermally induced deformation of a glassy organic layer may occur at temperatures lower than Tg, and
the rate of such deformation may be dependent on the difference between the temperature at which the deformation
occurs and Tg. Consequently, the lifetime of an OLED may be dependent on the Tg of the organic layers even if the
device is not heated above Tg. As a result, there is a need for organic materials having a high Tg that can be used in
the organic layers of an OLED.
[0030] The most common hole transporting material used in the HTL of OLEDs is a biphenyl bridged diamine, N,N’-
diphenyl-N,N’-bis(3-methylphenyl)-1,1-biphenyl-4,4’-diamine (TPD) having the chemical structure:
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[0031] This material has a good hole mobility and efficiently transfers holes to aluminum tris (8-hydroxyquinoline) in
a simple single heterostructure OLED. However, TPD has a melting point of 167˚C and a glass transition temperature
of 65˚C. If a device prepared with TPD is heated above 65˚C, the glass transition temperature, catastrophic and irreversible
failure results. In order to increase the glass transition temperature of the HTL, several groups have explored different
modifications to the basic structure of TPD, Naito et al.; Tokito et al.; Shirota et al.; Noda et al. (Adv. Mater.); Han et al.;
Noda et al.(Appl. Phys. Lett.); Van Slyke et al.; and U.S. Pat. No. 5,061,569. While these studies have led to materials
with Tg values as high as 150˚C, they have not led to an understanding of why certain structural modifications increase
Tg, while other modifications may not affect Tg at all or may even lower Tg. Still other modifications may produce a
material not having a glass transition temperature at all or a material not having the combination of properties that is
suitable for use in an HTL. For example, replacing the amine groups of TPD with carbazole groups to produce 4,4’-di
(N-carbazolo)diphenyl (CBP), having the chemical structure:

increases the melting point to 285˚C. However, the material shows no glass transition. Further changes in the basic
structure of TPD can increase the Tg value even higher, but the materials often have poorer hole transporting properties
than TPD, i.e. OLEDs made with these high temperature materials give poor device properties in OLEDs compared to
TPD.
[0032] U.S. Patent No. 5,061,569 discloses hole transporting materials comprised of at least two tertiary amine moieties
and further including an aromatic moiety containing at least two fused aromatic rings attached to the tertiary amine
nitrogen atoms. Out of the large number of compounds encompassed by the broadly disclosed class of compounds
recited, U.S. Patent No. 5,061,569 fails to disclose how to select those compounds which have a high glass transition
temperature. For example, the naphthyl derivatives do make stable glasses. One such molecule is . 4,4’-bis[N-(1-
naphthyl)-N-phenyl-amino]biphenyl (α-NPD), having the chemical structure:
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[0033] The present inventors’ measurements show that α-NPD has a Tg of 100-105˚C, which is substantially higher
than the Tg of 65˚C of TPD. This material has excellent hole conduction properties, and the Tg of 100-105˚C is higher
than the Tg of TPD of about 65˚C. OLEDs prepared with NPD have electrical properties very similar to those prepared
with TPD. However,
4,4’-bis[N-(2-naphthyl)-N-phenyl-amino]biphenyl (β-NPD), having the structure:

has been generally understood to have a Tg which is substantially lower than α-derivative. Apparently because of this
purportedly low and anomalous difference between Tg of the α- β-derivatives, there had been no known reports of using
the β-derivative as the hole transporting material of an OLED.
[0034] It would be desirable if OLED’s could be fabricated from glassy charge carrier materials having improved
temperature stability, while still providing luminescent characteristics comparable to prior art compounds. As used herein,
the term "charge carrier layer" may refer to the hole transporting layer, the electron transporting layer or the separate
emissive layer of an OLED having a double heterostructure. In addition, it would be useful to have a method for selecting
and preparing such glassy charge carrier materials having improved temperature stability, as characterized, in particular,
by glassy charge carrier materials having a high glass transition temperature.
[0035] In addition, there is a general inverse correlation between the Tg and the hole transporting properties of a
material, i.e., materials having a high Tg generally have poor hole transporting properties. Using an HTL with good hole
transporting properties leads to an OLED having desirable properties such as higher quantum efficiency, lower resistance
across the OLED, higher power quantum efficiency, and higher luminance. There is therefore a need for a HTL having
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a high hole mobility and a high glass transition temperature.

ADVANTAGES AND SUMMARY OF THE INVENTION

[0036] The cathodes may comprise an electrically conductive non-metallic layer in low-resistance contact with a
semiconductive organic layer.
[0037] In one aspect highly transparent non-metallic cathodes are described that may be used in substantially any
type of optoelectronic device.
[0038] More specifically, highly transparent non-metallic cathodes are described that may be used, for example, in
OLEDs that have electron-injection properties comparable to semi-transparent metallic cathodes but which, instead,
have an optical transmission of up to at least about 85% or still higher.
[0039] Further, a highly transparent organic light emitting device (OLED) comprised of a non-metallic cathode is
described.
[0040] In another aspect, an OLED can be comprised of an inorganic semiconducting material, such as ITO, that
functions as the non-metallic cathode.
[0041] In yet another aspect organic semiconducting lasers comprised of a non-metallic cathode are described.
[0042] In still another aspect, the OLED can be comprised of a non-metallic cathode which may be in contact with an
organic protection layer that is capable of assisting in the injection and transport of electrons from the cathode to the
luminescent zone of the OLED and that is, furthermore, capable of protecting the underlying organic layers from damage
during deposition of the cathode layer. This organic protection layer may be in direct contact with the electron transporting
layer in the luminescent zone of the device or there may be an additional electron transporting layer between these two
layers which further assists in transporting electrons to the luminescent zone of the OLED.
[0043] In still another aspect, a method for fabricating a is described cathode comprising preparing a cathode comprised
of an electrically conductive non-metallic layer in low-resistance electrical contact with a semiconductive organic layer,
wherein the preparation includes the step of forming a region between the electrically conductive non-metallic layer and
the semiconductive organic layer that causes the electrically conductive non-metallic material to be in low-resistance
electrical contact with the semiconductive organic layer.
[0044] In addition, a method of fabricating an organic light emitting device comprised of a non-metallic cathode is
described.
[0045] The present invention is directed to a single or double heterostructure OLED comprising an emissive layer,
wherein the emissive layer is a charge carrying layer further comprising a phosphorescent dopant compound that emits
phosphorescent radiation from a triplet molecular excited state when a voltage is applied across the OLED, wherein the
phosphorescent dopant compound is capable of capturing the exciton triplet energy from the charge carrying material.
[0046] The organic light emitting device (OLED) may comprise a heterostructure for producing electroluminescence,
wherein the heterostructure may have a charge carrier layer that includes a compound having molecules having at least
one electron transporting moiety and at least one hole transporting moiety wherein the electron transporting moiety is
a 2-methyl-8-quinolinolato ligand coordinated with a Group III metal, such as Al, Ga, or In. The hole transporting moiety
may be a hole transporting amine moiety. One example of such a hole transporting amine moiety is a triarylamine
derivatized phenoxide. The compound may therefore have, for example, two 2-methyl-8-quinolinolato ligands coordi-
nated with Al as electron transporting moieties and one triarylamine derivatized phenoxide as a hole transporting moiety.
[0047] The charge carrier layer that includes a compound having molecules having at least one electron transporting
moiety and at least one hole transporting moiety may be an emissive layer, such as the ETL of a single heterostructure,
or the separate emissive layer of a double heterostructure. This compound may also be used as an injection enhancement
layer, such as an electron injection enhancement layer, which is disposed between the ETL and cathode of an OLED,
and enhances the injection of electrons from the cathode into the ETL, or a hole injection enhancement layer, which is
disposed between the HTL and anode of an OLED, and enhances the injection of holes from the anode into the HTL.
[0048] The ETL may have a high hole mobility, so that holes can be transported away from the HTL/ETL interface of
a single heterostructure to ultimately recombine with electrons throughout a large volume of the ETL. It is believed that
this feature enhances the lifetime of OLEDs.
[0049] A class of azlactone-related compounds is provided that may be used as a dopant in the emissive layer of an
OLED.
[0050] The dopant compounds may be selected from a class of azlactone-related compounds that produce electro-
luminescence in bands centered in the wavelength region of one of the primary colors.
[0051] In addition, the description relates to an organic light emitting device, and to a method of fabricating an organic
light emitting device, comprising a heterostructure for producing electoluminescence wherein the heterostructure may
be comprised of an emissive layer containing an azlactone-related compound.
[0052] The present invention is yet further directed to OLEDs, in which emission from the device may be obtained via
a phosphorescent decay process wherein the phosphorescent decay rate is rapid enough to meet the requirements of
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a display device.
[0053] More specifically, the present invention is further directed to OLEDs that may also be comprised of a material
that is capable of receiving the energy from an exciton singlet or triplet state and emitting that energy as phosphorescent
radiation.
[0054] One of the benefits of the present invention is that the phosphorescent decay process utilizes exciton triplet
state energy that is typically wasted in an OLED via a radiationless energy transfer and relaxation process.
The present invention is further directed to OLEDs that may be comprised of materials capable of producing a highly
saturated red emission. More specifically, OLEDs of the present invention may also be comprised of platinum octae-
thylporphine (PtOEP), a compound that produces a narrow emission band that peaks near 640 nm when the PtOEP is
doped in an electron transporting layer comprised of tris-(8-hydroxyquinoline)-aluminum (Alq3). Such emission is per-
ceived as highly saturated red emission.
[0055] Another of the benefits of PtOEP-doped OLEDs is that such OLEDs have a stability, when the device is exposed
to ambient environmental conditions for a few days, that is comparable to prior art devices and, in particular, a decidedly
greater shelf life stability as compared with TPP-doped devices.
[0056] Further described herein are materials and methods for fabricating OLEDs in which the phosphorescent dopant
compound produces a highly saturated red emission in a spectral region for which the photopic response function for
the human eye is significantly increased as compared with PtOEP-doped OLEDs.
[0057] A method of selecting phosphorescent dopant compounds for use in an OLED is described, wherein the
phosphorescent compound may be selected to be a platinum-porphine compound having reduced symmetry as com-
pared with the 4-fold symmetry of compounds such as PtOEP, so as to obtain compounds having an emission peak
shifted toward the peak of the eye sensitivity curve, while still remaining in a spectral region that is perceived as saturated
red.
[0058] In addition, the organic light emitting devices may comprise a heterostructure for producing electroluminescence
having a hole transporting layer with a glass structure. The hole transporting layer may be comprised of a compound
having a symmetric molecular structure. The end groups of the symmetric molecule are hole transporting amine moieties
having an unsaturated linkage between two arenes.
[0059] Further objectives and advantages of the present invention will be apparent to those skilled in the art from the
detailed description of the disclosed invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0060]

Fig. A1 shows a schematic illustration of a standard prior art OLED.

Fig. A2a (comparative figure) shows a representative OLED.

Fig. A2b (comparative figure) shows an another representative OLED.

Fig. A3 (comparative figure) shows the light output vs. current of an OLED as shown in Fig. A2a having an ITO
cathode layer and a CuPc electron injecting interface layer. The lowest set of values shown in this Fig. was obtained
at 180 hours

Fig. A4 (comparative figure) shows the light output vs. current of a standard prior art TOLED device having an Mg:
Ag cathode layer. The lower set of values in this Fig. was measured at 180 hours.

Fig. A5 (comparative figure) shows the I-V curves for a ZnPc electron injecting interface layer and a CuPc electron
injecting interface layer.

Fig. A6 (comparative figure) shows the light output vs. current for a ZnPc electron injecting interface layer as
compared with a CuPc electron injecting interface layer where the efficiency η of the CuPc device was 0.23% and
the ZnPc device was 0.15%.

Fig. A7 (comparative figure) shows the transmission (T), reflection (R) and absorption (A), as a function of wavelength
(nm), of an OLED having an ITO cathode and CuPc electron injecting interface layer.

Fig. A8 (comparative figure) shows the I-V characteristics of a standard prior art OLED having a metallic Mg:Ag
cathode layer with the higher set of values at 0 hours and the lower set of values at 180 hours.
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Fig. A9 (comparative figure) shows the I-V characteristics of an OLED having an ITO cathode and a CuPc electron
injecting interface layer with the higher set of values at 0 hours and the lower set of values at 60 and 180 hours.

Fig. A10 (comparative figure) shows the light output vs. current for devices having CuPc injection layer thicknesses
from about 30 Å up to about 120 Å. These devices show a quantum efficiency η of about 0.1%.

Fig. A11 (comparative figure) shows the I-V characteristics of the devices of Fig. A10.

Fig. A12 (comparative figure) shows the current-voltage characteristics of a 0.4 mm diameter non-metallic-cathode-
containing TOLED ("MF-TOLED") and a reference TOLED grown in the same vacuum cycle.

Fig. A13 (comparative figure) shows a schematic illustration of the non-metallic-cathode-containing TOLED structure.

Fig. A14 (comparative figure) shows the summed optical output power from top and bottom surfaces vs. drive current
of the non-metallic-cathode-containing TOLED ("MF-TOLED") and reference TOLED in Fig. A12. The luminance
at the maximum current density measured corresponds to 2000 cd/m2.

Fig. A15 (comparative figure) shows the electroluminescence spectra from both the top and bottom device surfaces
with a fit (solid line) to the top emission spectrum using the calculation method described herein.

Fig. A16 (comparative figure) shows the proposed simplified energy level diagram of a non-metallic-cathode-con-
taining TOLED. DSS indicates the density of surface states.

Fig. A17 (comparative figure) shows digitally reproduced photographs that were taken of the non-metallic-cathode-
containing TOLED and the conventional TOLED. The conventional TOLEDs show up as small gray areas whereas
the the non-metallic-cathode-containing TOLEDs are not visible in the digitally reproduced photographs.

Fig. B1 (comparative figure) shows absorption and fluorescent spectra of Al-pNP, Al-pCb, and Al-mCb in a CH2Cl2
solution.

Fig. B2 (comparative figure) shows electroluminescent (EL) and photo-luminescent (PL) spectra of OLEDs having
an Al-pNP layer.

Fig. B3 (comparative figure) shows I-V characteristics of OLEDs having an Al-pNP layer.

Fig. B4 (comparative figure) shows I-V characteristics of OLEDs having an Al-pCb layer.

Fig. B5 (comparative figure) shows EL and PL spectra of OLEDs having an Al-pCb layer.

Fig. B6 (comparative figure) shows EL and PL spectra of OLEDs having an Al-pCb/perylene layer.

Fig. B7 (comparative figure) shows I-V characteristics of OLEDs having an Al-pCb/perylene layer.

Fig. C1 (comparative figure) shows the electroluminescent spectra of a device doped with 0.8% of Compound 3 as
dopant and an undoped Alq3 device ("0%"), as compared with the photoluminescent spectrum of the dopant when
present in CH2Cl2.

Fig. C2 (comparative figure) shows the I-V characteristic of doped and undoped devices.

Fig. D1 shows the electroluminescent (EL) spectrum of TPP-doped OLEDs.

Fig. D2 shows the EL spectra as a function of wavelength at different voltages (6, 9, 12 and 15V) for OLEDs having
an Alq3 layer doped with 0.6 mol % PtOEP as compared with the EL spectrum of a TPP-doped device ("TPP EL").

Fig. D3 shows the EL spectra as a function of wavelength at different voltages for OLEDs doped with about 6 mol
% PtOEP.

Fig. D4 shows the photoluminescent (PL) spectra as a function of wavelength for different PtOEP concentrations
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for Alq3 devices doped with PtOEP.

Fig. D5 shows the PL spectra as a function of wavelength at different excitation wavelengths for a solution of PtOEP
as compared with the EL spectrum of an OLED having an Alq3 layer doped with 0.6 mol % PtOEP.

Fig. E1 shows a representative platinum porphyrin and four additional porphyrins that may be used to prepare
platinum porphyrins for use as the platinum-substituted phosphorescent dopant compound in an OLED.

Fig. E2 shows the electroluminescent (EL) spectra of a PtDPP-doped polymer OLED as compared with the photo-
luminescent (PL) spectra of PtDDP in polystyrene and with the EL spectra of PtOEP doped in an Alq3 device.

Fig. E3a shows the EL spectra as a function of applied voltage for PtDPP doped in the Alq3 layer of an OLED
comprised of (ITO/NPD/Alq3/MgAg).

Fig. E3b shows the EL spectra of a PtDPP-doped Alq3 OLED as compared with a PtOEP-doped Alq3 OLED (with
each device being operated at 9V).

Fig. E4 shows the CIE coordinates and luminance outputs from a PtDPP-doped OLED as compared with other red-
emitting OLEDs.

Fig. E5 shows the overlap of the CIE standardized photopic response curve for human eye sensitivity with the
normalized emission spectra for compounds that produce a saturated red emission.

Fig. F1 (comparative figure) shows a plot of current v. voltage for an OLED.

Fig. F2 (comparative figure) shows a plot of current v. voltage for an OLED having a CuPc hole injection enhancement
layer.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0061] The present invention will now be described in detail for specific preferred embodiments of the invention.
[0062] According to one aspect novel cathodes may comprise an electrically conductive non-metallic layer which
forms a low resistance electrical contact with a semiconductive organic layer. Such cathodes may be employed in a
wide range of electrical devices. In particular, since the cathodes invention may be fabricated from highly transparent
materials, such cathodes have particular benefit for use in organic optoelectronic devices such as OLEDs, solar cells,
photodetectors, lasers and phototransistors. S.R. Forrest, Chem. Rev. 97, 1793 (1997). In an optoelectronic device
having at least one electron transporting layer (ETL) comprised of an electron transporting material and at least one
hole transporting layer (HTL) comprised of a hole transporting material, the cathode is identified as the electrode on the
ETL side of the device and the anode is identified as the electrode on the HTL side of the device. In an OLED, for
example, the cathode may be referred to as the electrode that injects electrons into the ETL and the anode as the
electrode that injects holes into the HTL. Injecting holes into the HTL is equivalent to extracting electrons from the HTL.
[0063] Each electrode of an OLED may typically be present as a layer that is in direct contact with the adjacent HTL
or ETL, dependent on whether the electrode functions as an anode or cathode, respectively. Alternatively, it was disclosed
in copending Serial No. 08/865,491 that an additional organic layer may be included between the anode and the organic
HTL. Such an additional layer, which was referred to as a protection layer or a hole-injection-enhancement layer, was
disclosed to function as a protection layer for protecting the underlying organic layers during deposition of the electrode
layer and/or as an enhancement layer for enhancing the hole-injection efficiency of the anode. For example, Serial No.
08/865,491 disclosed that a protection layer, for example, of a phthalocyanine compound, such as zinc phthalocyanine
(ZnPc) or copper phthalocyanine (CuPc), or PTCDA, could be deposited on top of the organic HTL so as to protect the
organic layer during the subsequent sputter deposition of the ITO anode layer. Serial No. 08/865,491 further disclosed
that the protection layer could in some cases enhance the hole-injection efficiency of the hole-injecting anode.
[0064] Because of the combination of high electrical conductivity and low work function, which is provided by certain
metals, practically useful optoelectronic devices such as OLEDs containing a cathode/organic-layer interface have until
now been comprised of metallic cathode materials that inherently have a high reflectivity as well as modest absorption
of optical radiation, even though the performance of such optoelectronic devices tends to be adversely affected by the
high reflectivity of the metallic cathode layers. In optoelectronic devices such as OLEDs for which a high transparency
is desired, semi-transparent metallic cathode layers are typically prepared using very thin metallic layers. Nevertheless,
the metal’s high reflectivity, which is inherently related to the high electrical conductivity of the metallic cathode materials,
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still causes significant losses in the overall performance of the device, for example, in producing a reduced quantum
efficiency for the overall device.
[0065] One of the aspects is the fact that an electrically conductive non-metallic material has been to be found to be
capable of forming a low-resistance electrical contact with an organic layer, wherein the electrically-conductive-non-
metallic-layer/semiconductive-organic-layer interface, hereinafter "cathode/organic layer interface", is capable of effi-
ciently injecting electrons form the non-metallic cathode layer, through the semiconductive organic layer of the cathode/
organic layer interface, and then into the adjacent ETL of a practically useful organic optoelectronic device. The semi-
conductive organic layer of the cathode/organic layer interface is, therefore, alternatively referred to herein as the electron
injecting interface layer.
[0066] For the purpose of specifying what is meant herein by a low-resistance electrical contact that may be used in
a practically useful organic optoelectronic device, such a contact is one for which the voltage drop across the cathode/
organic layer interface is not greater than the total voltage drop across the remainder of the device, that is, the voltage
drop across the cathode/organic layer interface is less than about 50% of the total voltage drop across the overall device.
Preferably, the voltage drop across the cathode/organic layer interface is less than about 30% of the total voltage drop.
[0067] The electrically conductive non-metallic layer may be selected from a wide range of non-metallic materials,
wherein the term "non-metallic" is meant to embrace a wide range of materials provided that the material is free of metal
in its chemically uncombined form. When a metal is present in its chemically uncombined form, either alone or in
combination with one or more other metals as an alloy, the metal may alternatively be referred to as being present in
its metallic form or as being a "free metal". Thus, the non-metallic cathodes may sometimes be referred to in the present
description as "metal-free cathodes" wherein the term "metal-free" is expressly meant to embrace a material free of
metal in its chemically uncombined form. Such "non-metallic" or "metal-free" materials may also be referred to as "metal
substitutes". As used herein, the term "metal substitute" refers to a material that is not a metal within the normal definition,
but which has metal-like properties in appropriate contexts. Commonly used metal substitutes for electrodes would
include wide band gap semiconductors, for example, transparent conducting oxides such as indium tin oxide (ITO), tin
oxide (TO) and gallium indium tin oxide (GITO). In particular, ITO is a highly doped degenerate n+ semiconductor with
an optical band gap of approximately 3.2 eV rendering it transparent to wavelengths greater than approximately 320
nm. Another electrode material is the transparent conductive polymer polyanaline (PANI) and its chemical relatives.
[0068] It is to be understood that while a non-metallic cathode material that is characterized as being free of a metal
or metal alloy that is present in its metallic or chemically uncombined form, that is, free of free metal, the cathode material
might include low levels of free metal in its metallic form. The non-metallic cathode materials may, thus, be characterized
as embracing materials that are effectively free of free metal, wherein a material effectively free of free metal will
correspondingly have a conductivity value which decreases as its temperature is lowered toward absolute zero. A
concomitant property of non-metallic materials is that there is almost no practically detectable optical reflectivity due to
the lack of partially occupied electronic conduction bands which are present in a free metal.
[0069] Another aspect is the fact that when representative embodiments of the cathodes are used, for example, in an
OLED, the cathode can efficiently inject electrons into the adjacent organic layer even though the non-metallic cathode
material does not have the Fermi energy level that is typically provided by a low-work-function metal. Such efficient
electron injection occurs in spite of the fact that a large barrier to electron injection would be expected at the cathode/
organic layer interface between the electrically conductive non-metallic layer and the semiconductive organic layer. The
present description thus, further describes a method for effectively reducing such barriers to electron injection.
[0070] A method for producing a low-resistance electrical contact for electron flow across a cathode/organic-layer
interface comprises providing a damage region at or near the surface of the semiconductive organic layer of the cathode/
organic interface and, thus, between the non-metallic cathode material and the bulk of the semiconductive organic
material. This damage region is prepared in such a manner that a high density of surface states or defect states for
transport of electrons is produced. Though these surface states or defect states have not yet been detected directly,
and may not in fact be readily observable directly, the presence of these surface states is believed to be necessary to
account for the substantially reduced barrier to electron transport as evidenced indirectly by the low-resistance electrical
contact across the cathode/organic layer interface.
[0071] In particular, it is believed that surface states are present at energy levels intermediate between the energy
level of a conducting electron in the non-metallic cathode material and the energy level of a conducting electron in the
bulk of the semiconductive organic layer of the cathode/organic interface. Furthermore, it is believed that the distribution
of surface states is sufficiently dense in both energy and physical space that efficient electron transport can be effected
across the cathode/organic layer interface region in spite of the large barrier to electron flow that would normally exist
between a semiconductive organic material and a non-metallic material. Non-metallic cathodes having such an cathode/
organic layer interface have been found, thus, to have a high efficiency, for example, for injecting electrons into the
adjacent ETL of an OLED.
[0072] Furthermore, if ITO is used as the electrically conductive non-metallic layer and a phthalocyanine compound
such as ZnPc or CuPc is used as the electron injecting interface layer, the low-resistance electrical contact is formed
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only when the ITO is deposited onto the organic layer and not when the organic layer is deposited onto the ITO layer.
It is, thus, a further aspect that when ITO and ZnPc or CuPc compounds are used to form the cathode/organic layer
interface, the cathodes are comprised of the non-metallic ITO layer which is deposited onto the phthalocyanine layer
using ITO deposition rates and phthalocyanine thicknesses that result in the low-resistance electrical contact. By properly
controlling the ITO sputter deposition process so as to control the degree of damage caused at the surface, a cathode/
organic layer interface can be produced having the desired low resistance. As described elsewhere herein, it is believed
that the reduced barrier to electron transport, as evidenced by the low-resistance electrical contact, is provided by a
high density of surface states at or near the surface of the organic layer. Still other methods that include the step of
introducing a high density of surface states to form a cathode having a low-resistance contact between an electrically
conductive non-metallic layer and a semiconductive organic layer can be used.
[0073] It is believed that the ability to form a highly efficient electron-transporting cathode/organic layer interface,
comparable to low-work-function metallic materials, but without the high reflectivity of metallic materials, is a uniquely
advantageous combination of properties not possessed by the previously known cathode materials that were used in
organic optoelectronic devices. Furthermore, any method which comprises preparing surface states having a sufficiently
high density to substantially reduce the barrier to electron flow between an electrically conductive non-metallic material
and a semiconductive organic layer can be used. A substantial reduction in the barrier to electron flow is specified herein
as a reduction that results in the formation of a low-resistance electrical interface, as defined herein, between the
electrically conductive non-metallic layer and the semiconductive organic layer of the cathode/organic interface. Thus,
a method is described herein for fabricating a cathode compnsing preparing an interface having an electrically conductive
non-metallic material on one side of the interface and a semiconductive organic material on the opposite side of the
interface, wherein the preparation step includes the step of forming any intermediate region between the electrically
conductive non-metallic material and the semiconductive organic material such that the electrically conductive non-
metallic material is capable of functioning as a cathode that forms a low-resistance electrical contact with the semicon-
ductive organic material.
[0074] Use of electrically conductive non-metallic cathode materials that do not have the highly reflective properties
inherent for metallic materials generally provides the specific benefit of being able to select highly transparent materials
for use as the cathode in devices for which high optical transmission is desired, in particular, in optoelectronic devices
such as OLEDs. Optoelectronic devices such as OLEDs may be made using highly transparent non-metallic cathodes
with electron-injection properties comparable to semi-transparent metallic cathodes. As compared with the thinnest
practical semi-transparent metallic cathodes, which may typically provide a maximum transmission in the overall device
of about 60-70%, devices having an optical transmission of at least about 85% may be prepared using the described
non-metallic cathodes.
[0075] The electrically conductive non-metallic material that may be used to prepare the cathodes may be selected,
for example, to be a transparent wide band gap semiconductor, for example, wide band gap semiconductor having a
band gap of at least 1 eV and a transmission of at least 50% for incident and admitted radiation. Preferred wide band
gap semiconductors include conductive oxides such as ITO, tin oxide, or gallium indium tin oxide (GITO).
[0076] The semiconductive organic materials that may be effectively used in combination with the ITO layer to produce
the efficient electron injection preferably have the following properties:

1. A chemical and structural stability that is sufficient to permit only limited damage, as described hereinafter, due
to sputtering during deposition of the ITO layer. Large planar molecules such as phthalocyanines, naphthalocyanines
and perylenes are representative examples. Derivatives of these compounds with further extended conjugation
(e.g., additional fused benzo-, naphtha-, anthra-, phenanthrene-, polyacene, etc., groups) may also be used. Pol-
ymeric materials may also be present under certain circumstances.

2. An electron mobility that is sufficient to permit the layer to function as an electron transporting layer; an electron
transporting material having a carrier mobility with a value of at least 10-6 cm2/Vsec is generally believed to be
sufficient for a material to function as an electron transporting layer, though substantially higher values are generally
preferred; once again, large planar molecules such as the phthalocyanines and certain perylenes are representative
examples.

3. The difference between the ionization potential (IP) and the HOMO/LUMO gap energy (the energy gap between
the highest occupied molecular orbital and the lowest unoccupied molecular orbital), that is, the "IP-HOMO/LUMO
gap energy", of the material used in the electron injecting interface layer is such that it is approximately equal to or
preferably less than the IP-HOMO/LUMO gap energy of the film into which electrons are being injected. This guideline
is not intended as a constraint that is to be strictly obeyed, but is instead intended to be approximately followed.
For example, small deviations from this guideline of about 0.5 eV may be tolerated for certain combinations of
materials. Use of this guideline helps to prevent formation of an energy barrier to electron flow into the contacted
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film (e.g. Alq3).

[0077] Still more specifically, the described method may be comprised of using ITO as the electrically conductive non-
metallic layer and a phthalocyanine such as CuPc or ZnPc as the electron injecting interface layer. In this case, the
electrically conductive non-metallic ITO layer is sputter deposited onto an organic protection layer comprised of the
electron injecting interface layer of CuPc or ZnPc. So as to control the level of damage, the ITO is sputtered onto the
organic layer at relatively low initial deposition rates of about 1 to about 10 Å/minute until a thickness of about 100 Å to
about 300 Å has been deposited. As described in further detail hereinafter, such an electrically-conductive-non-metallic-
layer/semiconductive-organic-layer interface is capable of providing a low-resistance electrical contact for use in an
OLED as well as for other types of optoelectronic devices.
[0078] A new class of highly transparent organic light emitting devices (OLEDs) is described herein, employing a non-
metallic cathode. OLEDs that make use of a non-metallic cathode have a very low reflectivity and a high transparency
that is close to the theoretical maximum that can be achieved for a multi-layer organic structure. The low-reflectivity of
such OLEDs may be particularly beneficial for use in high contrast display applications as well as for use in eliminating
microcavity effects in stacked organic light emitting devices (SOLEDs). OLEDs employing these low resistance non-
metallic cathodes are expected to be particularly useful in reliable high-resolution full color flat panel displays, "heads-
up" displays and organic-based lasers.
[0079] As shown in Fig. A2a, a TOLED can be deposited on a glass substrate pre-coated with a film of indium tin
oxide (ITO) which serves as the transparent hole injecting anode. The TOLED includes, for example, a non-metallic
cathode 1, an electron injecting interface layer 6, an electron transporting layer 2, a hole transporting layer 3, an anode
layer 4 and a substrate 5. After depositing a hole transporting layer and an electron transporting layer, the electron
injecting interface layer is added by depositing, for example, a thin film of copper phthalocyanine (CuPc) which is then
capped with a film of low-power, radio-frequency sputtered ITO. This second ITO layer functions as the cathode of this
device. In addition to functioning, in some cases, as a protection layer that prevents damage to the underlying organic
layers during the ITO sputtering process, the CuPc layer also functions in combination with the ITO layer as the electron
injecting region for delivering electrons to the adjacent electron transporting layer. An additional intermediate electron
transporting layer of 4,4’-di(N-carbazolo)diphenyl (CBP), for example, may be present between the first electron trans-
porting layer and the CuPc layer, as shown in Fig. A2b. The intermediate electron transporting layer lies between the
electron injecting interface layer that is in low-resistance electrical contact with the non-metallic cathode layer and the
electron transporting layer that is in contact with the hole transporting layer. In particular, the OLED of Fig. A2b includes
a non-metallic layer 1, an electron injecting interface layer 6, an intermediate electron transporting layer 7, an electron
transporting layer 2, a hole transporting layer 3, an anode layer 4 and a substrate 5.
[0080] Due to the absence of a metallic cathode layer, the representative Alq3-based TOLEDs described herein emit
nearly identical light levels in the forward and back scattered directions with a total external quantum efficiency of about
0.3%. These devices are over 80% transmissive in the visible. The reflection and absorption characteristics, current-
voltage, luminance-current, and electroluminescence spectra of OLEDs prepared according to the present description
demonstrate performance characteristics that are at least comparable with and in certain respects superior to conven-
tional TOLEDs that employ a more reflective cathode comprised of a thin film of Mg:Ag capped with ITO.
[0081] For example, as shown by a comparison of the TOLED results shown in Fig. A3 with Fig. A4, TOLEDs as
described herein show only about a 2-fold drop in light output at 180 hours, whereas prior art TOLEDs have about a 4-
fold drop in light output over the same time interval. The results in Fig. A5 show that the phthalocyanines of both Cu
(CuPc) and Zn (ZnPc) may be used as the electron injecting interface layer, though the results in Fig. A6 show that the
CuPc device has a significantly higher quantum efficiency. A comparison of the results in Fig. A8 with the results in Fig.
A9 shows that the stability of the I-V characteristics of OLEDs made according to the present description is comparable
to prior art devices. The results shown in Fig. A7 show that the total light transmission of an OLED made according to
the present description is near the theoretical maximum of what can be achieved for an OLED, except for that part of
the spectrum which shows the Q-band absorption structure characteristic of CuPc. The reflection spectrum of this device
approaches the theoretical minimum as limited by the glass/air and ITO/air interfaces. Anti-reflection layers can further
reduce this reflection to a negligible value.
[0082] The electron injecting interface layer that is in contact with the ITO layer may have a thickness ranging from
about 15-120 Å. For example, Figs. A10 and A11 show that whenever CuPc is used as the electron injecting interface
layer, devices having a CuPc injection layer thickness from about 30 Å to about 120 Å produced comparable performance
characteristics. The devices that were prepared to collect the data shown in Figs. A10 and A11 also included a CuPc
layer with a 50 Å thickness between the ITO anode layer and the hole transporting layer. This CuPc layer, which is in
contact with the ITO anode layer, functions as a hole injection enhancement layer, such as disclosed in co-pending
application having Serial No. 08/865,491, filed May 29, 1997.
[0083] As further examples, the current-voltage (I-V) characteristics of another typical transparent organic light emitting
device having the non-metallic cathode and a conventional TOLED grown in the same run are shown in Fig. A12. The
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TOLED that was used to obtain the results shown in Fig. A12 is shown in Fig. A 13, wherein the non-metallic cathode
1 was ITO, the electron injecting interface layer 6 was CuPc, the electron transporting layer 2 was Alq3, the hole
transporting layer 3 was α-NPD, the anode layer 4 was ITO and the substrate 5. This device included an additional
CuPc layer 8 between the ITO anode and HTL. Two distinct regions of operation are observed, above and below the
"turn-on voltage", VT. Below VT, trap-free, space-charge limited transport follows I∝Vm-1. Above VT, the current is trapped-
charge-limited following I∝Vm-1. P.E. Burrows, S.R. Forrest, Appl. Phys. Lett. 64, 2285 (1994), P.E. Burrows, Z. Shen,
V. Bulovic, D.M. McCarty, S.R. Forrest, J.A. Cronin, and M.E. Thompson, J. Appl. Phys. 79, 7991 (1996). The slightly
less efficient injection properties of the ITO/CuPc as compared to those of the ITO/Mg:Ag contact are reflected in the
nominal difference in VT for the TOLED (4.2 V) and non-metallic-cathode-containing TOLED (5.2 V). Similar I-V char-
acteristics are obtained when the CuPc in the cathode is replaced with ZnPc, indicating their equivalence in forming
good electron injecting contacts. However, when CuPc is replaced with PTCDA, there is a significant increase in VT to 20V.
[0084] The sum of the output optical power emitted from both top and bottom device surfaces as a function of the
current is shown in Fig. A14 for the same devices as in Fig. A12. The total external quantum efficiencies of the devices
are similar at η = (0.38 6 0.05)%. Their luminance at 10 mA/cm2 is -200 cd/m2, increasing to 2000 cd/m2 at 10 mA/cm2,
corresponding to the maximum drive current indicated in Fig. A14. The ratio of the power emitted from the top to that
emitted from the bottom substrate surface of the non-metallic-cathode-containing TOLED is r = 1.0 6 0.05.
[0085] Due to the relatively large difference between the complex index of refraction of CuPc and the other organic
materials in the non-metallic-cathode-containing TOLED, there is some broadening of the output electroluminescence
spectrum measured from the top, relative to the bottom device surface, as shown in Fig. A15. Using the known complex
indices of refraction for each layer in the device, and assuming that the radiative, dipolar cm6 molecules are uniformly
distributed in the emissive layer, r was calculated as a function of wavelength (λ). A fit to the top surface spectrum was
obtained by multiplying the emission from the substrate by r(λ). The fit closely matches the normalized, measured output
spectra (Fig. A14), with the remaining discrepancies between calculation and experiment due to the neglect of dispersion
in the CuPc.
[0086] While the I-V characteristics of devices employing CuPc or ZnPc cathodes were similar, η of the ZnPc device
was 30% lower than that of the CuPc device. In sharp contrast to the CuPc and the ZnPc cathodes, however, the devices
with PTCDA in the cathode had quantum efficiencies that were only about 1% that of the CuPc devices. This indicated
very poor electron injection into the ETL employing PTCDA cathodes, consistent with the I-V data.
[0087] The elimination of semi-transparent metal films from the TOLED results in a significant increase in the total
optical transmission. This is readily apparent from the digitally reproduced photographs that were taken of the non-
metallic-cathode-containing TOLED arrays and the conventional TOLED arrays, as shown in Fig. A17. The arrays were
placed on a white background having a grid of black dots for contrast. The devices were illuminated from underneath
and are indicated by the arrows at about 0.2-0.4 cm for the conventional TOLED arrays and at about 1.3-1.6 cm for the
non-metallic-cathode-containing TOLED arrays, respectively. The photographs in Fig. A17 show the non-metallic cath-
odes described herein are featureless due to the absence of any metal in the electrode whereas conventional TOLEDS
have a faint grey appearance due to the metallic cathodes. The non-metallic-cathode-containing TOLED arrays could
be detected only if the digitally Measurements of the non-antireflection-coated device optical transparency shown in Fig.
A7 indicate a transmission of 0.85 6 0.05, which corresponds to a 35% increase over the conventional OLED. The
reflection and absorption of the non-metallic-cathode-containing TOLED are also plotted in Fig. A 7, where the primary
source of absorption is due to the CuPc Q bands, B.H. Schechtman and W.E. Spicer, J. of Mol. Spec. 33, 28 (1970),
which peak at λ = 620 nm and 665 nm.
[0088] It is believed that during the initial stages of ITO deposition, damage-induced states are produced in what is
herein referred to as a damage layer at the cathode/organic film interface. In contrast to the prior art understanding of
high efficiency electron injecting electrodes, C. W. Tang and S.A. VanSlyke, Appl. Phys. Lett. 51, 913 (1987), which
required energy band alignment of the lowest unoccupied molecular orbital (LUMO) of the ETL with the Fermi energy
of a low work function metal, it is believed herein that the damage layer is responsible for providing improved electron-
injection properties for non-metallic cathodes comprised of materials that do not have the matching Fermi energy level
that is typically provided by a low-work-function metal.
[0089] The improved electron-injection properties of the highly transparent non-metallic cathodes may be understood
in terms of the proposed energy band diagram in Fig. A16. The ionization potentials (IP), which are defined as the
vacuum lever to HOMO distance, and optical energy gaps (Eg) are taken from A. Rajagopal, C.I. Wu, and A. Kahn, 1997
Fall Mtg. Of Mat. Res. Soc., paper J1.9; and K. Seki, Mol. Cryst. Liq. Cryst. 171, 255 (1989). Since the ionization potential
(IP) of CuPc lies between the work function of ITO and the IP of α-NPD, CuPc lowers the barrier to hole injection into
the HTL. In contrast, there is a large barrier (1.6 eV) to electron injection at the ITO/CuPc interface, in spite of the fact
that this electrode is disclosed herein to efficiently inject electrons whenever this electrode is prepared in accord with
the present description. This apparent contradiction is consistent with previous reports, S.R. Forrest, L.Y. Leu, F.F. So,
and W.Y. Yoon, J. Appl. Phys. 66, 5908 (1989), of efficient hole injection using anodes consisting of PTCDA capped
with ITO. In this case, hole injection is achieved although the barrier from ITO into PTCDA is 2.1 eV. Values for the
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ionization energies (defined as the vacuum level to HOMO distance) are from A. Rajagopal, C.I. Wu, and A. Kahn, J.
Appl. Phys. 83, 2649 (1998) and K. Seki, Mol. Cryst. Liq. Cryst. 171, 255 (1989). While these authors suggest that the
vacuum level may not be flat between organic heterojunctions, as shown in Fig. A4, this does not change our conclusions
and hence has been omitted for simplicity.
[0090] Efficient electron injection in the presence of a large energy barrier suggests that the barrier is effectively
reduced due to the electrode deposition/formation process. When the ITO is sputtered onto the CuPc surface, the Cu
can form a Cu-O bond via an exothermic reaction, F.F. So and S.R. Forrest, J. Appl. Phys. 63, 442 (1988), thereby
inducing a high density of midgap or surface states, D33, as shown in Fig. A16. These states, whose density decreases
away from the ITO interface, provide small energy "steps" which can easily be surmounted by the injected electron.
These data and the resulting model are in contrast to previous suggestions that low work function metals are required
for efficient electron injection. The residual energy barrier may account, in part, for the small increase in VT for the non-
metallic-cathode-containing TOLED as compared with TOLEDs not having the non-metallic cathodes described herein.
[0091] Evidence that such damage is effective to produce the non-metallic cathode described herein only when the
damage is restricted to the CuPc layer was obtained by reducing the CuPc layer thickness from 60 Å to 30 Å. This
reduction in thickness which resulted in a concomitant reduction in the non-metallic-cathode-containing TOLED fabri-
cation yield from about 90% to 40%. The fabrication yield is defined as the ratio of the non-shorted, efficient devices to
the total number of devices fabricated and tested. Such yields were based on test populations of 10 to 20 test devices.
These results suggests that only the first few monolayers of the CuPc are damaged in low resistance cathode/organic
layer interfaces, as was shown in the case of ITO/PTCDA. It is thought that when the CuPc is made too thin, the sputtered
ITO can "punch through" to damage the underlying Alq3. Indeed, ITO sputtered directly onto either α-NPD or Alq3,
wherein the ITO layer would function as an anode or a cathode, respectively, results in a yield approaching zero.
[0092] It is believed herein that the limited damage to CuPc and PTCDA may be due to the extended conjugated
electron orbitals in these large planar molecules. When an energetic metal or oxygen atom is incident on one of these
surface molecules during sputtering, the energy of impact is efficiently distributed over the numerous bonds in the
molecular π-electron systems. In contrast, no comparably large π-electron systems exist in Alq, or α-NPD. For such
molecules, the impact energy is more localized among only a few atomic sites, thereby increasing the probability for
breaking a molecular bond. The planar or nearly planar stacking arrangements of crystalline molecular systems such
as CuPc and PTCDA may also assist in the dissipation of energy among several neighboring molecules in the lattice.
[0093] This hypothesis, based on the role played by energetic atom-induced defects in assisting carrier injection, was
tested by fabricating a transparent non-metallic-cathode-containing TOLED such as that shown in Fig. A12, except with
the Alq3 and α-NPD layer order reversed. For these devices having the ETL and HTL layers reversed, VT was observed
to increase by a factor of two (-10V) and an external quantum efficiency η of about 10-3% was measured even though
the ITO/CuPc interface is known to be excellent for injecting holes into α-NPD. The low efficiency of this device, therefore,
provides clear evidence that an CuPc/ITO interface not having the damage layer is ineffective in injecting electrons into
Alq3. It is, therefore, concluded that the low energy deposition of CuPc on top of ITO does not generate the interfacial
mid-gap states required for electron injection. Thus, since the ITO layers prepared by Karl et al and Whitlock et al were
also produced by deposition of the organic layer onto the ITO layer, rather than by deposition of the ITO layer onto the
organic layer so as to produce a damage layer, the ITO layers of Karl et al and Whitlock et al would be expected also
not to produce the enhanced electron-injection characteristics described herein, whenever the electrodes of Karl et al
or Whitlock et al functioned as the cathode of a solar cell.
[0094] The asymmetry in the device characteristics is also consistent with the very low current and lack of electrolu-
minescence when the non-metallic-cathode-containing TOLED is reverse biased. In this case, the electrons are unable
to traverse the 1.6 eV energy barrier from the ITO into the undamaged CuPc at the anode. Once electrons are injected
into the CuPc, they are transported into the Alq3 due to the lack of an energy barrier to electron transport in that direction.
In contrast, a large energy barrier to electrons of 0.9 eV exists from PTCDA to Alq3. This barrier, coupled with the poor
electron mobility of PTCDA, results in the observed high VT and low η of Alq3-based devices employing ITO cathodes
in contact with PTCDA. This low efficiency does not, however, suggest that PTCDA cannot be used to make a good low
resistance cathode/organic interface. In particular, these results only show that a barrier of 0.9 ev is too high between
the PTCDA and the Alq3. By properly matching the PTCDA with an appropriate adjacent charge-carrying layer, in accord
with the guidelines provided herein for aligning the LUMO/HOMO levels, an efficient ITO/PTCDA interface may be made.
[0095] As an example the non-metallic cathode may be used in a double heterostructure wherein a thin luminescent
layer is present between the electron transporting layer and the hole transporting layer.
[0096] As another example in which an electron transporting layer is the emissive layer, the ITO layer may be in
contact with the electron injecting interface layer that produces the electroluminescence and that, in addition, is in direct
contact with a hole transporting layer. In this case, the IP-HOMO/LUMO gap energy of the material used in the electron
injecting interface layer is such that it is approximately equal to or preferably less than the IP-HOMO/LUMO gap energy
of the material in the adjacent hole transporting layer and, in addition, the ionization potential of the material in the hole
transporting layer is greater than the ionization potential of the material used in the electron injecting interface layer.
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[0097] As an example in which the hole transporting layer is the emissive layer, the ITO layer may be in contact with
an electron injecting interface layer that is in direct contact with a hole transporting layer that produces the electrolumi-
nescence. In this case, the IP-HOMO/LUMO gap energy of the material used in the electron injecting interface layer is
also such that it is approximately equal to or preferably less than the IP-HOMO/LUMO gap energy of the material in the
adjacent hole transporting layer. However, in this case, the ionization potential of the material in the hole transporting
layer is less than the ionization potential of the material used in the electron injecting interface layer.
[0098] Thus, while one example is demonstrated for a single heterostructure in which the ITO layer is in contact with
an electron injecting interface layer that is in contact with an electron transporting layer such as Alq3, another example
is directed, inter alia, toward any OLED comprised of a heterostructure for producing electroluminescence wherein the
heterostructure includes a non-metallic cathode.
[0099] The OLEDs of the present invention are comprised of a heterostructure for producing electroluminescence
which may be fabricated as a single heterostructure or as a double heterostructure. The materials, methods and apparatus
for preparing the organic thin films of a single or double heterostructure are disclosed, for example, in U.S. Patent No.
5,554,220, which is incorporated herein in its entirety by reference. As used herein, the term "heterostructure for producing
electroluminescence" refers to a heterostructure that includes, for a single heterostructure, in sequence, a hole injecting
anode layer, a hole transporting layer, an electron transporting layer, and a cathode layer. An additional layer or layers
may be present between one or more of the sequential pairs of these layers. For example, for a double heterostructure,
a separate emissive layer is included between the hole transporting layer and the electron transporting layer. This
separate emissive layer may be characterized as being a "thin luminescent layer." Alternatively, or in addition, a hole
injection enhancement layer may be present between the anode layer and the hole transporting layer.
[0100] The hole injecting enhancement layer may in some cases be comprised of the same material, CuPc, as is used
in the electron injecting interface layer. In each case, the CuPc layer may be in direct contact with an ITO electrode,
with the distinction between the two CuPc layers being that in one case the CuPc layer is in contact with an ITO layer
that functions as an anode and in the other case the ITO layer functions as a cathode. In each case, the CuPc layer
functions as a charge carrier and interface layer. On the one hand when in contact with the ITO anode, the CuPc layer
assists in injecting and transporting holes from the anode to a hole transporting layer, and on the other hand when in
contact with the ITO cathode, the CuPc layer assists in injecting and transporting electrons from the cathode to an
electron transporting layer. The CuPc layer, in each case, may also function as a layer that protects any underlying
organic layers, if present, from damage during the ITO deposition process. Whenever the ITO layer is present as the
electrode in a SOLED structure, opposite faces of the ITO may function as an anode and cathode, respectively.
[0101] Either the anode layer or the cathode layer may be in contact with a substrate and each electrode is connected
to electrical contacts which are capable of delivering a voltage across the device causing it to produce electrolumines-
cence from either an electron transporting layer or a hole transporting layer. If the cathode layer is deposited on the
substrate, the device may be referred to as having an inverted or IOLED structure. If the heterostructure for producing
electroluminescence is included as part of a stacked OLED (SOLED), one or both of the electrodes of an individual
heterostructure may be in contact with an electrode of an adjacent heterostructure. Alternatively, dependent on the
circuitry used to drive the SOLED, an insulating layer may be provided between adjacent electrodes of two of the OLEDs
in the stack.
[0102] The OLEDs described herein may be comprised of non-metallic cathode layers rather than metallic cathode
layers, or may, under certain circumstances, be used in combination with an OLED that does contain a metallic layer,
for example, as the top or bottom OLED of a SOLED. In such cases, if the cathode layer is a metal cathode layer of Mg:
Ag, a metal protective layer, for example, made of a layer of Ag for protecting the Mg:Ag cathode layer from atmospheric
oxidation, may also be present.
[0103] The single or double heterostructures as referred to herein are intended solely as examples for showing how
an OLED may be fabricated. For example, the heterostructure typically includes a substrate which may be opaque or
transparent, rigid or flexible, and/or plastic, metal or glass, in particular, a transparent polymer such as polyester, glass,
sapphire or quartz, or substantially any other material that may be used as the substrate of an OLED.
[0104] An organic light emitting device (OLED) may comprise a heterostructure for producing electroluminescence
wherein, in particular, the heterostructure has a charge carrier layer that includes a compound having molecules having
at least one electron transporting moiety and at least one hole transporting moiety wherein the electron transporting
moiety is a 2-methyl-8-quinolinolato ligand coordinated with a Group III metal, such as Al, Ga, or In. The hole transporting
moiety may be a hole transporting amine moiety.
[0105] As used herein, the term "charge carrier layer" may refer to a "hole transporting layer" (HTL,) an "electron
transporting layer" (ETL) or, for an OLED having a double heterostructure (DH), a "separate emissive layer." The charge
carrier layer that includes a compound having molecules having at least one electron transporting moiety and at least
one hole transporting moiety may be an emissive layer, such as the ETL of a single heterostructure (SH), or the separate
emissive layer of a double heterostructure. The charge carrier layer that includes a compound having molecules having
at least one electron transporting moiety and at least one hole transporting moiety may also be a non-emissive layer,
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such as an electron injection enhancement layer disposed between the cathode and ETL of an OLED.
[0106] The term "hole transporting moiety" as used herein, refers to a group which, when present in a material contained
in a layer of an OLED, causes the material to provide electrical conduction through the layer, when a voltage is applied,
by conduction of holes. The term "electron transporting moiety" as used herein, refers to a group which, when present
in a material contained in a layer of an OLED, causes the material to provide electrical conduction through the layer,
when a voltage is applied, by conduction of electrons. The term "hole transporting amine moiety" as used herein, refers
to an amine group that is a hole transporting moiety. Such hole transporting amine moieties are typically comprised of
nitrogen atoms that are directly bonded to two phenyl groups (in addition to a phenyl group that forms the ligand bond
with the Group III metal), wherein the two phenyl groups may be joined so as to form a heterocyclic ring including the
nitrogen, for example, a carbazole group, or the two phenyl groups may be unattached to each other. Each phenyl group
may itself be fused with still another phenyl group, being bonded to the nitrogen atom, for example, either as a 1-naphthyl
group or as a 2-naphthyl group.
[0107] A compound is described herein having the chemical structure:

wherein A1 and A2 are each comprised of one or more phenyl groups that produce an overall hole transporting func-
tionality, and -R- is an alkyl or aryl group, preferably an aryl group, that is capable of forming a ligand bond with a Group
III metal. The phenyl groups of A1 and A2 may be joined so as to form a heterocyclic ring including the nitrogen, e.g.,
so as to constitute a carbazole group, or the phenyl groups of A1 and A2 may be unattached to each other. Each phenyl
group may itself be fused with still another phenyl group and bonded to the nitrogen atom either, for example, as a 1-
naphthyl group or as a 2-naphthyl group. The -R- group may be a hole transporting substituting alkoxide, thiolate, benzoic
acid or chelating oxygen or nitrogen group (such as substituted acetylacetonate). Preferably, the R-group is a p-amino-
substituted phenoxide group. Another Group III metal, such as Ga or In, may be substituted for the Al.
[0108] The 2-methyl-8-quinolinolato ligand coordinated with a Group III metal, such as Al, acts as an electron trans-
porting moiety. The amine group acts as a hole transporting moiety. Because the molecule has both electron and hole
transporting moieties, a charge carrier layer made from the molecule will have a high electron mobility and a high hole
mobility. Using such a charge carrier layer as the ETL of a single heterostructure, for example, allows holes to move a
substantial distance into the ETL before recombining with an electron to form an exciton. As a result, the luminescent
region of such an ETL is larger than the luminescent region of an ETL having a low hole mobility. This larger electrolu-
minescent region may result in a longer electroluminescent lifetime. Similarly, using such a charge carrier layer as a
separate emissive layer of a double heterostructure leads to a luminescent region larger than that of a separate emissive
layer having a lower hole or electron mobility, and a longer electroluminescent lifetime.
[0109] In particular, the compound having molecules having at least one electron transporting moiety and at least one
hole transporting moiety may be bis(2-methyl-8-quinolinolato)[p-(N-phenyl-2-naphthylamino)phenolato]aluminum(III),
which is referred to as Al-pNP, bis(2-methyl-8-quinolinolato)(p-carbazolphenolato)aluminum(III), which is referred to as
Al-pCb, or bis(2-methyl-8-quinolinolato)(m-carbazolphenolato)aluminum(III), which is referred to as Al-mCb:
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[0110] Experimental results show that solid films of Al-pCb have a photo-luminescent emission about 100 times more
efficient than that of Al-pNP. This difference may be explained by the different structure of the two molecules. In particular,
Al-pCb has a more rigid conformation due to its carbazol moiety, which may prevent the molecules in the solid state
from non-radiative self-quenching, which could account for the hundred times greater efficiency of the photo-luminescent
emission of Al-pCb as compared to Al-pNP.
[0111] OLEDs may comprise an emissive layer comprised of a dopant compound selected from the class of azlactone-
related compounds having the chemical structure of formula F-I:

where R is hydrogen or a group which is a donor or acceptor group relative to hydrogen;
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R’ = alkyl or substituted or unsubstituted aryl;
R1 and R2 are hydrogen or are joined to form a fused aryl ring; X is O; NR5, where R5 is hydrogen or substituted or
unsubstituted alkyl; alkyl or substituted or unsubstituted aryl;
Z1 and Z2 are, independently of one another, a carbon or nitrogen atom; and
Y is M, a metal atom, whenever Z1 and Z2 are both nitrogen atoms;
Y is O; NR6, where R6 is hydrogen or substituted or unsubstituted alkyl; or S; whenever either Z1 or Z2 is a carbon
atom; or
Y is absent. Representative donor groups include the n-electron donor groups such as -OR, -Br, -NR3R4, where R3
and R4 are, independently of one another, hydrogen or substituted or unsubstituted alkyl. Representative acceptor
groups include the Π-electron acceptor groups such as -CN, -NO2 or a carbonyl-containing group.

[0112] In another aspect, an OLED may comprise an emissive layer comprised of a dopant azlactone-based compound
having the chemical structure of formula C-II:

where R, R’, R1 and R2 have the same meaning as above.
[0113] In a further aspect, an OLED may comprise an emissive layer comprised of a dopant azlactone-based compound
having the chemical structure of formula C-III:

where R and R’ have the same meaning as above.
[0114] The dopant azlactone-based compound may have the chemical structure of formula C-III wherein R = H and
R’ = C6M5 (Compound 1); R = OOCCH, and R’ = C6H5 (Compound 2); R = N(CH3)2 and R’ = C6H5 (Compound 3); and
R = C(CH3)3 and R’ = C6H5 (Compound 4).
[0115] The dopant azlactone-based compound may also have the chemical structure of formula C-IV:

where R’ = C6H5 (Compound 5).
[0116] Further, the dopant azlactone-based compound may have a chemical structure of formula C-V (Compound 6):
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or a chemical structure of formula C-VI (Compound 7):

[0117] These azlactone-based compounds may be prepared from para-substituted benzaldehyde and hippuric acid
derivatives. By varying the para-substituted donor group, the emission can be tuned from the green into the blue part
of the spectrum, as illustrated by the results in Table C1 below.

[0118] The color of the fluorescence from the materials shown in Table C1 is strongly solvent dependent as is expected

TableC1:Fluorescencedatashowing theabsorptionmaximaand thephotoluminescence (PL)maxima forcompounds
1-7.

Abs. Max. (nm) PL Max. (nm)

Compound 1 364 (CH2Cl2) 416 (CH2Cl2)
367 (DMSO)

Compound 2 368 (CH2Cl2) 422 (CH2Cl2)

Compound 3 471 (CH2Cl2) 522 (CH2Cl2)
481 (DMSO) 552 (DMSO)
464 (hexane) 464 (hexane)
467 (toluene) 500 (toluene)

Compound 4 373 (CH2Cl2) 428 (CH2Cl2)
374 (DMSO)

Compound 5 368 (CH2Cl2) 518 (CH2Cl2, excit. = 360nm)
471 (shoulder, CH2Cl2) 582 (CH2Cl2, excit. = 470nm)

Compound 6 513 (CH2Cl2) 734 (CH2Cl2, excit. = 320nm)
752 (CH2Cl2, excit. = 520nm)

518 (DSMO) 406 (DSMO)
498 (hexane) 524 (hexane)
499 (toluene) 602 (toluene)

Compound 7 438 (DMSO) very weak emission
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for emission from a charge transfer transition.
[0119] Still other specific examples of dopant azlactone-based compounds include the chemical structure of formula
C-III wherein R = OH and R’ = C6H5 and the compound having the chemical structure of formula C-III wherein R = C
(CH3)3 and R’ = CH3.
[0120] Compound 6 is an example of a compound having a charge transfer network different from that of the derivatives
of Compound 1. Emission in this case comes from the amine donor and nitro group acceptor. This dye can be pumped
either in the blue or in the green to get red emission, as shown for Compound 6 in CH2Cl2. Compound 6 illustrates that
these dyes can have different excitation wavelengths leading to red emission. Though the PL efficiency for this dye is
very poor, derivatives with other acceptors are expected to be capable of increasing this efficiency.
[0121] The line widths observed in the doped OLED for a representative compound of formulas C-II or C-III, Compound
3, are narrower than those seen for Alq3 alone, but are broader than those observed in solution. The reason for this is
believed to be that in solution the molecule is free to adopt the planar structure suggested by the scheme shown in
Formula C-II, while in the solid state there tends to be distribution of dihedral angles about the bond connecting the
phenyl ring bearing the dimethylamino group to the carbonyl moiety. This dispersion gives rise to a range of energies
for both absorption and fluorescence and increases the linewidth observed. This dispersion also decreases the overall
fluorescence quantum yield.
[0122] In order to prevent this solid state broadening, materials may be used which have a locked chemical configuration
comprised of a rigid or locked molecule as shown in Formula C-I. In these compounds, the ring groups are held coplanar
by the Y group. The azlactone-related compounds embraced by formula C-I include, but are not limited to, the azlactone-
based compounds of formulas C-II and CIII.
[0123] The present description is further directed to the azlactone-related compounds of formula C-I:

where R is hydrogen or a group which is a donor or acceptor group relative to hydrogen;
R’ = alkyl or substituted or unsubstituted aryl;
R1 and R2 are hydrogen or are joined to form a fused aryl ring; X is O; NR5, where R5 is hydrogen or substituted or
unsubstituted alkyl; alkyl or substituted or unsubstituted aryl;
Z1 and Z2 are, independently of one another, a carbon or nitrogen atom; and
Y is M, a metal atom, whenever Z1 and Z2 are both nitrogen atoms;
Y is O; NR6, R6 is hydrogen or substituted or unsubstituted alkyl; or S; whenever either Z1 or Z2 is a carbon atom; or
Y is absent; with the proviso that, whenever Y is absent, Z1 is a carbon atom and Z2 is a nitrogen atom, then R is
a group which is a donor or acceptor group relative to hydrogen.

[0124] An azlactone-based compound may have the chemical structure of formula C-II:

where R is a group which is a donor or acceptor group relative to hydrogen;
R’ = alkyl or substituted or unsubstituted aryl; and
R1 and R2 are hydrogen or are joined to form a fused aryl ring.
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[0125] An azlactone-based compound may also have the chemical structure of formula C-III:

where R is a group which is a donor or acceptor group relative to hydrogen; and
R’ = alkyl or substituted or unsubstituted aryl.

[0126] A dopant capable of shifting the emission wavele-gth of an emissive layer comprised only of a host compound
is added to the host compound in an amount effective to shift the wavelength of emission so that the LED device
preferably emits light that is perceived by the human eye to be close to one of the primary colors. Although it is recognized
that characterization of color perception is a subjective exercise, a quantitative chromaticity scale has been developed
by the Commission Internationale de l’Eclairage (International Commission of Illumination), otherwise known as the CIE
standard. According to this standard, a saturated color may be represented by a single point, with specific quantitative
coordinates according to the defined axes of the chromaticity scale. It will be appreciated by one of skill in the art that
such a single point on the CIE scale would represent a standard or a goal that, in practical terms, is difficult, but fortunately,
unnecessary, to attain.
[0127] In examples in which the OLED predominantly produces a primary color, the dopant is incorporated into a host
compound so that the OLED emits light that is perceived by the human eye to be close to a saturated primary color.
Through the practice of the present invention, it is intended that OLEDs be constructed which can be characterized by
an emission that is close to an absolute (or saturated) chromaticity value, as that would be defined by the CIE scale.
Furthermore, LED’s utilizing the materials described herein are also intended to be capable of a display brightness that
can be in excess of 100 cd/m2 although somewhat lower values, perhaps as low as 10 cd/m2, may be acceptable in
certain cases.
[0128] The host compounds as defined herein are compounds which can be doped with dopants to emit light with the
desired spectral characteristics. Such compounds include, but are not limited to, both emitting compounds and host
compounds as described in U.S. Patent Application Serial No. 08/693,359, filed 6 August 1996, incorporated herein by
reference. The term "host" is used to refer to the compound in the emissive layer that functions as the component which
receives the hole/electron recombination energy and then by an emission/absorption energy transfer process, transfers
that excitation energy to the dopant compound, which is typically present in much lower concentrations. The dopant
may then relax to an excited state having a slightly lower energy level, which preferentially radiates all of its energy as
luminescent emission in a desired spectral region. A dopant that radiates 100% of the dopant’s excited state excitation
energy is said to have a quantum efficiency of 100%. For host/dopant concentrations which are to be used in a color
tunable SOLED, preferably most, if not all, of the host’s excitation energy is transferred to the dopant which in turn
radiates, perhaps from a lower energy level, but with a high quantum efficiency, to produce visible radiation having a
desired chromaticity. The classes of azlactone-refated compounds described herein are intended to serve as dopants
which satisfy these demanding energy transfer requirements.
[0129] As the term host compound is used herein, it will be appreciated that such compounds can be found in either
an electron transporting/emissive layer of a single heterostructure OLED device or in the separate emissive layer of a
double heterostructure device. As will be recognized by one of skill in the art, use of the dopant species such as disclosed
herein makes it possible to extend not only the range of colors emitted by the OLED, but also to extend the range of
possible candidate species for host and/or dopant compounds. Accordingly, for effective host/dopant systems, although
the host compound can have a strong emission in a region of the spectrum where the dopant species strongly absorbs
light, the host species preferably does not have an emission band in a region where the dopant also emits strongly. In
structures where the host compound also functions as a charge carrier, then additional criteria such as redox potential
for the species also becomes a consideration. In general, however, the spectral characteristics of the host and dopant
species are the most important criteria.
[0130] The amount of dopant that is present is that amount which is sufficient to shift the emission wavelength of the
host material as close as possible to a saturated primary color, as that would be defined according to the CIE scale.
Typically, the effective amount is from about 0.01 to 10.0 mol %, based on the emitting layer. The preferred amount is
from about 0.1 to 1.0 mol %. The primary criterion for determining an appropriate doping level is the level which is
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effective for achieving an emission with the appropriate spectral characteristics. By way of example, and without limitation,
if the amount of dopant species is at too low a level, then emission from the device will also comprise a component of
light from the host compound itself, which will be at shorter wavelengths than the desired emission form the dopant
species. In contrast, if the level of dopant is too high, emission efficiencies could be adversely affected by self-quenching,
a net non-emissive mechanism. Alternatively, too high levels of the dopant species could also adversely affect the hole
or electron transporting properties of the host material.
[0131] The present invention is directed to a single or double heterostructure OLED comprising an emissive layer,
wherein the emissive layer is a charge carrying layer further comprising a phosphorescent dopant compound that emits
phosphorescent radiation from a triplet molecular excited state when a voltage is applied across the OLED, wherein the
phosphorescent dopant compound is capable of capturing the exciton triplet energy from the charge carrying material.
[0132] The present invention is still further directed to OLEDs in which emission from the device is obtained via a
phosphorescent decay process wherein the phosphorescent decay rate is rapid enough to meet the requirements of a
display device. As a representative embodiment of the present invention the emission layer is comprised of an emitting
compound having a structure represented by Formula D-I:

wherein M = Pt; a = 1; b = 0; c = 1; X = C; and R8 = H; and
R9 = R10 = Et (ethyl). In particular, this compound, platinum octaethylporphine (PtOEP), has the chemical structure of
formula D-II:
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[0133] The advantage of selecting a dopant compound such as PtOEP as the emissive material of an OLED is based,
inter alia, on two particular facts. First, the photoluminescent quantum yield for this molecule is significantly greater than
TPP, PtOEP having a photoluminescent quantum yield of greater than 50%, and as high as 90% in the solid state, and
TPP having a photoluminescent quantum yield of only about 10%. The improved photoluminescent quantum yield makes
it possible to fabricate OLEDs with increased efficiencies. A second advantage that is offered by selecting a phospho-
rescent compound such as PtOEP is that the emission from such a molecule comes from a triplet state. A molecule that
is capable of being excited to a triplet state provides the possibility of having the energy transferred from the non-emissive
exciton triplet state to a triplet state that is capable of radiatively emitting this energy as phosphorescent radiation.
Though phosphorescence, which refers to radiation that comes from a triplet state, typically occurs at a much slower
rate than fluorescence, which refers to radiation from a singlet state, the phosphorescence from a compound such as
PtOEP is, nevertheless, sufficiently rapid to satisfy the requirements of certain display devices. In particular, a compound
such as PtOEP, which has a lifetime of about 7 msec when used as the dopant in an Alq3 layer, may be used in passive
matrix displays that require a switching time of not faster than about 10 msec or in an active matrix display for which the
switching time only needs to be about 10 msec.
[0134] As a representative embodiment of the present invention, the PtOEP may be doped into the Alq3 layer of an
ITO/TPD/Alq3/Mg-Ag OLED. The behavior of such PtOEP-doped OLEDs is very different from OLEDs prepared with
TPP dopants. At doping levels greater than 0.5 mol % TPP, the emission from the OLED is exclusively from the TPP.
In contrast, at low to moderate doping levels of PtOEP in Alq3, the emission is dominated by PtOEP emission at low
voltage, but as the voltage is increased, Alq3 emission appears. At moderately high voltages (e.g., 15 V) the majority of
the emission comes from Alq3. The EL spectra for a 0.6 mol % PtOEP doped OLED are given in Fig. D2. The spectra
for 1.3 mol % PtOEP have about the same shape as those shown for the 0.6 mol % device. The shape of the spectra
of an OLED prepared with 6 mol % PtOEP are shown in Fig. D3. As the voltage is increased, the intensity of the red
emission increases significantly, but a contribution from Alq3 emission is not observed, even at a high voltage.
[0135] While the present invention is not limited by the theory of how it works, it is believed that the explanation for
the increase in Alq3 emission as the voltage is increased is related to the different lifetimes for photoluminescence for
Alq3 and PtOEP. The PL lifetime for Alq3 is about 13 nsec (nanoseconds) in both the solid state and in solution, whereas
the PL lifetime of PtOEP varies from about 10 to about 100 msec (microseconds) depending on the medium. If the
voltage applied to the PtOEP-doped device is kept low, the number of excitons transferred to PtOEP is small enough
such that the excited PtOEP molecules can relax at a sufficient rate relative to the Alq3 exciton creation rate, with the
result that there are always enough dopant molecules for energy transfer from the Alq3. As the voltage is increased, the
available PtOEP dopant molecules become saturated and cannot relax fast enough to keep up with the rate at which
the excitons are being created in the Alq3. In this higher voltage regime, some of the Alq3 excitons relax by radiative
emission before the excitation energy can be transferred to the PtOEP molecules. At 6 mol % PtOEP, enough dopant
is present to trap all of the excitons, but the higher doping levels lead to decreased overall efficiency.
[0136] This explanation is further supported by the results shown in Fig. D4, which show the PL spectra as a function
of wavelength at different doping levels for PtOEP-doped Alq3 devices. At the lowest doping levels of 0.6 mol %, a large
emission band characteristic of Alq3 is observed, whereas for the high 6 mol % PtOEP-doping level, there appears to
be sufficient PtOEP present to capture all the exciton energy from the Alq3.
[0137] The emission from the PtOEP-based OLEDs is very narrow and centered at 645 nm. This narrow band, which
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corresponds to saturated red emission, has a full width at half maximum of about 30 nm. A comparison of the PL spectra
as a function of wavelength at different excitation wavelengths for PtOEP in solution, as shown in Fig. D5, with the EL
spectrum of a PtOEP-doped Alq3 OLED, shows that a PtOEP-doped OLED selectively produces the narrow band of
emission from PtOEP that is centered with a peak at about 645 nm. This narrow, highly saturated red emission is
produced, with almost the total absence of the other PtOEP peaks, even though a comparison of the PL excitation
spectrum of PtOEP with the broad emission band from the Alq3 might lead one to expect additional bands centered at
about 620 and about 685 nm, as is observed for the PL spectra of PtOEP in solution.
[0138] The net result is that the emission from a PtOEP-doped device is significantly better, with respect to the saturated
red emission, than that of a TPP-doped device since there is no long wavelength tail or peak above 700 nm. The quantum
efficiencies for these devices, which are external quantum yields, are listed in Table D1. In each case, the efficiency is
listed along with that of a reference device (ITO/TPD/Alq3/Mg-Ag) prepared in parallel with the doped device. At low
drive voltages, the efficiencies of the doped devices are superior, while at higher voltages the undoped device has a
higher efficiency. These results show that PtOEP-doped devices are capable of performing with efficiencies comparable
to prior art Alq3-doped devices.
[0139] The shelf lives of PtOEP devices that were exposed to ambient environmental conditions for a few days were
observed to be comparable to undoped Alq3 devices and decidedly superior to devices prepared with TPP as the dopant.

[0140] Such OLEDs may be used, for example, in passive matrix flat panel displays having a switching time not faster
than about 10 msec, in active matrix displays for which the switching time only needs to be about 10 msec, or in low
resolution display applications. The phosphorescent compounds may be generally selected from those phosphorescent
compounds which have the chemical structure of formula D-I:

wherein X is C or N;

Table D1. External quantum efficiencies for PtOEP-doped Alq3 OLEDs as compared with an undoped Alq3 OLED
reference.

Conc. Voltage n(doped) η(ref.)

0.6 mol % low volt(6-7V) 0.2% 0.15%
high volt(11-12V) 0.07% 0.18%

1.3 mol % low volt(6-7V) 0.2% 0.11%
high volt(11-12V) 0.11% 0.24%

6 mol % low volt (6-7V) 0.14 % 0.17%
high volt(11-12V) 0.07% 0.2%
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R8, R9 and R10 are each independently selected from the group consisting of hydrogen, alkyl, substituted alkyl, aryl
and substituted aryl;
R9 and R10 may be combined together to form a fused ring;
M1 is a divalent, trivalent or tetravalent metal; and
a, b and c are each 0 or 1; .
wherein, when X is C, then a is 1; when X is N, then a is 0;
when c is 1, then b is 0; and when b is 1, c is 0.

[0141] The phosphorescent compounds may also be selected, as another example, from phosphorescent porphyrin
compounds, which may be partly or fully hydrogenated.
[0142] In addition to selecting phosphorescent compounds according to their phosphorescent lifetimes, which for
certain applications may mean selecting compounds having a phosphorescent lifetime not longer than about 10 msec,
the phosphorescent compounds are selected according to their ability to effectively capture the exciton triplet energy
from a charge carrier material and then to emit that excitation energy as phosphorescence in a narrow emission band
corresponding to a highly saturated color, such as demonstrated by PtOEP in an Alq3-based OLED.
[0143] Though PtOEP may itself yet prove to have the most desirable combination of properties for useas the phos-
phorescent compound in an OLED, such a compound has the disadvantage of producing the saturated red emission
near the edge of the eye sensitivity curve, for which the standardized CIE photopic response function of the human eye
is centered at about 550 nm. In particular, at the blue and red ends of the spectrum, there is a steep reduction in the
eye sensitivity as a function of wavelength.
[0144] It would be desirable if phosphorescent compounds could be found which produce what is perceived to be a
saturated red emission with a high external quantum efficiency, but with narrow peaks at somewhat shorter wavelengths
for which there is a substantially higher eye sensitivity. For example, if the emission bandwidth could be kept substantially
constant and the emission peak shifted about 20 nm toward shorter wavelengths, for an OLED producing the same
number of photons, for example, an OLED with the same current and quantum yield, the perceived brightness of the
device could be increased by a factor of about two. That is, though the number of photons coming from the two devices
would be the same, the standard observer would perceive a factor of two increase in brightness for the device having
the peak at the shorter wavelength. The emission would, however, be in a region that would still be perceived as saturated
red and, thus, still be useful in an OLED.
[0145] The present invention is thus further directed to OLEDs in which emission from the device is obtained via a
phosphorescent decay process wherein the phosphorescent decay rate is rapid enough to meet the requirements of a
display device, and wherein, in particular, the phosphorescent dopant compound is comprised of a platinum porphyrin
having reduced symmetry as compared, for example, with the 4-fold symmetry of PtOEP.
[0146] The advantage of selecting a phosphorescent dopant compound such as a platinum porphyrin compound as
the emissive material of an OLED is based, inter alia, on two particular facts. First, the photoluminescent quantum yield
for such compounds may be significantly greater than prior art compounds such as TPP. For example, PtOEP has a
photoluminescent quantum yield of greater than 50%, and as high as 90% in the solid state, and TPP has a photolumi-
nescent quantum yield of only about 10%.
[0147] An improved photoluminescent quantum yield offers the possibility of fabricating OLEDs with increased effi-
ciencies.
[0148] A second advantage that is offered by selecting a phosphorescent compound such as a platinum porphyrin
compound is that the emission from such a compound typically comes from a triplet state. A molecule that is capable
of being excited to a triplet state provides the possibility of having the energy transferred from the non-emissive exciton
triplet state to a triplet state that is capable of radiatively emitting this energy as phosphorescent radiation. Though
phosphorescence, which refers to radiation that comes from a triplet state, typically occurs at a much slower rate than
fluorescence, which refers to radiation from a singlet state, the phosphorescence from a compound such as a platinum
porphyrin compound may be sufficiently rapid to satisfy the requirements of certain display devices. In particular, a
compound such as PtOEP, which has a lifetime of about 7 msec when used as the dopant in an Alq3 layer, may be used
in passive matrix displays that require a switching time of not faster than about 10 msec or in an active matrix display
for which the switching time only needs to be about 10 msec.
[0149] A specific advantage of the present invention is that phosphorescent platinum porphyrin compounds are se-
lected so as to have an emission peak shifted toward the peak of the eye sensitivity curve, while still remaining in a
spectral region that is perceived as saturated red. In particular, by chemically modifying compounds such as PtOEP by
breaking the 4-fold symmetry of the porphyrin ligand, it has been found that the emission peaks can be shifted about
15-30 nm towards shorter wavelengths, as compared with PtOEP.
[0150] The present invention is further directed to OLEDs containing a phosphorescent dopant compound having the
structure with the formula E-II:
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where the R-groups R1, R2, R3 and R4 are, independently of one another, alkyl, aryl or hydrogen, with the proviso that
at least one of the R-groups is different from at least one other R-group.
[0151] Still more specifically, OLEDs may comprise phosphorescent compounds having the structure with the formula
E-III:

wherein R5 and R6 may be an electron donor or electron acceptor group, for example, -F,
-CN or -OCH3, and R5 and R6 may be the same or different.

[0152] As representative compounds to be used in OLEDS, the phosphorescent platinum compound may be selected
by selectively substituting a phenyl-group at the 5,15 positions of the porphyrin ring so as to arrive at the platinum (II)
5,15-memo-diphenylporphyrin compound (PtDPP) as shown in Fig. E1. Alternatively, a platinum compound may be
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prepared from any one of the remaining 5,15-substituted porphyrin compounds that are also shown in Fig. E1. In
particular, as representative embodiments of the present invention, the phosphorescent platinum porphyrin compound
may be prepared from 5,15-memo-diphenylporphyrin (H2DPP); 5,15-memo-bis(pentafluorophenyl)porphyrin
(H2BPFPP); 5,15-memo-bis(4-cyanophenyl)porphyrin (H2BCPP); or 5,15-memo-bis(4-anisyl)porphyrin (H2BAP). Such
compounds may be prepared using methods such as described hereinafter.
[0153] As a representative embodiment of the subject invention, OLEDs were fabricated in which PtDPP was doped
as the phosphorescent platinum porphyrin compound. As shown in Fig. E2, the electroluminescent spectra of an OLED
having PtDPP doped into a polymer mixture of polyvinyl carbazole (which is referred to as "PtDPP doped polymer
OLED") produced an emission peak near the photoluminescence peak of PtDPP in polystyrene. These peaks were
shifted about 20 nm towards lower wavelengths as compared with the electroluminescent spectra of an OLED having
a PtDPP-doped Alq3 layer.
[0154] As shown in Fig. E3a, for OLEDs comprised of layers of ITO/NPD/Alq3-PtDPP/MgAg, (PtDPP being doped in
the Alq3 layer), an electroluminescent spectra is produced which has a narrow band of emission peaking at about 630
nm for OLEDs operated at 9V, 15V or 24V. The Alq3-based device produced a small blue shift as the voltage was
increased, apparently due to the increase in the Alq3 emission in the spectra region from 500 to 550 nm. As shown in
Fig. E3b, for an OLED having the Alq3 layer doped with PtDPP, the emission peak was shifted about 15 nm towards
shorter wavelengths as compared with the emission peak produced by an OLED having the Alq3 layer doped with
PtOEP. These results show that for OLEDs having equal quantum yields, an OLED having a PtDPP-doped Alq3 layer
would have 1.4 times the brightness of an OLED having a PtOEP-doped Alq3 layer.
[0155] The practical significance of fabricating OLEDs having a 15-20 nm blue shift in the emission peak can be
illustrated by the data as shown in the right hand corner of the CIE chromaticity diagram, which is shown in Fig. E4.
Shown in this figure is the CIE chromaticity curve for which the (x, y) coordinates of saturated monochromatic lines at
600, 650 and 700 nm, respectively, are included. The (x,y) coordinates of the emission produced by an OLED having
a PtDPP-doped Alq3 layer is compared with OLEDs containing other red-emitting dopants, such as DCM2, indigo and
PtOEP.
[0156] By using the CIE standardized photopic response curve for human eye sensitivity, which is shown as the broken
line in Fig. E5, the relative brightness at a given photopic output level can be determined by calculating the overlap of
the normalized emission spectra with the photopic response curve, as shown by the following equation,

where Ilumens is the perceived intensity in lumens. This function may be referred to as the luminous overlap integral. As
illustrated by the representative data shown in Fig. E5, the luminous overlap integral of a PtDPP-emitting OLED, 0.17
(relative units), is significantly greater than that of a PtOEP-emitting OLED, 0.13. The net result is that for a PtDPP-
emitting OLED, the CIE coordinates remain in the saturated red region of the chromaticity diagram, while the perceived
brightness may be up to 40% or more greater than for a PtOEP-emitting OLED.
[0157] Though the luminous overlap integral of a DCM2-emitting OLED would be significantly higher than either PtDPP
or PtOEP (0.19 vs. 0.17 or 0.13, respectively), that is, if the same photopic output levels could be realized, a DCM2-
emitting OLED is not in fact nearly as bright, since the quantum efficiency of a DCM2-emitting OLED is substantially
less than can be realized for OLEDs fabricated with the phosphorescent Pt-containing compounds.
[0158] DCM2, which has a structure represented by the formula:
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has been described as a red emitting chromophore useful in OLED applications. C.W Tang et al., E/ectroluminescence
of doped organic thin films, J. Appl. Phys. 65, 3610 (1989).
[0159] The organic light emitting devices may comprise a heterostructure for producing electroluminescence having
a hole transporting layer with a glass structure. The hole transporting layer may comprise a compound having a symmetric
molecular structure. The end groups of the symmetric molecule may be hole transporting amine moieties having an
unsaturated linkage between two arenes.
[0160] The term "unsaturated linkage" as used herein refers to a linkage in which there is at least one double bond.
The term "arene" as used herein refers to a hydrocarbon containing at least one aromatic. The term "symmetric" as
used herein refers to a molecule having a point about which the molecule is symmetric. As used herein, the term "charge
carrier layer" may refer to a "hole transporting layer" (HTL,) an "electron transporting layer" (ETL) or, for an OLED having
a double heterostructure (DH), a "separate emissive layer."
[0161] The term "hole transporting moiety" as used herein, refers to a group which; when present in a material contained
in a layer of an OLED, causes the material to provide electrical conduction through the layer, when a voltage is applied,
predominantly by the conduction of holes. The term "electron transporting moiety" as used herein, refers to a group
which, when present in a material contained in a layer of an OLED, causes the material to provide electrical conduction
through the layer, when a voltage is applied, predominantly by the conduction of electrons. The term "hole transporting
amine moiety" as used herein, refers to an amine group that is a hole transporting moiety. Such hole transporting amine
moieties are typically comprised of nitrogen atoms that are directly bonded to at least two phenyl groups, wherein the
two phenyl groups may be joined so as to form a heterocyclic ring including the nitrogen, for example, a carbazole group,
or the two phenyl groups may be unattached to each other. Each phenyl group may itself be fused with still another
phenyl group, being bonded to the nitrogen atom, for example, either as a 1-naphthyl group or as a 2-naphthyl group.
[0162] While not intending to be limited by any particular theory or mechanism for explaining exactly how or why such
materials have good hole conducting properties, the inventors’ examination of electronic structure by semi-empirical
theoretical methods shows that a molecule having end groups that are hole transporting moieties having an unsaturated
linkage between two arenes has holes delocalized onto the end groups. One such molecule is 4,4’-(N,N’-bisiminostilbene)
biphenyl (ISB). By way of contrast, the normal situation in amines such as TPD and NPD is for the nitrogen lone pair to
be conjugated through the biphenyl group, such that the hole is delocalized predominantly onto the biphenyl group. The
importance of the unsaturated linkage can be shown by examining 4,4’-(N,N’-iminodibenzyl)biphenyl (IDB), which has
the same structure as ISB, except that the IDB has a saturated linkage between the amino phenyl groups, while that of
ISB is unsaturated. The inventors analysis shows that IDB has a nitrogen lone pair conjugated through the biphenyl
group, whereas ISB has the nitrogen lone pair coupled to the stilbene group, not the biphenyl. To the extent that the
hole is delocalized, it is spread onto the stilbene group. This delocalization helps keep the hole on the exterior of the
ISB molecule and not on the biphenyl, where it would be shielded from adjacent molecules. Keeping the hole on the
exterior of the molecule gives it more contact with adjacent molecules and increases the rate of hole transfer to adjacent
molecules, which results in good hole conducting properties.
[0163] Moreover, the inventors’ analysis shows that substitutions may be made to molecules having end groups that
have an unsaturated linkage between two arenes, and the holes would still be delocalized on the ends or periphery of
the molecule rather than the center.
[0164] Symmetric compounds having a biphenyl bridge, are represented by formula F-I:
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where R is a hole transporting amine moiety having an unsaturated linkage between two arenes. The molecule repre-
sented by formula F-I is symmetric because there is a point in the center of the biphenyl bridge between the two R-
groups about which the molecule is symmetric. The term "symmetric" as used herein requires that atoms are on either
side of the point of symmetry have the same sequence of bonding between the atoms, i.e., the R-groups must have
identical atoms bonded in an identical sequence, but allows for differences in the positions of atoms due to the twisting
of bonds.
[0165] Symmetric compounds having a phenyl bridge, are represented by formula F-II:

wherein R has the same meaning as above.
[0166] An example of an R-group that is a hole transporting amine moiety having an unsaturated linkage between
two arenes is represented by the formula F-III:

where the two phenyl groups are the arenes, and the ethenyl group is the unsaturated linkage between the two arenes.
[0167] Using the R-group of formula F-III in the molecule of formula F-I, ISB is described herein, represented by the
formula F-IV:
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[0168] The ethenyl groups of ISB may be substituted while still maintaining the unsaturated linkage between the two
arenes. For example, the unsaturated linkage may, in fact, be provided by a phenylene group, resulting in a molecule
having a structure as represented by formula F-V:

[0169] Alternatively, the ethenyl groups of ISB may be substituted so as to result in a molecule having a structure as
represented by formula F-VI:

where R1 and R2 are selected from the group consisting of: alkyl, phenyl, substituted alkyl, and substituted phenyl
groups. R1 may be the same as R2, or may be different.
[0170] The substitutions leading to the molecules of formulae F-V and F-VI are expected to assist in shifting the hole
delocalization to the ends of the molecule. In addition, the substitutions increase the molecular weight of the molecule
and may lead to a higher Tg.
[0171] In a conventional single heterostructure OLED, the emissive material is the ETL, and the HTL must have an
absorption energy higher than that of the ETL. As a result, it is preferable that substitutions made to ISB do not lead to
significant shifts in the electronic spectrum if the resultant molecule is to be used in a single heterostructure OLED having
an emissive ETL.
[0172] To provide a contrast to ISB, a molecule having an R-group that is a hole transporting amine moiety having a
saturated linkage between two arenes may be used. Such an R-group is represented by the formula F-VII:
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[0173] Using the R-group of formula F-VII in the molecule of formula F-I results in 4,4’-(N,N’-aminodibenzyl)biphenyl
(IDB), as represented by the formula F-VIII:

[0174] The thermal and other physical properties of ISB and IDB, as well as those of their phenylene bridged analogs,
are given in Table 1:

[0175] The Tg of both ISB (110˚C) and IDB (117˚C) are significantly higher than that of HTL materials conventionally
used in OLEDs, such as TPD (65˚C) and NPD (105˚C), which are materials conventionally used in OLEDs. As a result,
OLEDs using ISB or IDB as an HTL may be operated at a higher temperature than OLEDs using TPD or NPD, and are
expected to have a longer lifetime when operated at the same temperature.
[0176] As discussed in greater detail below, two different types of OLEDS were fabricated using ISB and IDB as HTL

TABLE F1: Physical data for ISB, IDB and their phenyl bridged analogs.

compound melting point (˚C) Tg(˚C) λmax abs. (nm) λmax PL (nm)

ISB 317 110 300, 340 530

IDB -- 117 320 402

-- 73 315 368

310 110 290, 340 444, 488
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materials. Similar OLEDs were also fabricated using TPD and NPD as HTL materials. Both types of OLED start with an
ITO coated substrate as an anode and use a Mg-Ag cathode. The simplest OLED structure examined was
ITO/HTL/Alq3/Mg-Ag. A slightly more complicated structure uses a copper phthalocyanine, CuPc, hole injector, i.e. ITO/
CuPc/HTL/Alq3/Mg-Ag.The use of a CuPc hole injector, such as disclosed incopending application SerialNo. 08/865,491,
can provide improved quantum yields. As illustrated in Table F2, it was observed for both types of OLED that OLEDS
using ISB as the HTL have superior performance to those using IDB, and that OLEDs using ISB have performance
comparable to that of OLEDs using NPD:

[0177] The quantum yields, turn-on voltages and power efficiencies of the ISB based devices are very good and the
higher Tg suggests that the ISB based OLEDs would have significantly improved lifetime, and can be operated at higher
temperatures, than NPD and TPD based OLEDs. The similarity of the TPD, NPD and ISB OLED device properties can
also be seen in Figs. B1 and B2. The current-voltage plots of OLEDs made TPD, NPD and ISB are nearly indistinguishable,
while IDB is poorer.
[0178] Table 2 also shows that OLEDs using ISB as the HTL have significantly better properties than OLEDs using
IDB as the HTL in several respects. The ISB based OLEDs have a higher quantum efficiency, a require a lower voltage
to achieve the same current, and have a higher luminance at the same current. ISB and IDB are both symmetric molecules
having a high Tg. The only structural difference between ISB and IDB is that ISB has an unsaturated linkage between
the amino phenyl groups, while that of IDB is saturated. This difference in the properties of OLEDs using ISB as opposed
to IDB is consistent with ISB having better hole conducting properties than IDB. While the Tg of IDB is slightly higher
than that of ISB, this higher Tg alone is not expected to alter the OLED properties by the amount observed here.
[0179] Representative materials that may be used as the hole-injecting anode layer include, in particular, ITO, Zn-In-
SnO2 or SbO2, or substantially any other material that may be used as the hole-injecting anode layer of an OLED.
[0180] Representative materials that are present as a glass are desirable for use in the HTL of an OLED, rather than
as a crystalline or polycrystalline material, since glasses are capable of providing higher transparency as well as producing
superior overall charge carrier characteristics as compared with the polycrystalline materials that are typically produced
when thin films of the crystalline form of the materials are prepared. Representative materials that may be used in the
hole transporting layer in a representative embodiment of the present invention include, in particular, N,N’-diphenyl-N,
N’-bis(3-methylpheny)1-1’biphenyl-4,4’diamine (TPD).
4,4’-bis[N-(1-naphthyl)-N-phenyl-amino]biphenyl (α-NPD) or
4,4’-bis[N-(2-naphthyl)-N-phenyl-amino]biphenyl (β-NPD).
[0181] Representative materials that may be used as the electron transporting layer include, in particular, tris-(8-
hydroxyquinoline)-aluminum (Alq3) or 4,4’-di(N-carbazolo)diphenyl (CBP).
[0182] Representative materials that may be used as the separate emissive layer, if present, include, in particular,
dye-doped Alq3, or substantially any other material that may be used as the separate emissive layer of an OLED.
[0183] In those cases wherein the OLEDs are used in combination with another OLED to form a SOLED structure
that contains a metallic cathode layer, the materials that may be used as the electron-injecting, metallic cathode layer
may include, in particular, Mg-Ag, Li-Ag or Ca, or substantially any other material that may be used as the metallic
cathode layer of an OLED.
[0184] The insulating layer, if present, may be comprised of an insulating material such as SiO2, SiNx or AlO2, or
substantially any other material that may be used as the insulating material of an OLED, which may be deposited by a

TABLE F2

Quantum
Efficiency
with CuPc
layer

Quantum
Efficiency
without
CuPc
layer

V @
0.1mA
with
CuPc
layer

V @
0.1mA
without
CuPc
layer

Power
Q.E.
without
CuPc
layer at
200
cd/m2

(W/W)

Power
Q.E.
without
CuPc
layer at
200
cd/m2

(W/W)

Luminance
@5mAfor1
mm dot
with CuPc
layer

Luminance
@ 5mA for
mm dot
without
CuPc layer

IS8 0.58% 0.62% 7.5 V 9.0 V 0.174 0.158 8460 8930

IDB 0.30% 0.15% 9.5 V 12.9 V 0.071 0.025 1510
@ 1mA

470
@ 1mA

α-NPD 0.85% 0.88% 7.3 V 8.65 V 0.285 0.251 12550 12925

TPD 0.78% 0.93% 8.25 V 9.20 V 0.230 0.250 11280 13865
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variety of processes such as plasma enhanced chemical vapor deposition (PECVD), electron beam, etc.
[0185] The OLEDs of the present invention have the advantage that they can be fabricated entirely from vacuum-
deposited molecular organic materials. A vacuum-deposited material is one which can be deposited in a vacuum typically
having a background pressure less than one atmosphere, preferably about 10-5 to about 10-11 torr for vacuum deposition,
or about 50 torr to about 10-5 torr for vapor deposition.
[0186] Although not limited to the thickness ranges recited herein, the substrate may be as thin as 10 m, if present as
a flexible plastic or metal foil substrate, such as aluminum foil, or substantially thicker if present as a rigid, transparent
or opaque, substrate or if the substrate is comprised of a silicon-based display driver; the ITO anode layer may be from
about 500 Å (1 Å = 10-8 cm) to greater than about 4000 Å thick; the hole transporting layer from about 50 Å to greater
than about 1000 Å thick; the separate emissive layer of a double heterostructure, if present, from about 50 Å to about
200 Å thick; the electron transporting layer from about 50 Å to about 1000 Å thick; and the non-metallic cathode layer
from about 400 Å to greater than about 1500 Å thick with about 400-1000 Å being preferred, and about 500 Å still more
preferred.
[0187] Thus, while there may be substantial variation in the type, number, thickness and order of the layers that are
present, dependent on whether the device includes a single heterostructure or a double heterostructure, whether the
device is a SOLED or a single OLED, whether the device is a TOLED or an IOLED, whether the OLED is intended to
produce emission in a preferred spectral region, or whether still other design variations are used, those devices described
herein in which the OLED is comprised of a heterostructure for producing electroluminescence wherein the heterostruc-
ture includes a cathode comprising an electrically conductive non-metallic layer in low-resistance electrical contact with
a semiconductive organic layer
[0188] The various embodiments of the present invention may be incorporated into an optoelectronic device that is
included in a vehicle, a computer, a television, a printer, a large area wall, theater or stadium screen, a billboard or a sign.
[0189] In addition, while the highly transparent non-metallic cathodes described herein are illustrated with examples
in which the highly transparent non-metallic cathode is incorporated into an OLED, substantially any type of optoelectronic
device having an anode and a cathode may include a highly transparent non-metallic cathode fabricated in accord with
the present description. In particular, the non-metallic cathodes described herein may be included in an OLED, a solar
cell, a phototransistor, a laser or a photodetector.
[0190] This invention will now be described in detail with respect to showing how certain specific representative
embodiments thereof can be made, the materials, apparatus and process steps being understood as examples that are
intended to be illustrative only.

EXAMPLES OF THE INVENTION

A. Examples of OLEDs containing a non-metallic cathode (comparative examples)

Example A1 (comparative example)

[0191] OLEDs were prepared using known procedures except that the OLEDs included a non-metallic ITO cathode
layer rather than a metallic cathode layer. In addition, an electron injecting interface layer was present between the ITO
cathode and an Alq3 electron transporting layer. The ITO/Borosilicate substrates that were obtained commercially had
an ITO thickness of about 1500 Å. The organic layers were thermally deposited in a standard bell-jar evaporator at
pressures of 1x10-6 torr. The alpha-NPD layer was deposited at a thickness of about 350 Å, the Alq3 electron transporting
layer was deposited at a thickness of about 450 Å and the copper phthalocyanine (CuPc) or zinc phthalocyanine (ZnPc)
were deposited at a thickness of about 60 Å. The top ITO cathode layer was RF sputter-deposited at low powers and
had a thickness of about 650 Å. OLEDs were also prepared containing a CBP layer between the CuPc layer and the
Alq3 layer. Such OLEDs showed performance characteristics comparable to the OLEDs in which no CBP layer was
present.
[0192] The devices were characterized by measuring the current-voltage, luminance-current, electroluminescence
spectra and the transmission, reflection and absorption spectra. Representative data are shown in Figs. A3-A11.
[0193] The results were compared with a standard OLED, for example, as shown in Fig. A1, which includes a metallic
Mg:Ag cathode layer 1, an electron transporting layer 2, a hole transporting layer 3, an anode layer 4 and a substrate
5. The alpha-NPD hole transporting layer had a thickness of about 350 Å, the Alq3 electron transporting layer had a
thickness of about 450 Å and the Mg:Ag cathode layer had a thickness of about 1500 Å.

Example A2 (comparative example)

[0194] An example of a non-metallic-cathode-containing TOLED is shown schematically in Fig. A13. The device was
grown, for example, as shown in G. Gu, V. Bulovic, P.E. Burrows, S.R. Forrest, and M.E. Thompson, Appl. Phys. Lett.



EP 1 394 870 B1

38

5

10

15

20

25

30

35

40

45

50

55

68, 2606 (1996), in a vacuum system with a base pressure <10-7 Torr on a precleaned glass substrate coated with ITO
with a sheet resistance of 20Ω/h. A 30 Å to 60 Å thick film of copper phthalocyanine (CuPc) was deposited on the ITO
to improve hole injection, followed by a 350 Å to 400 Å thick film of the HTL:4,4’-bis[N-(1-napthl)-N-phenyl-amino]biphenyl
(α-NPD). Next, a 400 Å to 500 Å thick film of the emissive ETL, tris-(8-hydroxyquinoline) aluminum (Alq3), was grown,
followed by a second 30 Å to 60 Å thick film of CuPc, S.A. Van Slyke, C.H. Chen, and C.W. Tang, Appl. Phys. Lett. 69,
2160 (1996). The first 200 Å of Alq3 was doped to 1% (by mass) with coumarin 6 (cm6). The substrate was then transferred
to the ITO sputtering chamber where 400 Å to 600 Å of ITO was radio-frequency sputtered on top of the CuPc in an Ar
(200 sccm) and O2(0.10 sccm) ambient at a pressure of 5 mTorr and a power of 5 W. For comparison, a conventional
TOLED not having the highly transparent non-metallic cathode was fabricated along with the test device, in particular,
this conventional TOLED had a similar structure with the difference that the ITO/CuPc top electrode was replaced with
a 100 Å thick, semi-transparent film of Mg:Ag (30:1, mass ratio) deposited onto the Alq3 surface, capped by sputtered
ITO. A second series of non-metallic-cathode-containing TOLEDs was fabricated using zinc phthalocyanine (ZnPc) in
place of CuPc under the top ITO layer. Finally, in a third series of devices, the electron injecting CuPc layer was replaced
by a 60 Å thick layer of 3,4,9,10-perlyenetetracarboxytic dianhydride (PTCDA), which has previously been shown to be
effective in protecting an underlying organic film from the damage that may otherwise be incurred during sputtering. V.
Bulovic, P. Tian, P.E. Burrows, M.R. Gokhale, and S.R. Forrest, Appl. Phys. Lett. 70, 2954 (1997).

B. Examples of OLEDs containing a charge carrier layer containing a compound having molecules that have at least
one electron transporting moiety and at least one hole transporting moiety (comparative examples)

Experimental:

[0195] UV-Visible spectra were measured on a Aviv Spectrophotometer, Model 14DS. H NMR spectra were recorded
on a Bruker 250 spectrometer. Photo- and electroluminescent spectra were measured with a Photon Technology Inter-
national fluorimeter. Current-Voltage characteristics measurements were recorded on an EG&G Instruments Potentio-
stat, model 283. Melting point was measured on a Mel-Temp II device without calibration. Elemental analysis was
performed by the Atlantic Microlab, Inc. Mass spectroscopic analysis was performed on a solid state probe of a Hewlett-
Packard GC/MS spectrometer with a 5973 Mass Selective Detector. Gradient sublimation was conducted on a Lindberg
three-zone oven with a base vacuum of 10-3 torr.

Chemicals:

[0196] Compounds that include a series of phenol derivatives bearing a triarylamine moiety which is known to have
good hole transporting properties were further reacted with Al(OPr)3 in the presence of two equivalents of 8-hydroxy-
quinaldine to create compounds bearing both electron transporting moiety and hole transporting moiety. The compounds
so created are referred to as Al-pNP, Al-pCb, and Al-mCb.
[0197] TPD and Alq3 were synthesized according to literature procedure, and both were sublimed before use. The
ligands 4-(N-phenyl-2-naphthylamino)phenol, 3-carbazolphenol, 4-carbazolphenol, and 4-iminostilbenephenol were
synthesized using the Ullman coupling of the iodoanisoles with the corresponding amines followed by deprotection of
the methoxy group with BBr3 as described in "Oleds Containing Thermally Stable Asymmetric Charge Carrier Materials",
Serial No. 08/929,029, filed September 8, 1997, which is incorporated herein by reference. 8-hydroxyquinaldine was
purchased from Aldrich and used as received.
[0198] Bis(2-methyl-8-ouinolinolato)[p-(N-phenyl- 2- naphthylamino) phenolato] aluminum (III), Al- pNP: To the mix-
ture of Al(OPr)3 (0.63 g, 3.1 mmol) and 8-hydroxyquinaldine (0.51 g, 3.2 mmol) were added 40 mL EtOH under argon.
The mixture was refluxed for 3 hours to give a green-yellow solution. An orange-yellow solution of 8-hydroxyquinaldine
(0.51 g, 3.2 mmol) and p-(N-phenyl-2-naphthylamino)phenol (1.45 g, 4.68 mmol) in 40 mL EtOH was then added in the
air. The mixture was refluxed overnight. Solvent was then removed from the yellow solution and the yellow glassy
material was then sublimed at over 300˚C. The latest sublimed yellow crystalline material was collected and resublimed.
An analysis of the resultant material gave the following results:

Yield: 60%
Melting Point: 136-142˚C
Elemental Composition (calculated): C, 77.2; H, 4.93; N, 6.43
Elemental Composition (measured): C, 77.0; H, 5.00; N, 6.31
Mass Spectroscopy: 653 (p), 342 (p - p-(N-phenyl-2-napthylamino)phenol), 259 (p-(N-phenyl-2-napthylamino)phe-
nol), 159 (8-hydroxyquinaldine).

[0199] Bis(2-methyl-8-quinolinolato)(p-carbazolphenolato) aluminum (III), Al- pCb: To the mixture of Al(OPr)3 (0.63
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g, 3.1 mmol) and 8-hydroxyquinaldine (0.51 g, 3.2 mmol) were added 40 mL EtOH under argon. The mixture was refluxed
for 3 hours to give a green-yellow solution. An orange-yellow solution of 8-hydroxyquinaldine (0.51 g, 3.2 mmol) and
p-carbazolphenol (1.2 g, 4.6 mmol) in 40 mL EtOH was then added in the air. The mixture was refluxed overnight.
Solvent was then removed from the yellow solution and the yellow glassy material was then sublimed at over 300˚C.
The latest sublimed yellow crystalline material was collected and resublimed. An analysis of the resultant material gave
the following results:

Yield: 63%
Melting Point: 283˚C
Elemental Composition (calculated): C, 75.9; H, 4.69; N, 6.98
Elemental Composition (measured): C, 75.6; H, 4.79; N, 6.96
Mass Spectroscopy: 601 (p), 343 (p - p-carbazolphenolato), 259 (p-carbazolphenol), 159 (8-hydroxyquinaldine).

[0200] Bis(2-methyl-8-quinolinolato)(m-carbazolphenolato) aluminum (III), Al- mCb: Al(OPr)3 (0.28 g. 1.37 mmol) was
mixed with 8-hydroxyquinaldine (0.22 g, 1.38 mmol) in ethanol (65 mL) under argon. The mixture was refluxed under
Ar for 2 hours, and the resulting yellow-green solution was filtered in the air through celite to give a clear solution. An
ethanol solution (30 mL) of 2-methyl-8-quinoline (0.22 g, 1.38 mmol) and meta-carbazolphenol (0.54 g, 2.1 mmol) was
added and the combined yellow-green solution was refluxed for 3 hours. Volatile materials were then removed under
reduced vacuum and the glassy material was sublimed twice at 280˚C through a 3-zone sublimator to give a light yellow
microcrystalline solid. An analysis of the resultant material gave the following results:

Yield: 0.29 g (35%)
Melting Point: 280˚C
Elemental Composition (calculated): C, 75.9; H, 4.69; N, 6.98
Elemental Composition (measured): C3 75.1; H, 4.72; N 6.90
Mass Spectroscopy: 601 (p), 343 (p - m-carbazolphenolato), 259 (m-carbazolphenol), 159 (8-hydroxyquinaldine).

Device Fabrication and Characterization:

[0201] Borosilicate substrates coated with ITO (100Ω/h) were cleaned by sonicating with detergent for five minutes
followed by rinsing with deionized water. They were treated twice in boiling 1,1,1-trichloroethane for two minutes. The
substrates were then sonicated twice with acetone for two minutes, twice with methanol for two minutes, and dried under
N2 flow.
[0202] The background pressure in the deposition system prior to device fabrication was normally 7x10-7 torr or lower
and the pressure during film deposition was between 5x10-7 and 2x10-6 torr. The compounds used for construction of
the OLEDs were evaporated from restively heated tantalum boats onto the substrate held close to room temperature.
TPD was first deposited at a rate from 1 to 4 Å/s to give a 300 Å film, followed by a layer of the electron transporting

layer (Alq3, ) deposited at a rate of 1 to 40 Å/s to a thickness of 450 Å. For dye doped OLEDs the electron

transporting material and dye were co-deposited at the desired ratio
[0203] The chamber was vented to air and shadow masks were put directly onto the substrates. Magnesium and silver
were then co-deposited at a rate normally of 3 Å/s. The ratio of Mg: Ag varied from 7 : 1 to 12 : 1. The thickness of this
layer was typically 500 Å. Finally, the devices were capped with 1000 Å Ag at a deposition rate between 1 to 4 Å/s.
Three types of OLEDs were fabricated having molecules having at least one electron transporting moiety and at least
one hole transporting moiety:

Type SH-A: ITO \ TPD (300 Å) \ HET \ Mg-Ag (500 Å) \ Ag (1000 Å)
Type SH-B ITO \ HET \ Alq3 (450 Å) \ Mg-Ag (500 Å) \ Ag (1000 Å)
Type DH: ITO \ TPD (300 Å) \ HET \ Alq3 \ Mg-Ag (500 Å) \ Ag (1000 Å)

where HET represents a charge carrier layer that includes a compound having molecules having at least one electron
transporting moiety and at least one hole transporting moiety, such as Al-pNP or Al-pCb. In addition, a TPD/Alq3 OLED
was typically fabricated at the same time as the OLEDs of type SH-A, SH-B and DH, for use as a reference. The devices
were characterized in air within five hours of fabrication.

Experimental Results:

[0204] Each of the OLEDs fabricated had a heterostructure which had a charge carrier layer that included a compound
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having molecules having at least one electron transporting moiety and at least one hole transporting moiety, which was
also an emissive material.
[0205] The absorption and photo-luminescent (PL) spectra of Al-pNP, Al-pCb, and Al-mCb in solution in CH2Cl2 are
shown in Fig. B1. All three compounds show absorption at between 280 and 380 nm. The carbazole derivatives Al-pCb
and Al-mCb show strong blue emission at around 360 nm, and Al-pCb has a lower energy emission at 480 nm. Al-pNP
shows a single strong blue emission at around 440 nm which indicates the potential application of this material as a
blue emitter.
[0206] In order to probe the properties of these new materials, different types of OLEDs were fabricated with the Al-
pNP and Al-pCb. As described above, three types of OLEDs were fabricated for each material, type SH-A, SH-B and
DH. Films of TPD and Al-pCb were also deposited onto a substrate. These films were pumped using ultraviolet radiation,
and the absorption and PL emission were measured.
[0207] Fig. B2 shows the electroluminescent (EL) spectra of OLEDs of type SH-A, SH-B, and DH fabricated with Al-
pNP, and the PL spectra of an OLED of type SH-A, Al-pNP in CH2Cl2, and a TPD film. Fig. B3 shows the I-V characteristics
of OLEDs of type SH-A, SH-B and DH fabricated with Al-pNP, as well as a reference OLED having a TPD HTL and an
Alq3 ETL. Table B1 summarizes the yield, PL, and EL data for the OLEDs fabricated with Al-pNP. In Figs. B2 and B3
and Table B1, "SH-A" refers to a single heterostructure OLED having a TPD HTL and an Al-pNP ETL (300Å TPD/1000Å
Al-pNP). "SH-B" refers to a single heterostructure OLED having an Al-pNP HTL and an Alq3 ETL (300Å Al-pNP/450Å
Alq3). "DH" refers to a double heterostructure OLED having a TPD HTL, an Al-pNP seperate emissive layer, and an
Alq3 ETL (300Å TPD/200Å Al-pNP/450Å Alq3). The "reference yield" row of Table B1 refers to the yield of a reference
SH OLED with a TPD HTL and an Alq3 ETL (300Å TPD/450Å Alq3) fabricated at the same time as the OLED at the top
of the column. The maximums reported in Table B1 are maximums in the visible range, and may be broad maximums
that do not correspond to the highest peak of Fig. B2.
[0208] As shown in Table B1, the SH-A OLED with Al-pNP is inefficient, having a low yield of 0.0005%, although the
low yield may be explained to some extent by contamination, which is indicated by the low reference yield of the reference
OLED. The SH-A OLED with Al-pNP emits white light. The SH-B OLED with Al-pNP has a better yield of 0.02%. The
DH OLED with Al-pNP has an even better yield of 0.05% and improved I-V characteristics, as illustrated in Fig. B3.
These results indicate that Al-pNP has some hole-transporting properties but is a poor emitter in the solid.

[0209] Fig. B4 shows the L-V characteristics of OLEDs of type SH-A, SH-B and DH(2) fabricated with Al-pCb, as well
as a reference OLED having a TPD HTL and an Alq3 ETL. Fig. B5 shows the EL spectra of an OLED of type DH(2) and
a reference OLED, and the PL spectra of an OLED of type DH(2) and a film of Al-pCb. Table B2 summarizes yield, PL,
and EL data for OLEDs fabricated with Al-pCb. In Figs. B4 and B5 and Table B2, "SH-A" refers to a single heterostructure
OLED having a TPD HTL and an Al-pCb ETL (300Å TPD/500Å Al-pCb). "SH-B" refers to a single heterostructure OLED
having an Al-pCb HTL and an Alq3 ETL (300Å Al-pCb/450Å Alq3). "DH(1)" refers to a double heterostructure OLED
having a TPD HTL, an Al-pCb seperate emissive layer, and an Alq3 ETL (300Å TPD/450Å Al-pCb/450Å Alq3). "DH(2)"
refers to a double heterostructure OLED having the same materials as DH(1), but deposited to different thicknesses
(300Å TPD/410Å Al-pCb/40Å Alq3). The "reference yield" row of Table B2 refers to the yield of a reference SH OLED
with a TPD HTL and an Alq3 ETL (300Å TPD/450Å Alq3) fabricated at the same time as the OLED at the top of the column.
[0210] The application of Al-pCb in OLEDs of types SH-A, SH-B and DH led to results better than those for Al-pNP
both in terms of color and efficiency. The PL spectra of the Al-pCb film, as shown in Fig. B5, is similar to that of Al-pCb
in a CH2Cl2 solution, as shown in Fig. B1, having the same blue emission, and had an intensity comparable to that of
Alq3. As shown in Fig. B5 and Table B2, the DH(2) OLED with Al-pCb has a blue emission with a peak at about 500 nm.

TABLE 1

Structure SH-A SH-B DH

Yield (%) 0.0005 0.02 0.05

Yield (%)
(reference)

0.02 0.1 0.1

PL (nm) 565 519 518

EL (nm) 525 514 520

TABLE B2

Structure SH-A SH-B DH (1) DH (2)

Yield (%) 0.03 0.001 0.11 0.02
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[0211] The efficiency and color purity of the DH(2) OLED with Al-pCb was further improved by the dye-doping technique.
Fig. B6 shows the PL spectra of perylene in a CH2Cl2 solution and a DH(2) OLED with Al-pCb, uniformly doped with
1% perylene, and the EL spectrum of the same OLED. Fig. B7 shows the I-V characteristics of a DH(2) OLED with Al-
pCb, uniformly doped with 1% perylene, and a TPD/Alq3 OLED where the Alq3 is doped with 1% perylene. Table B3
shows the yield, PL and EL data for OLEDs fabricated with Al-pCb. In Figs. B6 and B7 and Table B3, "DH(2)" refers to
a double heterostructure OLED having a TPD HTL, a layer of Al-pCb uniformly doped with 1% perylene as a seperate
emissive layer, and a Alq3 ETL (300Å TPD/400Å 1% perylene-Al-pCb/50Å Alq3). The "reference yield" row of Table B3
refers to the yield of a reference SH OLED with a TPD HTL and an Alq3 ETL (300Å TPD/450Å Alq3) fabricated at the
same time as the OLED at the top of the column.

[0212] When the Al-pCb layer was uniformly doped with 1 wt% perylene, the OLED had a more intense blue hue in
its EL spectrum than when the Al-pCb layer was not doped. The λmax (the wavelength having the greatest intensity) of
the EL spectra of the doped device was characteristic of the λmax of the PL spectra of perylene in the solution, as shown
in Fig. B6.
[0213] The quantum efficiency of the doped device was 2.5 times higher than that of the undoped one (0.05%). The
EL spectrum of the doped device still had some tail to the green part of a spectrum due to the incomplete quenching of
the host emission. This is indicative of some inefficiency in the energy transfer processes from the host to the dopant
molecules.
[0214] Also other blue dopants may be used, such as coumarine 1, or dopants that emit other colors, such as green
(i.e. coumarine 6) or red (i.e., 1,3-bis[4-(dimethylamino)-2-hydroxyphenyl]-2,4-dihydroxycyclobutenediylium dihydrox-
ide).

C. Examples of OLEDs containing an emissive layer containing an azlactone-related dopant (comparative examples)

[0215] The procedures that were used for fabrication of Organic Light-Emitting Devices (OLEDs) were as follows:

The hole transporting material TPD and the electron transporting material Alq3 were synthesized according to known
procedures, and were sublimed before use.

[0216] Compound 1: Hippuric acid (40.0 g, 0.22 mol), benzaldehyde (25.0 g, 0.24 mol), sodium acetate (16.0 g, 0.24
mol) and anhydrous acetic acid (120 ml, 1.2 mol) were mixed and well stirred for 3 days. The resulting yellow mixture
was added to cold deionized water (1 L) and the yellow solid was collected by filtration. Yellow needles (48 g) were
collected after crystallization from acetone (2 L). Yield: 88%. M.p.: 162-163˚C. Anal. Cald.: C, 77.1; H, 4.45, N, 5.62.
Found: 76.2, H, 4.47; N, 5.55.
M.S.: 249 (P), 105 (PhCO), 77(Ph). NMR (25˚C, CDCl3): 8.15 - 8.30 (m), 7.47 - 7.65 (m).
[0217] Compound 2: Hippuric acid (5.0 g, 27.9 mmol), p-hydroxybenzaldehyde (3.70 g,30.3 mmol), sodium acetate
(2.0 g, 30 mmol) and anhydrous acetic acid (20 ml, 212 mmol) were mixed and well stirred for a day. The resulting yellow
mixture was added to cold deionized water (0.2 L) and the yellow solid was collected by filtration. Yellow crystals were

(continued)

Structure SH-A SH-B DH (1) DH (2)

Yield (%)
(reference)

0.14 0.14 0.14 0.14

PL (nm) 480 509 495 480

EL (nm) 500 518 518 500

TABLE B3

Structure DH(2)

Yield (%) 0.05

Yield (%)
(reference)

0.12

PL (nm) 445

EL (nm) 455
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collected after crystallization from acetone. M.S.: 307 (P), 265 (P-CH3COO+H), 105 (PhCO), 77(Ph). NMR (25˚C,
CDCl3): 8.25 (d, 8.8 Hz), 8.18 (d, 8.0 Hz), 7.50 - 7.66 (m), 7.20 - 7.26 (m), 2.34 (s, Me).
[0218] Compound 3: Hippuric acid (5.00 g, 27.9 mmol), p-dimethylaminobenzaldehyde (4.38 g, 29.4 mmol), sodium
acetate (2.0 g, 30 mmol) and anhydrous acetic acid (20 ml, 212 mmol) were mixed and well stirred for a day. The resulting
deep red mixture was added to cold deionized water (200 mL) and the red solid was collected by filtration. Red crystals
(1.0 g) were collected after crystallization from acetone and sublimation (200˚C). Yield: 12%. M.p.: 211-213˚C. Anal.
Cald.: C, 74.0; H, 5.52, N, 9.58. Found: 73.9, H, 5.51; N, 9.54. M.S.: 292 (P), 159 (P-PhCOCO), 105 (PhCO), 77(Ph).
NMR (25˚C, CDCl3): 8.15 (dd, 8.3 Hz, 1.8 Hz), 7.46 - 7.56 (m), 7.22 (s), 6.82 (d, 8.75 Hz), 3.12 (s, Me).
[0219] Compound 4: Hippuric acid (8.57 g, 47.8 mmol), p-tert-butylbenzaldehyde (8.0 mL, 47.8 mmol), sodium acetate
(3.2 g,48.5 mmol) and anhydrous acetic acid (35 ml, 317 mmol) were mixed and well stirred for two days. The resulting
yellow mixture was added to cold deionized water (150 ml) and the yellow solid was collected by filtration and purified
by crystallization from acetone and sublimation (160˚C). Yield: 48%. M.p.: 142˚C. Anal. Cald.: C, 78.7; H, 6.27 N, 4.58.
Found: 78.7, H, 6.25; N, 4.58. M.S.: 305 (P), 105 (PhCO), 77(Ph). NMR (25˚C, CDCl3): 8.13 - 8.20 (m), 7.50 - 7.64 (m),
1.36 (s, Me).
[0220] Compound 5: Hippuric acid (0.45 g, 2.5 mmol), 4-dimethylamino-1-naphthaldehyde (0.50 g, 2.5 mmol), sodium
acetate (0.26 g, 3.9 mmol) and anhydrous acetic acid (10 ml, 106 mmol) were mixed and well stirred for two days. The
resulting red mixture was added to cold deionized water (100 ml) and a red oil was formed. Diethylether (30 ml) was
used to extract out the red product. Solvent was then removed and the red liquid was run through a silica gel column
with toluene. The deep red elusion was collected and a red liquid was obtain after the solvent was removed (0.52 g).
[0221] Compound 6: 4-nitrohippuric acid (2.25 g, 10.0 mmol), p-dimethylaminobenzaldehyde (1.53 ml, 10.2 mmol),
sodium acetate (0.75 g, 11.4 mmol) and anhydrous acetic acid (40 ml, 424 mmol) were mixed and well stirred for two
days. The resulting deep red mixture was added to cold deionized water (150 ml) and the black solid was collected by
filtration and purified by crystallization from acetone and sublimation (190 C). M.S.: 337 (P), 159 (P-NO2PhCOCO). NMR
(25˚C, CDCl3): 8.29 (q, 8.5 Hz), 8.12 (d, 8.0 Hz), 7.26(d, 11 Hz), 6.74 (d, 8.5 Hz), 3.12 (s, Me).
[0222] Compound 7: N-Acetylglycine (2.02 g, 17.3 mmol), p-dimethylaminobenzaldehyde (2.49 g, 16.7 mmol), sodium
acetate (0.91 g,13.8 mmol) and anhydrous acetic acid (10 ml, 106 mmol) were mixed and well stirred for two days. The
resulting deep red mixture was added to cold deionized water (150 ml) and the reddish solid was collected by filtration
and purified by crystallization from acetone.
[0223] OLEDs were prepared using the following procedures:

The ITO/Borosilicate substrates (100Ω/square) were cleaned by sonicating with detergent for five minutes followed
by rinsing with deionized water. They were then treated twice in boiling 1,1,1-trichloroethane for two minutes. The
substrates were then sonicated twice with acetone for two minutes and twice with methanol for two minutes.

[0224] The background pressure prior to deposition was normally 7x10-7 torr or lower and the pressure during the
deposition was around 5x10-7 to 1.1x10-6 torr.
[0225] All the chemicals were resistively heated in various tantalum boats. TPD was first deposited at a rate from one
to four Å/s. The thickness was typically controlled at 300 Å.
[0226] The electron transporting layer Alq3 was doped with Compound 3. Typically, the dopant was first vaporized
with the substrates covered. After the rate of the dopant was stabilized, the host material was vaporized to the certain
rate. The cover over the substrates was then opened and the host and guest were deposited at the desired concentration.
The rate of dopant was normally 0.1 - 0.2 Å/s. The total thickness of this layer was controlled at 450 Å.
[0227] The substrates were then released to air and masks were put directly on the substrates. The masks were made
of stainless steel sheet and contain holes with diameters of 0.25, 0.5, 0.75, and 1.0 mm. The substrates were then put
back into vacuum for further coating.
[0228] Magnesium and silver were co-deposited at a rate normally of 2.6 Å/s. The ratio of Mg:Ag varied from 7:1 to
12:1. The thickness of this layer was typically 500 Å. Finally, 1000 Å Ag was deposited at the rate between one to four Å/s.
[0229] The devices were characterized within five hours of fabrication. Typically electroluminescent spectra, I-V curves,
and quantum yields were measured from direct front.
[0230] The spectra of the doped device containing Compound 3 as the dopant and of an undoped Alq3 device are
shown in Fig. C1. The emission from this device comes from the Compound 3 dopant.
[0231] The I-V characteristics of the device shown in Fig. C2 show not only that the compound can be used in an
OLED but also that such compounds are capable of provided enhanced current levels for a given voltage.

D. Examples of OLEDs containing an emissive layer comprised of a phosphorescent dopant compound

[0232] The procedures that were used for fabrication of Organic Light-Emitting Devices (OLEDs) were as follows:
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The hole transporting material TPD and the electron transporting material Alq3 were synthesized according to
literature procedures, and were sublimed before use. The dopant PtOEP was purchased from Porphyrin Products,
Inc., Logan, UT, and was used as received.

[0233] OLEDs were prepared using the following procedures:

The ITO/Borosilicate substrates (100Ω/square) were cleaned by sonicating with detergent for five minutes followed
by rinsing with deionized water. They were then treated twice in boiling 1,1,1-trichloroethane for two minutes. The
substrates were then sonicated twice with acetone for two minutes and twice with methanol for two minutes.

[0234] The background pressure prior to deposition was normally 7x10-7 torr or lower and the pressure during the
deposition was around 5x10-7 to 1.1x10-6 torr.
[0235] All the chemicals were resistively heated in various tantalum boats. TPD was first deposited at a rate from one
to four Å/s. The thickness was typically controlled at 300 Å.
[0236] The electron transporting layer Alq3 was doped with PtOEP. Typically, the dopant was first vaporized with the
substrates covered. After the rate of the dopant was stabilized, the host material was vaporized to the certain rate. The
cover over the substrates was then opened and the host and guest were deposited at the desired concentration. The
rate of dopant was normally 0.1 - 0.2 Å/s. The total thickness of this layer was controlled at about 450 Å.
[0237] The substrates were removed from the deposition system and masks were put directly on the substrates. The
masks were made of stainless steel sheet and contain holes with diameters of 0.25, 0.5, 0.75 and 1.0 mm. The substrates
were then put back into vacuum for further coating.
[0238] Magnesium and silver were co-deposited at a rate normally of 2.6 Å/s. The ratio of Mg:Ag varied from 7:1 to
12:1. The thickness of this layer was typically 500 Å. Finally, 1000 Å Ag was deposited at the rate between one to four Å/s.
[0239] The devices were characterized within five hours of fabrication. Typically electroluminescent spectra, I-V curves,
and quantum yields were measured from direct front .

E. Examples of OLEDs containing an emissive layer comprised of a phosphorescent dopant compound with reduced
symmetry

[0240] The hole transporting material TPD and the electron transporting material Alq3 were synthesized according to
literature procedures, and were sublimed before use. The dopant PtDPP compound and additional porphyrin compounds
that may also be platinated were synthesized as described below.
[0241] OLEDs were prepared using the following procedures:

The ITO/Borosilicate substrates (100Ω/square) were cleaned by sonicating with detergent for five minutes followed
by rinsing with deionized water. They were then treated twice in boiling 1,1,1-trichloroethane for two minutes. The
substrates were then sonicated twice with acetone for two minutes and twice with methanol for two minutes.

[0242] The background pressure prior to deposition was normally 7x10-7 torr or lower and the pressure during the
deposition was around 5x10-7 to 1.1x10-6 torr.
[0243] All the chemicals were resistively heated in various tantalum boats. TPD was first deposited at a rate from one
to four Å/s. The thickness was typically controlled at 300 Å.
[0244] The electron transporting layer Alq3 was doped with the dopant compound, for example, PtDPP. Typically, the
dopant was first vaporized with the substrates covered. After the rate of the dopant was stabilized, the host material
was vaporized to at a certain rate. The cover over the substrates was then opened and the host and guest were deposited
at the desired concentration. The rate of dopant was normally 0.1 - 0.2 Å/s. The total thickness of this layer was controlled
at about 450 Å.
[0245] The substrates were removed from the deposition system and masks were put directly on the substrates. The
masks were made of stainless steel sheet and contain holes with diameters of 0.25, 0.5, 0.75 and 1.0 mm. The substrates
were then put back into vacuum for further coating.
[0246] Magnesium and silver were co-deposited at a rate normally of 2.6 Å/s. The ratio of Mg:Ag varied from 7:1 to
12:1. The thickness of this layer was typically 500 Å. Finally, 1000 Å Ag was deposited at the rate between one to four Å/s.
[0247] The devices were characterized within five hours of fabrication. Typically electroluminescent spectra, I-V curves,
and quantum yields were measured from direct front.

Syntheses of Compounds and their characterization

[0248] 2,2’-Dipyrrylmethane was prepared from a modified literature procedure (Aust. J. Chem., 1969, 22, 229-249):
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[0249] 2,2’-Dipyrrylthione. To a vigorously stirred solution of 7.0 mL (90 mmol) of thiophosgene in 150 mL of dry THF
at 0˚C was added dropwise 12.5 g (186 mmol) of pyrrole. After 30 minutes, methanol (20 mL) was added and the mixture
was further stirred for 30 minutes at room temperature. The resulting mixture was then evaporated to dryness. This
crude material was used for the next step without further purification.
[0250] 2,2’-Dipyrrylketone. To the aforementioned crude thione in 200 mL of 95% EtOH containing 10 g of KOH was
added 17 mL of H2O2 (30%) at 0˚C slowly. The mixture was stirred at 0˚C for 2 hours and then at 60˚C for 30 minutes
after which was concentrated to 1/5 of its original volume. 100 mL of H2O was added and the precipitate was filtered,
washed with cold EtOH and dried to give the product (5.6 g, 39% from thiophosgene) which was sufficiently pure for the
next step.
[0251] 2,2’-Dipyrrylmethane. To a solution of 3.3 g (20.1 mmol) of 2,2’-dipyrrylketone in 200 mL of 95% ethanol
containing 3.3 mL of morpholine under N2 at reflux was added NaBH4 (1.7 g x 6) in several portions. 3 mL of H2O was
added 10 minutes after each addition. The mixture was further refluxed for 2 hours after the last addition. 300 mL of
H2O was then added and the mixture was extracted several times with Et2O. The combined extract was dried with
MgSO4 and concentrated to give a thick oil which was extracted with hexane until the extract showed no appreciable
amount of the product by TLC. The combined hexane portions were concentrated to give 2.3 g (78%) of pale yellow
crystals as the product.

General synthesis of 5,15-meso-diphenylporphyrins:

[0252] 2,2’-Dipyrrylmethane (0.5 g, 3.42 mmol) and an equimolar amount of the aldehyde were dissolved in 500 mL
of dry CH2Cl2. The solution was purged with N2 for 15 minutes. Trifluoroacetic acid (154 mL, 2.6 mmol) was then added
via syringe and the mixture was stirred for 3 hours under N2 in the absence of light. 2,3-Dichloro-5,6-dicyanoquinone
(1.04 g, 4.6 mmol) was added and stirring was continued for 30 minutes. The resulting dark solution was concentrated
to 1/3 of its original volume and poured onto a column of silica gel packed with hexane. Elution with CH2Cl3 afforded a
purple band which was concentrated to give purple solids that were filtered and washed with ethanol followed by heaxane.
The solids were pure enough for photoluminescence measurements.
5,15-memo-diphenylporphyrin (H2DPP): yield: 0.63 g., 80%, MS (EI) m/z (relative intensity) 462 (M+, 100), 386 (50),
368 (30), 313 (25), 231 (50).
5,15-memo-bis(pentafluorophenyl)porphyrin (H2BPFPP): yield: 0.05 g, 5%, MS (EI), m/z (relative intensity) 642 (M+,
100), 623 (8), 602 (8), 368 (45), 321 (35), 236 (40). 5,15-memo-bis(4-cyanophenyl)porphyrin (H2BCPP): yield: 0.09 g,
10%, MS (EI), m/z (relative intensity) 512 (M+, 100), 411 (50), 368 (35), 355 (40), 294 (45), 281 (50). 5,15-memo-bis(4-
anisyl)porphyrin (H2BAP): yield: 0.09 g, 10%, MS (EI) m/z (relative intensity) 522 (M+, 8), 416 (100), 401 (20), 372 (23).
[0253] Platinum (II) 5,15-memo-diphenylporphyrin (PtDPP). A mixture of H2DPP (0.05 g, 0.11 mmol) and Pt(PhCN)2Cl2
(0.1 g, 0.22 mmol) in 10 mL of dry toluene was refluxed for 24 hours under N2. The resulting solution was dried completely
under vacuum to remove traces of PhCN. The dark solid was dissolved in CH2Cl2 and chromatographed using hexane :
CH2Cl2 (1:1, v/v) as the eluent to give red solids as the product (0.04 g, 56%). 1H NMR: δ 10.15 (s,2H), 9.207 (dd, 4H,
J1 = 12 Hz, J2 = 7.5 Hz), 8.93 (dd, 4H, J1 = 12 Hz, J2 =7.5 Hz), 8.18 (m, 4H), 7.77 (m, 6H). %, MS (EI) m/z (relative
intensity) 655 (M+, 100), 577 (30), 326 (50), 288 (35).

F. Examples of OLEDs comprised of a hole transporting layer containing a glassy organic hole transporting material
comprised of a compound having a symmetric molecular structure (comparative examples)

Procedures for Fabrication of Organic Light-Emitting Devices (OLEDs):

Chemicals:

[0254] ISB was prepared according to the following procedure: A round bottom flask was charged with Na-t-butoxide
(4.25g), Pd2dba3 (0.22g), DPPF (diphenylphosphinoferrocene 0.33g), and 50ml anhydrous toluene. The reaction mixture
was stirred under argon at 90˚C for 15 minutes. Then dibromobiphenyl (3.12g) and iminostilbene (4.25g) were added,
and the reaction was stirred for 8 hours until the amine could not be detected by mass spectroscopy. The solvent was
then stripped from the reaction mixture and the crude residue was dried under vacuum. The dried residue was then
subjected to a gradient sublimation under reduced pressure (10-4 torr). The sublimation yielded 2.06g of pure material,
36% of the theoretical reaction yield.
[0255] IDB was prepared according to the following procedure: 51 mmol (10.000 g) iminodibenzyl was reacted with
17 mmol (6.94 g) 4,4’-diiodobiphenyl. The reaction product was added to a round bottom flask fitted with a condenser,
along with 34 mmol (2.16 g) copper powder, 68 mmol (9.398 g) potassium carbonate, 2 mmol (0.530 g) 18-crown-6
ether, and 20 ml o-dichlorobenzene. The flask was heated to 185˚ C and then refluxed under argon for 24 hours. The
reaction mixture was filtered hot and the filtrate was put under vacuum to remove the solvent. The residue was then
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passed through a short column of silica gel in toluene. The solvent was then removed from the column filtrate and the
solid left behind was sublimed at 220˚C under a vacuum of 0.01 Torr. for purification.
[0256] The electron transporting material Alq3, as well as the TPD and NPD, were synthesized according to literature
procedure. All organic materials were sublimed before use.

Procedures:

[0257] ITO/Borosilicate substrates (100Ω/square) were cleaned by sonicating with detergent for five minutes followed
by rinsing with deionized water. They were then treated twice in boiling 1,1,1-trichloroethane for two minutes. The
substrates were then sonicated twice with acetone for two minutes and twice with methanol for two minutes.
[0258] The background pressure prior to deposition was 8x10-7 torr and the pressure during the deposition was around
5x10-7 to 2x10-6 torr.
[0259] The chemicals were sublimed from resistively heated tantalum boats, and then deposited at a rate from 1 to
3.6 Å/s. The thickness was controlled at 300 Å.
[0260] The electron transporting layer (Alq3) was deposited at a rate between 1 to 3.3 Å/s. The total thickness of this
layer was controlled at 450 Å.
[0261] The substrates were then released to air and masks were put directly on the substrates. The masks are made
of stainless steel sheet and contain holes with diameters of 0.25, 0.5, 0.75, and 1.0 mm. The substrates were then put
back into vacuum for further coating.
[0262] Magnesium and silver were co-deposited at a rate of 2 Å/s. The ratio of Mg : Ag was 9:1. The thickness of this
layer was 500 Å. Finally, 1000 Å Ag was deposited at the rate of 2.7 Å/s.

Characteristics of the Devices:

[0263] The devices were characterized within one day of fabrication. I-V curves, quantum yields, and luminance were
measured. OLED data derived from these measured quantities are tabulated in Table F2. The current-voltage (I-V)
characteristics for the devices are shown in Figs. F1 and F2.
[0264] Fig. F1 shows the current-voltage characteristics of OLEDs having a single heterostructure comprising: an ITO
anode, an HTL, an Alq3 ETL, and an Mg-Ag cathode, deposited sequentially on a substrate, as discussed above. Four
different plots are shown for four different HTL materials: TPD, NPD, ISB and IDB. The current-voltage plots for TPD,
NPD and ISB are very similar, showing that the current-voltage characteristics of the OLED do not significantly change,
regardless of whether the HTL is TPD, NPD or ISB. The current -voltage plot for IDB shows a lower current than the
plots for TPD, NPD and ISB, indicating that IDB may be a less desirable HTL from the perspective of current-voltage
characteristics.
[0265] Fig. F2 shows the current-voltage characteristics of OLEDs having a single heterostructure with a hole injection
enhancement layer, comprising: an ITO anode, a CuPc hole injection enhancement layer, an HTL, an Alq3 ETL, and
an Mg-Ag cathode, deposited sequentially on a substrate, as discussed above. Four different plots are shown for four
different HTL materials: TPD, NPD, ISB and IDB. The current-voltage plots for TDP, NPD and ISB are very similar,
showing that the current-voltage characteristics of the OLED do not significantly change, regardless of whether the HTL
is TPD, NPD or ISB. The current -voltage plot for IDB shows a lower current than the plots for TPD, NPD and ISB,
indicating that IDB may be a less desirable HTL from the perspective of current-voltage characteristics.
[0266] Figs. F1 and F2 show that OLEDs using ISB as the HTL can have current-voltage characteristics similar to
those of OLEDs using TPD or NPD as the HTL, for two different OLED configurations. This similarity, in conjunction
with the higher Tg of ISB and the longer expected lifetimes of OLEDs using ISB, indicate that ISB is a superior HTL.

Claims

1. A single or double heterostructure OLED comprising an emissive layer, wherein the emissive layer is a charge
carrying layer further comprising a phosphorescent dopant compound that emits phosphorescent radiation from a
triplet molecular excited state when a voltage is applied across the OLED, wherein the phosphorescent dopant
compound is capable of capturing the exciton triplet energy from the charge carrying material.

2. The device of claim 1, wherein the phosphorescent dopant compound has the following chemical structure of formula
I:
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wherein X is C or N; R8, R9, and R10 are each independently selected from the group consisting of hydrogen, alkyl,
substituted alkyl, aryl and substituted aryl; R9 and R10 may be combined together to form a fused ring; M1 is a
divalent, trivalent or tetravalent metal; and a is 0 or 1; c is 1; b is 0; wherein, when X is C, then a is 1; when X is N,
then a is 0.

3. The device of claim 2, wherein the phosphorescent dopant compound is platinum octaethylporphine and has the
chemical structure with the formula II:

wherein Et is an ethyl group.

4. The device of claim 1, wherein the device is incorporated into an optoelectronic device.

5. The device of claim 4, wherein the optoelectronic device is incorporated into one of a vehicle, a computer, a television,
a printer, a large area wall, a theater or stadium screen, a billboard, or a sign.

Patentansprüche

1. Einfach- oder Doppel-Heterostruktur-OLED-Vorrichtung umfassend eine emittierende Schicht, wobei die emittie-
rende Schicht eine ladungstragende Schicht ist die ferner in einen phosphoreszierenden Dotierstoff umfasst der
Phosphoreszenzstrahlung aus einem angeregten molekularen Tripletzustand emittiert wenn eine Spannung an das
OLED angelegt wird, wobei der phosphoreszierende Dotierstoff in der Lage ist die Exzitontripletenergie von dem
ladungstragenden Material aufzunehmen.
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2. Vorrichtung nach Anspruch 1, wobei der phosphoreszierende Dotierstoff die folgende chemische Struktur gemäß
Formel I aufweist:

worin X gleich C oder N ist; R8, R9 und R10 jeweils unabhängig voneinander ausgewählt sind aus der Gruppe
bestehend aus Wasserstoff, Alkyl, substituiertes Alkyl, Aryl und substituiertes Aryl; R9 und R10 miteinander kombiniert
sein können um einen ankondensierten Ring zu bilden; M1 ein divalentes, trivalentes oder tetravalentes Metall ist;
und a gleich 0 oder 1 ist; c gleich 1 ist; b gleich 0 ist; wobei wenn X gleich C ist a gleich 1 ist; und wenn X gleich N
ist dann ist a gleich 0.

3. Vorrichtung nach Anspruch 2, wobei der phosphoreszierende Dotierstoff Platinoktaethylporphin ist und die chemi-
sche Struktur gemäß Form II aufweist,

worin, Et eine Ethylgruppe ist.

4. Vorrichtung nach Anspruch 1, wobei die Vorrichtung in ein optoelektronisches Gerät eingebaut ist.

5. Vorrichtung nach Anspruch 4, wobei das optoelektronische Gerät eingebaut ist in eines aus einem Fahrzeug,
Computer, Fernseher, Drucker, Großflächenwand, Theater- oder Stadionbildschirm, Plakatwand, oder Hinweistafel.
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Revendications

1. Hétérostructure DELO (diode électroluminescente organique) simple ou double comprenant une couche d’émission,
la couche d’émission étant une couche porteuse de charges qui comprend en outre un composé dopant phospho-
rescent qui émet un rayonnement phosphorescent à partir un état moléculaire excité triplet lorsqu’une tension est
appliquée à la DELO, le composé dopant phosphorescent étant apte à capter l’énergie des excitons triplet provenant
du matériau porteur de charges.

2. Dispositif selon la revendication 1, dans lequel le composé dopant phosphorescent a la structure chimique suivante
de la formule I :

où X est C ou N ; R8, R9, et R10, sont chacun sélectionnés indépendamment dans le groupe constitué de l’hydrogène,
d’un alkyle, d’un alkyle substitué, d’un aryle et d’un aryle substitué ; R9 et R10 peuvent être combinés ensemble
pour former une combinaison cyclique condensée ; M1 est un métal bivalent, trivalent ou tétravalent ; et a est 0 ou
1 ; c est 1 ; b est 0 ; où, lorsque X est C, a est alors 1 ; lorsque X est N, a est alors 0.

3. Dispositif selon la revendication 2, dans lequel le composé dopant phosphorescent est du platine octaéthylporphine
et a la structure chimique de la formule II :

où Et est un groupe éthyle.

4. Dispositif selon la revendication 1, le dispositif étant incorporé dans un dispositif optoélectronique.

5. Dispositif selon la revendication 4, le dispositif optoélectronique étant incorporé dans un parmi un véhicule, un
ordinateur, un téléviseur, une imprimante, un mur de grande surface, un écran de théâtre ou de stade, un panneau
d’affichage, ou un panneau indicateur.
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