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(57) ABSTRACT 

An organic light emitting device structure having an organic 
light emitting device (OLED) over a substrate, Where the 
OLED has, for example, an anode, a hole transporting layer 
(HTL), a ?rst electron transporting layer (ETL) that is doped 
With a phosphorescent material, a second electron transport 
ing layer (ETL), and a cathode. The OLEDs of the present 
invention are directed, in particular, to devices that include 
an emissive layer comprised of an electron transporting host 
material having a triplet excited state energy level that is 
higher than the emissive triplet excited state energy level of 
the phosphorescent dopant material. 
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PHOSPHORESCENT ORGANIC LIGHT 
EMITTING DEVICES 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions 
made by reissue. 

The present application claims the bene?t under 35 
USC 119(e) of provisional application 60/207,330, ?led 
May 30, 2000. 

GOVERNMENT RIGHTS 

This invention was made with Government support under 
Contract No. F33615-94-1-1414 awarded by DARPA. The 
government has certain rights in this invention. 

FIELD OF THE INVENTION 

Research Agreements 

The claimed invention was made by, on behalfof, and/or 
in connection with one or more ofthefollowing parties to a 

joint university-corporation research agreement: Princeton 
University, The University ofSouthern California, and Uni 
versal Display Corporation. The agreement was in e?‘ect on 
and before the date the claimed invention was made, and the 
claimed invention was made as a result ofactivities under 
taken within the scope of the agreement. 

The present invention provides high ef?ciency phospho 
rescent organic light emitting devices. The present invention 
relates, for example, to an organic light emitting device 
(OLED) over a substrate, where the OLED has an anode, a 
hole transporting layer (HTL), a ?rst electron transporting 
layer (ETL) that is doped with a phosphorescent material, a 
second electron transporting layer (ETL), and a cathode. 
Speci?c embodiments of the present invention include use of 
an aryl-substituted oxadiazole, an aryl-substituted triazole, 
an aryl-substituted phenanthroline, a benzoxazole or benz 
thiazole compound as the ?rst ETL that is used as the host 
for the emissive phosphorescent dopant material. Another 
embodiment comprises a second ETL that functions as a 
hole blocking layer between the phosphorescent doped ETL 
and the cathode. 

BACKGROUND OF THE INVENTION 

Organic light emitting devices (OLEDs) include several 
organic layers in which at least one of the layers includes an 
organic material that can be made to electroluminesce by 
applying a voltage across the device, C. W. Tang et al., Appl. 
Phys. Lett. 1987, 51, 913. Certain OLEDs have been shown 
to have su?icient brightness, range of color and operating 
lifetimes for use as a practical alternative technology to 
LCD-based full color ?at-panel displays (S. R. Forrest, P. E. 
Burrows and M. E. Thompson, Laser Focus World, February 
1995). Since many of the thin organic ?lms 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 pro 
vide a simple fabrication process, a small R-G-B pixel size, 
and a large ?ll factor, US. Pat. No. 5,707,745. 
A transparent OLED (TOLED), which represents a sig 

ni?cant step toward realizing high resolution, independently 
addressable stacked R-G-B pixels, was disclosed in US. Pat. 
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 ef?ciency 
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2 
(approaching 1% quantum ef?ciency) when the device was 
turned on. The TOLED used transparent indium tin oxide 
(ITO) as the hole-injecting electrode and a MgiAg-ITO 
electrode layer for electron-injection. A device was dis 
closed in which the ITO side of the MgiAg-ITO layer was 
used as a hole-injecting contact for a second, different color 
emitting OLED stacked on top of the TOLED. Each layer in 
the stacked OLED (SOLED) was independently addressable 
and emitted its own characteristic color. This colored emis 
sion 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 red and blue color 
emitting layers. 
US. Pat. No. 5,707,745 disclosed an integrated SOLED 

for which both intensity and color could be independently 
varied and controlled with external power supplies in a color 
tunable display device. US. Pat. No. 5,707,745, thus, illus 
trates 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. Until recently, it 
was not believed that organic materials could be used to 
produce e?icient room temperature electrophosphorescence. 
In contrast, use of ?uorescent dyes in OLEDs has been 
known for much longer, (C. H. Chen, J. Shi, and C. W. Tang, 
“Recent developments in molecular organic electrolumines 
cent materials,” Macromolecular Symposia, 1997, 125, 
1418; U. Brackmann, Lambdachrome Laser Dyes (Lambda 
Physik, Gottingen, 1997, and references cited therein) and 
?uorescent e?iciencies in solution approaching 100% are 
not uncommon. (C. H. Chen, 1997, op. cit.) Fluorescence is 
also not affected by triplet-triplet annihilation, which 
degrades phosphorescent emission at high excitation densi 
ties. (M. A. Baldo, et al., “High e?iciency phosphorescent 
emission from organic electroluminescent devices,” Nature, 
1998, 395, 1514154). Consequently, ?uorescent materials 
are suited to many electroluminescent applications, particu 
larly passive matrix displays. 
An advantage of phosphorescence is that all excitons 

(formed by the recombination of holes and electrons in an 
ETL), which are in fact predominantly triplets in an OLED, 
may participate in energy transfer and luminescence in cer 
tain electroluminescent materials. In contrast, only a small 
percentage of excitons in ?uorescent emitting devices, 
which are singlet-based, result in ?uorescent luminescence. 
Fluorescence is, thus, at best only one-third as e?icient as 
phosphorescence due to the formation of three times more 
triplet excitons than singlet excitons. Recently it was discov 
ered that very high ef?ciency organic light emitting devices 
could be fabricated based on electrophosphorescence (M. A. 
Baldo, D. F. O’Brien, M. E. Thompson and S. R. Forrest, 
Very high-ef?ciency green organic light-emitting devices 
based on electrophosphorescence, Applied Physics Letters, 
1999, 75, 446.) The terms ?uorescence and phosphores 
cence refer to the type of radiative emission, respectively, 
that is typically understood by one skilled in the art. That is, 
?uorescence refers to radiative emission from an excited sin 
glet state and phosphorescence refers to radiative emission 
from an excited triplet state. 

In view of the improved external ef?ciency that can be 
realized for electrophosphorescent OLEDs, it would be 
desirable to ?nd additional materials as host materials for 
emissive phosphorescent dopant materials so that even 
higher external e?iciencies can be produced. 
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SUMMARY OF THE INVENTION 

The OLEDs of the present invention typically have an 
anode, an HTL, a ?rst ETL that is doped With a phosphores 
cent material, a second ETL, and a cathode. The OLED may 
be formed over the substrate With either the anode side clos 
est to a substrate or the cathode side closest to the substrate. 
When the cathode side is closest to the substrate the OLED 
is considered to be inverted. In each embodiment, the ?rst 
ETL, Which is doped With the phosphorescent material, is 
positioned betWeen an HTL and the second ETL. 

The present invention also encompasses stacked OLED 
structures, in Which at least one OLED or inverted OLED 
has a doped ?rst ETL betWeen an HTL and a second ETL. 
When more than one OLED is stacked over the substrate, the 
OLEDs are stacked one upon the other. 

The present invention is directed, in particular, to an ETL 
host material comprised of an aryl-substituted oxadiaZole, 
an aryl-substituted triaZole, an aryl-substituted 
phenanthroline, a benZoxaZole or benxthiaZole compound. 
As a representative embodiment of the present invention, the 
emissive phosphorescent dopant material may be fac-tris 
(2-phenylpyridine) iridium (Ir(ppy)3), having the chemical 
formula: 

More speci?cally, the phosphorescent-host material may 
be comprised of an aryl-substituted oxadiaZole, such as rep 
resented by the chemical formula: 

As yet another embodiment of the present invention, the 
phosphorescent-host material may be comprised of an aryl 
substituted triaZole, for example, such as 3-phenyl-4-(l 
naphthyl)-5-phenyl-l,2,4-triaZole (TAZ) as represented by 
the following chemical formula: 

elm 
co 

As yet still another embodiment of the present invention, 
the phosphorescent-host material may be comprised of an 
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4 
aryl-substituted phenanthroline, for example, such as 2,9 
dimethyl-4,7-diphenyl-phenanthroline (BCP), as repre 
sented by the following chemical formula: 

CH3 CH3 

Without intending to be limited to the theory of hoW the 
high e?iciencies of the devices of the present invention 
Works, it is believed that the high e?iciencies that are 
achieved for the representative embodiments of the present 
invention, Ir(ppy)3 in OXD-7, TAZ, BCP, or a Zinc benZox 
aZole compound are due to the fact that the host matrix com 
prises a host material having a triplet state energy su?i 
ciently higher than the triplet state energy of the emissive 
phosphorescent dopant that very little, if any energy transfer 
of the triplet energy from the emissive dopant to the host 
material occurs. Such energy transfer of the triplet excitation 
energy from the emissive dopant to the host material can 
result in signi?cant non-radiative energy losses. 

While the rate and extent of energy transfer from the trip 
let dopant to the triplet may depend on many factors, 
including, for example, the relative radiative lifetimes of the 
respective triplet states, it is believed than an energy differ 
ence of at least about 0.1 eV betWeen the triplet host and 
triplet dopant is su?icient to prevent signi?cant non 
radiative energy losses to the host. 
As representative embodiments of the present invention, 

the host matrix may be comprised of an aryl-substituted 
oxadiaZole, an aryl-substituted triaZole, an aryl-substituted 
phenanthroline, a benZoxaZole or a benZthiaZole compound 
that has a loWest triplet state With an energy greater than the 
emissive dopant triplet energy. 
As still another aspect of the present invention, it is 

believed that the improved external ef?ciency of the devices 
of the present invention may also be due, in part, to the 
improved recombination ef?ciency of holes and electrons in 
phosphorescent dopant materials that is provided by charge 
carrier-trapping of holes. A phosphorescent dopant material 
that is capable of trapping holes is one for Which the HOMO 
energy of the phosphorescent dopant molecules is less than 
the ioniZation potential of the host molecules. Thus, the 
present invention is further directed to phosphorescent 
doped hosts Wherein the phosphorescent molecules are 
capable of improving the hole/electron recombination e?i 
ciency by functioning as charge carrier trapping sites, in 
particular, charge carrier trapping sites for trapping holes. 
The OLEDs of the present invention are directed, in 

particular, to devices that include an emissive layer com 
prised of a host material having a loWest triplet state having 
an energy level that is larger than the triplet state energy level 
of the phosphorescent dopant material. 
The present invention is further directed to a phosphores 

cent dopant material comprised of molecules having charge 
carrier trapping sites. As a representative embodiment of the 
present invention, the emissive layer may be comprised of a 
host electron transporting material and a phosphorescent 
dopant material that traps holes in the highest occupied 
molecular orbitals (HOMO) of the phosphorescent dopant 
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molecule. Such phosphorescent dopant-materials have a 
HOMO energy that is less than the ionization potential of the 
host electron transporting level. In addition, such phospho 
rescent dopant molecules have a loWest unoccupied molecu 
lar orbital (LUMO) energy level that is loWer than the 
LUMO energy level of the host material. 

While the present invention has been illustrated herein for 
OLEDs having a heterojunction, it is to be understood that 
the materials and methods described herein may also be used 
in OLEDs that do not contain a heterojunction. Such 
heterojunction-free OLEDs are sometimes referred to as 
single layer devices. 

While the preferred embodiments of the present invention 
have been described as having a second ETL, Which is 
present betWeen the phosphorescent-doped ?rst ETL, and 
the cathode, the present invention is also directed to a 
phosphorescent-doped host ETL that is in direct contact With 
the cathode. In this embodiment of the invention, the host 
ETL is still required to have a triplet excited state that is of 
higher energy than the emissive triplet excited state of the 
phosphorescent dopant, such that there are no signi?cant 
non-radiative losses via energy transfer through the triplet 
excited state of the host. 

In yet another embodiment of the invention, the host ETL 
is still required to have a triplet excited state that is of higher 
energy than the emissive triplet state of the phosphorescent 
dopant. HoWever, rather than requiring the HOMO levels of 
the phosphorescent dopant molecules to function as hole 
trapping sites, a second ETL is present that functions as a 
hole blocking layer betWeen the phosphorescent doped ETL 
and the cathode. 
A hole blocking layer (HBL) comprises a material, typi 

cally an electron transporting material, that is effective in 
blocking transport of holes through the HBL. Such transport 
of holes can lead to signi?cant loss of device ef?ciency due 
to the undesired recombination of holes and electrons at the 
cathode surface. An effective hole blocking material is one 
for Which the ioniZation potential of the material is at least 
slightly larger than the ioniZation potential of the adjacent 
emissive layer. For example, speci?cally, the hole blocking 
material has an ioniZation potential at least about 0.1 eV 
larger than the ioniZation potential of the adjacent emissive 
layer. Such materials of the hole blocking layer also prefer 
ably have high electron transporting properties, such as a 
high electron mobility. 

Thus, in these representative embodiments of the present 
invention, the invention may be characterized as relating to 
OLEDs that simply include a phosphorescent-doped host 
ETL in Which the host ETL has a triplet excited state that is 
of higher energy than the emissive triplet state of the phos 
phorescent dopant. 

It is to be understood that, While the host ETL may typi 
cally have more than one triplet excited state, each triplet 
excited state is required to be of higher energy than the emis 
sive triplet excited state of the phosphorescent dopant. Thus, 
reference herein to the triplet excited state of the host ETL 
that is required to have a higher energy level than the energy 
level of the emissive triplet excited state refers to the loWest 
triplet excited state of the ho st ETL, if there is more than one 
triplet excited state in the host ETL. 

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 

FIG. 1 is a graph shoWing the electroluminescent (EL) 
intensity as a function of Wavelength for Ir(ppy)3 doped in an 
oxadiaZole (OXD-7) host material. 
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FIG. 2 is a graph shoWing the external quantum ef?ciency 

as a function of current density for an OLED having Ir(ppy)3 
doped in an oxadiaZole (OXD-7) host material. 

FIG. 3 shoWs the OLED external quantum ef?ciency (11) 
and poWer ef?ciencies of a 7% Ir(ppy)3 doped TAZ device 
using an AliLi cathode. 

FIG. 4 shoWs the photoluminescent phosphorescent time 
decay of 7%-Ir(ppy)3 in TAZ or OXD-7 as compared With 
7%-Ir(Ppy)3 in BCP; 100% Ir(ppy)3; and 10_6M Ir(ppy)3 in 
CH2 C12. 

FIG. 5 shoWs the external quantum ef?ciency as a func 
tion of the EML thickness of a device according to the 
present invention. FIG. 5 inset shoWs the energy level dia 
gram of the materials in the devices used for measuring the 
external quantum ef?ciency as a function of the EML thick 
ness. 

FIG. 6 shoWs the EL spectra of tWo single heterostructure 
devices With an EML thickness of 2.5 nm and 30 nm and that 
of an ITO/HMTPD/Alq3/MgAg device. 

FIG. 7 is a graph shoWing the external quantum ef?ciency 
as a function of current density for an OLED having Ir(ppy)3 
doped in a 4,4'-N,N'-dicarbaZole-biphenyl (CBP) host mate 
rial. 

FIG. 8 is a graph shoWing the external quantum ef?ciency 
as a function of current density for an OLED having Ir(ppy)3 
doped in a phenanthroline (BCP) host material. 

FIG. 9 is a graph shoWing the external quantum ef?ciency 
as a function of current density for an OLED having Ir(ppy)3 
doped in a triaZole (TAZ) host material. 

FIG. 10 is a graph shoWing the external quantum e?i 
ciency as a function of current density for an OLED having 
Ir(ppy)3 doped in a Zinc benZoxaZole (Zn(BOX-DMe2) host 
material. 

DETAILED DESCRIPTION OF THE INVENTION 

The present invention Will be described With reference to 
the illustrative embodiments in the folloWing description. 
These embodiments are intended only as illustrative 
examples and the invention is not to be limited thereto. 
The present invention relates to an organic light emitting 

device (OLED) structure having an OLED over a substrate. 
The OLED has an anode, an HTL, a ?rst ETL that is doped 
With a phosphorescent material, a second ETL, and a cath 
ode. In each embodiment of the invention, the OLED 
includes a ?rst electron transporting layer having a phospho 
rescent material doped therein. In one of the representative 
embodiments of the invention, an emissive layer (EML) 
comprised of an electron transporting material is present 
betWeen a hole transporting layer and a second electron 
transporting layer. As Would be understood by one skilled in 
the art, a hole transporting material is one in Which charge 
carrier transport is predominantly by the transport of holes 
and an electron transporting material is one for Which charge 
carrier transport is predominantly by the transport of elec 
trons. 

In another embodiment, the OLED structure includes a 
substrate, an anode over the substrate, a hole transporting 
layer over the anode, an electron transporting layer over the 
hole transporting layer and a cathode over the electron trans 
porting layer. The electron transporting layer is doped With a 
phosphorescent material. 

In another embodiment of the present invention, the 
OLED structure includes an inverted OLED over a substrate. 

In this embodiment, a cathode is positioned over the 
substrate, a second electron transporting layer over the 
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cathode, a ?rst electron transporting layer over the second 
electron transporting layer, a hole transporting layer over the 
?rst electron transporting layer and a cathode over the hole 
transporting layer. The ?rst electron transporting layer is 
doped With a phosphorescent material. Alternatively, in still 
another embodiment, an inverted OLED may comprise a 
single electron transporting layer doped With a phosphores 
cent material. 

The present invention is directed, in representative 
embodiments of the present invention, to an OLED that 
includes a host ETL doped With a phosphorescent material, 
Wherein the host layer is comprised of an aryl-substituted 
oxadiaZole, an aryl-substituted triaZole, an aryl-substituted 
phenanthroline, a benZoxaZole or a benZthiaZole compound 
that has a triplet state energy level that is higher than the 
triplet state energy level of the emissive phosphorescent 
dopant. More speci?cally, the oXadiaZole, triaZole, 
phenanthroline, benZoxaZole or benxthiaZole compound has 
a triplet state energy level that is suf?ciently higher than the 
emissive triplet state energy level of the phosphorescent 
dopant material that little, if any, of the dopant triplet excita 
tion energy is transferred and non-radiatively lost to and 
through the host triplet state. 

The present invention is directed, furthermore, to an 
OLED that includes a phosphorescent material comprised of 
molecules capable of functioning as charge carrier trapping 
sites. More speci?cally, the HOMO levels of the phospho 
rescent molecules are capable of trapping holes, such that 
the electron/hole recombination e?iciency may be increased 
as compared With devices having phosphorescent molecules 
that do not function as charge carrier trapping sites. 

The aryl-substituted oXadiaZole that functions as the elec 
tron transporting host layer may be selected from com 
pounds having the chemical formula: 

Where R1 and R2 are, independently of one another, aryl 
containing substituents that may also include additional oxa 
diaZole units, as represented by the chemical structure 

Speci?c representative embodiments of the oXadiaZole com 
pounds include: 

O O 

\C C/ 
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The aryl-substituted 1,2,4-triazoles that function as the 
electron transporting host layer may be selected from com 
pounds having the chemical formula: 

Where R1, R2 and R3, independently of one another, may be 
hydrogen, an alkyl, or are aryl-containing substituent 
Wherein at least one substituent includes at least one aryl 
group, preferably, more than one aryl-group-containing sub 
stituent is present. A speci?c representative example of a 
1,2,4-triazole of the present invention is 3-phenyl-4-(l 
naphthyl)-5-phenyl-l,2,4-triaZole (TAZ) having the folloW 
ing chemical formula: 

CHZW 
Go 

The aryl-substituted phenanthrolines that may function as 
the electron transporting host layer of the present invention 
may be selected from compounds having the chemical for 
mula: 

Where R1, R2, R3, independently of one another, may repre 
sent one or more alkyl or aryl-containing substituents, and at 
least one R-group is an aryl-containing substituent. 
Preferably, more than one aryl-containing substituent is 
present. A speci?c representative example of an aryl 
substituted phenanthroline that may function as the electron 
transporting host layer is 2, 9-dimethyl-4,7 
diphenylphenanthroline (BCP or bathocuproine), as repre 
sented by the formula: 
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CH3 CH3 

Also included Within the scope of the present invention 
are benZoxaZole host compounds having the chemical for 
mula (herein referred to as “metal(BOX)” compounds): 

Where X andY are independently O, S; 

M represents a metal; 

is a integer from 1 to 3; and R1 to R8 are, independently, a 
hydrogen atom, an aryl group or an alkyl group. 

As used herein, the term “BOX” is used to encompass any 
benZoxaZole compound or derivative as depicted above. 
Alkyl groups of length one to four carbons are preferred 
alkyl chain lengths. 

Preferred embodiments are have a chemical formula 
Within the folloWing class of compounds: 

CH3 

In this representation, the line segments to the CH3 
(methyl-) group denote substitution at any alloWed ring posi 
tion by each methyl independently. Speci?c preferred 
embodiments are compounds having the folloWing chemical 
structures (Zn(BOX-DMe)2): 

CH3 

CH3 

These are methyl-substituted bis(2-(2-hydroxyphenyl) 
benZoxaZolate)Zinc derivatives. 

Preferred embodiments are also Within the folloWing 
class: 
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These are methyl-substituted as Well as un-substituted bis 
(2-(2-hydroxyphenyl)-benZthiaZolate)Zinc derivatives. 

These benZoxaZole and benZthiaZole host compounds are 
exempli?ed for the metal Zn. Useful results may also be 
expected for phosphorescent-doped Os, lr, and Pt host ben 
ZoxaZole and benZthiaZole host compounds and analogous 
derivatives for Which the excited triplet state of the host ben 
ZoxaZole compound is of higher energy than the emissive 
triplet state of the phosphorescent dopant material. 
The use of a ?rst electron transporting layer that is doped 

With a electrophosphorescent material can improve the elec 
trophosphorescent ef?ciency as compared With devices in 
Which the electrophosphorescent material is doped in a hole 
transporting material. Since the electrophosphorescent emis 
sion occurs in the emissive layer (EML) Within close prox 
imity to the HTL/EML interface, the EML layer is prefer 
ably a very thin layer as compared With the HTL or second 
ETL. For example, the EML preferably has a thickness of 
about 2.5 nm to about 30 nm Whereas the HTL and ETL 
typically have a thickness of about 5 nm to about 60 nm. 
More preferably, the EML has a thickness of about 5 nm to 
about 25 nm. 
The ?rst electron transporting layer, Which is the emissive 

layer (EML), may include any suitable host material that 
acts as a good transporter of charge and also e?iciently trans 
fers energy to a highly luminescent guest. In the preferred 
embodiments, the ?rst electron transporting layer is a host 
material of 3-phenyl-4-(l '-naphthyl)-5 -phenyl- l ,2,4-triaZole 
(TAZ), an oxadiaZole or an oxadiaZole derivative such as 

OXD-7, as depicted herein, or a phenanthroline such as 2,9 
dimethyl-4,7-diphenyl-l , l O-phenanthroline (bathocuproine 
or BCP) a BCP derivative, or a substituted or un-substituted 
benZoxaZole or benZthiaZole compound. These thin ?lms 
possess good electron transport characteristics While also 
serving to block hole and exciton transport. BCP has the 
folloWing formula: 

CH3 CH3 

The ?rst electron transporting layer, preferably TAZ, 
OXD-7, BCP or a benZoxaZole or benZthiaZole compound 
may function as an electron transport layer and/or as an exci 
ton blocking layer. The exciton blocking layer in OLED 
devices substantially blocks the diffusion of excitons, thus 
substantially keeping the excitons Within the ?rst ETL to 
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enhance device ef?ciency. The phosphorescent dopants of 
the present invention are believed to trap excitons Within the 
luminescent region, thus improving the e?iciency of devices 
of the present invention over other devices. In particular, 
using TAZ as the host and Ir(ppy)3 as the dopant, a maxi 
mum external quantum ef?ciency of 15.4% and poWer lumi 
nous e?iciency of 40 lm/W may be achieved. The electrolu 
minescent spectra due to an Ir(ppy)3 triplet are independent 
of ETL host thickness. Thus, it is believed that the electrolu 
minescence may be due to trapping of charge carriers and 
e?icient formation of radiative triplet excitons on the 
Ir(ppy)3 dopant. The charge carriers and triplet excitons are 
believed to be con?ned Within the very thin EML. 
A material that is used as the exciton blocking layer in an 

OLED may be de?ned as a material that has an exciton 
energy, de?ned as the energy difference betWeen the electron 
and hole in a ground state exciton, that is greater than the 
energy of the excitons that are produced in the emissive layer 
of the OLED. Because of the coulomb forces betWeen the 
nearby electron and hole in a ground state exciton, the exci 
ton energy of an organic material is typically slightly less 
than the energy difference betWeen the loWest unoccupied 
molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO) of the material. Such an exciton 
energy substantially prevents the diffusion of excitons 
through the blocking layer, yet has only a minimal effect on 
the turn-on voltage of a completed electroluminescent 
device. 
Phosphorescent emitters having satisfactory 

characteristics, such as stability, luminance, Weather resis 
tance and aftergloW, may be used as phosphorescent dopants 
in the present invention. Speci?c examples of phosphores 
cent molecules include organometallic complexes of metal 
species M With a bidentate mono-anionic ligand in Which M 
is coordinated With an sp2 hybridiZed carbon and a heteroa 
tom of the ligand. The complex may be of the form L3M 
(Wherein each ligand L species is the same), L L' L" M 
(Wherein each ligand species L, L', L" is distinct), or LZMX, 
Wherein X is a monoanionic bidentate ligand. It is generally 
expected that the ligand L participates more in the emission 
process than does X. Preferably, M is a third roW transition 
metal and most preferably M is Ir or Pt. Such molecules also 
include meridianal isomers of L3M Wherein the heteroatoms 
(such as nitrogen) of tWo ligands L are in a trans con?gura 
tion. In an embodiment in Which M is coordinated With an 
sp2 hybridiZed carbon and a heteroatom of the ligand, it is 
preferred that the ring comprising the metal M, the sp2 
hybridiZed carbon and the heteroatom contain 5 or 6 atoms. 

In phosphorescent molecules having the formula L2MX, 
L and X are distinct bidentate ligands and M is a metal of 
atomic number greater than 40 Which forms octahedral com 
plexes and is preferably a member of the third roW (of the 
transition series of the periodic table) transition metals, pref 
erably iridium (Ir). A preferred embodiment is a compound 
of formula L2IrX, Wherein L and X are distinct bidentate 
ligands, as a dopant in a host electron transporting layer in an 
organic light emitting device. Alternatively, M can be a 
member of the second roW transition metals, or of the main 
group metals, such as Zr and Sb. Some of such organometal 
lic complexes electroluminesce, With emission coming from 
the loWest energy ligand or metal ligand charge transfer 
(“MLCT”) state. L coordinates to M via atoms of L compris 
ing sp2 hybridiZed carbon and heteroatoms. 

The above phosphorescent emitter molecules having the 
formula LZMX can be made by the direct reaction of chlo 
ride bridged dimers of the form L2M(u-Cl)2ML2, Wherein L 
a bidentate ligand, and M a metal such as Ir, With species XH 
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12 
Which serve to introduce a bidentate ligand X. XH can be, 
for example, acetylacetone, 2-picolinic acid, or 
N-methylsalicyclanilide, and H stands for hydrogen. The 
resultant product is of formula LZMX, Wherein one can have 
an octahedral disposition of the bidentate ligands L, L, and X 
about M. 
The resultant compounds of formula L2MX can be used 

as phosphorescent emitters in organic light emitting devices. 
For example, compounds having the formula L2MX, 
Wherein L=(2-phenylbenZothiaZole), X=acetylacetonate, 
and M=Ir (the compound abbreviated as BTIr) may be used 
phosphorescent emitters When used as a dopant. 
The synthetic process to make LZMX may be used advan 

tageously in a situation in Which L, by itself, is ?uorescent, 
but the resultant L2MX is phosphorescent. One speci?c 
example of this is Where L=coumarin-6. L2IrX has been pre 
pared Wherein L=coumarin and X=acac. This compound is 
referred to as coumarin-6[“C6Ir”]. The complex gives 
intense orange emission, Whereas coumarin by itself emits 
green. 

If the L ligand that is used in making the L2MX (for 
example, M=Ir) complex has a high ?uorescent quantum 
e?iciency, it is possible to use the strong spin orbit coupling 
of the Ir metal to e?iciently intersystem cross in and out of 
the triplet states of the ligands. Ir makes the L ligand an 
e?icient phosphorescent center. Using this approach, it is 
possible to take substantially any ?uorescent dye and make 
an e?icient phosphorescent molecule from it (that is, L is 
?uorescent but L2MX (M=Ir) phosphorescent). 
The appropriate selection of L and X alloWs color tuning 

of the complex L2MX relative to L3M. For example, Ir(ppy)3 
and (ppy)2Ir(acac) both give strong green emission With a 
km“ of510 nm [ppy denotes phenyl pyridine]. HoWever, if 
the X ligand is formed from picolinic acid instead of from 
acetylacetone, there is a small blue shift of about 15 nm. 
Non-limiting examples of L are 2-(1-naphthyl) 

benZoxaZole), (2-phenylbenZoxaZole), 
(2-phenylbenZothiaZole), (2-phenylbenZothiaZole), (7,8 
benZoquinoline), coumarin, (thienylpyridine), 
phenylpyridine, benZothienylpyridine, 3-methoxy-2 
phenylpyridine, thienylpyridine, and tolylpyridine. 

Non-limiting examples of X are acetylacetonate (“acac” , 
hexa?uoroacetylacetonate, salicylidene, picolinate, and 
8-hydroxyquinolinate. 

Further examples of L and X may be found in Compre 
hensive Coordination Chemistry, Volume 2, G. Wilkinson 
(editor-in-chief), Pergamon Press, especially in chapter 20.1 
(beginning at page 715) by M. Calligaris and L. Randaccio 
and in chapter 20.4 (beginning at page 793) by R. S. Vagg. 

Furthermore, X can be selected such that it has a certain 
HOMO level relative to the L3M complex so that carriers 
(holes or electrons) might be trapped on X (or on L) Without 
a deterioration of emission quality. In this Way, carriers 
(holes or electrons) Which might otherWise contribute to del 
eterious oxidation or reduction of the phosphor Would be 
impeded. The carrier that is remotely trapped could readily 
recombine With the opposite carrier either intramolecularly 
or With the carrier from an adjacent molecule. 

Other phosphorescent emitter molecules that may be used 
have the formula L L' L" M, D Wherein L, L', and L" are the 
same or different, Wherein L, L', and L" are bidentate, 
monoanionic ligands, Wherein M is a metal Which forms 
octahedral complexes, preferably a member of the third roW 
of transition metals, more preferably Ir or Pt, and Wherein 
the coordinating atoms of the ligands comprise sp2 hybrid 
iZed carbon and a heteroatom. Certain phosphorescent com 
pounds have been studied Wherein M=iridium. The resultant 
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iridium complexes emit strongly, in most cases With life 
times of 143 microseconds (“usec”). Such a lifetime is 
indicative of phosphorescence. The radiative transition in 
these materials is from a metal ligand charge transfer com 
plex (MLCT). 

To understand the speci?c phosphorescent molecules 
described herein it is useful to discuss the underlying mecha 
nistic theory of energy transfer. There are tWo mechanisms 
commonly discussed for the transfer of energy to an acceptor 
molecule. In the ?rst mechanism of Dexter transport (D. L. 
Dexter, “A theory of sensitiZed luminescence in solids,” J. 
Chem. 

Phys., 1953, 21, 8364850), the exciton may hop directly 
from one molecule to the next. This is a short-range process 
dependent on the overlap of molecular orbitals of neighbor 
ing molecules. It also preserves the symmetry of the donor 
and acceptor pair (E. Wigner and E. W. Wittmer, Uber die 
Struktur der ZWeiatomigen Molekelspektren nach der 
Quantenmechanik, Zeitschrift fur Physik, 1928, 51, 
8594886; M. Klessinger and J. Michl, Excited states and 
photochemistry of organic molecules (VCH Publishers, 
NeW York, 1995). Thus, the energy transfer of Eq. (1) is not 
possible via Dexter mechanism. In the second mechanism of 
Forster transfer (T. Forster, ZWischenmolekulare Ener 
gieWanderung and FluoresZenZ, Annalen der Physik, 1948, 
2, 55475; T. Forster, FluoresZenZ organischer Verbindugen 
(Vandenhoek and Ruprecht, Gottinghen, 1951), the energy 
transfer of Eq. (1) is possible. In Forster transfer, similar to a 
transmitter and an antenna, dipoles on the donor and accep 
tor molecules couple and energy may be transferred. Dipoles 
are generated from alloWed transitions in both donor and 
acceptor molecules. This typically restricts the Forster 
mechanism to transfers betWeen singlet states. 

Nevertheless, as long as the phosphor can emit light due to 
some perturbation of the state such as due to spin-orbit cou 
pling introduced by a heavy metal atom, it may participate as 
the donor in Forster transfer. The ef?ciency of the process is 
determined by the luminescent ef?ciency of the phosphor (F 
Wilkinson, in Advances in Photochemistry (eds. W. A. 
Noyes, G. Hammond, and J. N. Pitts), pp. 2414268, John 
Wiley & Sons, NeW York, 1964), i.e., if a radiative transition 
is more probable than a non-radiative decay, then energy 
transfer Will be e?icient. Such triplet-singlet transfers Were 
predicted by Forster (T. Forster, “Transfer mechanisms of 
electronic excitation,” Discussions of the Faraday Society, 
1959, 27, 7417) and con?rmed by Ermolaev and Sveshni 
kova (V. L. Ermolaev and E. B. Sveshnikova, “Inductive 
resonance transfer of energy from aromatic molecules in the 
triplet state,” Doklady Akademii Nauk SSSR, 1963, 149, 
129541298), Who detected the energy transfer using a range 
of phosphorescent donors and ?uorescent acceptors in rigid 
media at 77K or 90K. Large transfer distances are observed; 
for example, With triphenylamine as the donor and chrysoi 
dine as the acceptor, the interaction range is 52 A. 

The remaining condition for Forster transfer is that the 
absorption spectrum should overlap the emission spectrum 
of the donor assuming the energy levels betWeen the excited 
and ground state molecular pair are in resonance. 

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 recombination of a 
trapped charge. Speci?cally, OLEDs are comprised of at 
least tWo thin organic layers separating the anode and cath 
ode of the device. The material of one of these layers is 
speci?cally chosen based on the material’s ability to trans 
port holes, a “hole transporting layer” (HTL), and the mate 
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rial of the other layer is speci?cally selected according to its 
ability to transport 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 higher than the potential applied to 
the cathode. Under these bias conditions, the anode 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 trans 
porting Zone. The injected holes and electrons each migrate 
toWard the oppositely charged electrode. When an electron 
and hole localiZe on the same molecule, a Frenkel exciton is 
formed. Recombination of this short-lived state may be visu 
aliZed 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 car 
riers (electrons and holes) from each electrode. The OLEDs 
of the present invention include tWo electron transporting 
layers. The electron transporting layer adjacent to the hole 
transporting layer contains phosphorescent molecules doped 
therein. 
As noted above, light emission from OLEDs is typically 

via ?uorescence or phosphorescence. It has been noted that 
phosphorescent e?iciency can decrease rapidly at high cur 
rent densities. It may be that long phosphorescent lifetimes 
cause saturation of emissive sites, and triplet-triplet annihila 
tion may also produce e?iciency losses. Another difference 
betWeen ?uorescence and phosphorescence is that energy 
transfer of triplets from a conductive host to a luminescent 
guest molecule is typically sloWer than that of singlets; the 
long range dipole-dipole coupling (Fobrster transfer) Which 
dominates energy transfer of singlets is (theoretically) for 
bidden for triplets by the principle of spin symmetry conser 
vation. Thus, for triplets, energy transfer typically occurs by 
diffusion of excitons to neighboring molecules (Dexter 
transfer); signi?cant overlap of donor and acceptor excitonic 
Wavefunctions is critical to energy transfer. Another distinc 
tion betWeen singlets and triplets is that triplet diffusion 
lengths are typically long (e.g., >1400 A) compared With 
typical singlet diffusion lengths of about 200 A. Thus, if 
phosphorescent devices are to achieve their potential, device 
structures need to be optimiZed for triplet properties. In the 
phosphorescent molecules having one formula LZMX or L 
L' L" M, the property of long triplet diffusion lengths may be 
exploited to improve external quantum e?iciency. 
Whenever a dopant is present in one of the organic layers, 

the predominant material in the charge carrier layer is 
referred to as a host compound. 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 materials that can 
be readily incorporated into the OLED by using convenient 
fabrication techniques, in particular, by using vacuum 
deposition techniques. 
As found in the IrL3 system described above, the emission 

color is strongly affected by the L ligand. This is consistent 
With the emission involving either MLCT or intraligand 
transitions. In all of the cases made in both the iris complex 
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(i.e., lrL3) and the L2lrX complex, the emission spectra are 
very similar. For example lr(ppy)3 and (ppy)2lr(acac) (PPIr) 
give strong green emission With a km“ of 510 nm. 

However, in other cases, the choice of X ligand affects 
both the energy of emission and e?iciency. Acac and salicy 
lanilide L2lrX complexes give very similar spectra. The 
picolinic acid derivatives that have been prepared typically 
shoW a small blue shift (15 nm) in their emission spectra 
relative to the acac and salicylanilide complexes of the same 
ligands. 

If an X ligand is used Whose triplet levels fall loWer in 
energy than the “Lzlr” framework, emission from the X 
ligand can be observed. The phosphorescence spectra for 
heavy metal quinolates (e.g. lrQ3 or PtQ2) are centered at 
650 nm. The complexes themselves emit With very loW 
ef?ciency, <0.0l. Both the energy and ef?ciency of the 
L2lrQ material is consistent “X” based emission. If the emis 
sion from the X ligand or the “lrX” system Were e?icient this 
could have been a good red emitter. It is important to note 
that While all of the examples list here are strong “L” 
emitters, this does not preclude a good phosphor from being 
formed from “X” based emission. 

Preferably, in the embodiments of the present invention 
having ?rst and second electron transporting layers, the sec 
ond electron transporting layer may be made of the electron 
transport material tris-(8-hydroxyquinoline) aluminum 
(Alq3), Which is used to transport electrons into the ?rst 
electron transporting layer. Other suitable ETL materials 
that may be used as the second electron transporting layer 
can be found in Us. Pat. No. 5,707,745, Which, as indicated 
above, is incorporated in its entirety herein by reference. The 
Alqs, Which functions as an electron injection/electron trans 
port layer has the folloWing formula: 

The second electron transporting layer is preferably from 
about 50 A to about 200 A thick. 

Preferably, at least one of the hole transporting layer and 
the ?rst and second electron transporting layers is vapor 
deposited. More preferably, each of these layers is vapor 
deposited. Other deposition techniques may be used and are 
knoWn to those skilled in the art. 

In the OLED structures of the present invention, light may 
be emitted from the substrate side of the device, or 
alternatively, from the side of the device opposite the 
substrate, that is, as a top emitting device. 
The present invention also encompasses stacked OLED 

structures, in Which at least one OLED or inverted OLED 
having a doped ?rst ETL betWeen an HTL and a second 
ETL, is stacked over a substrate. When more than one OLED 
is stacked over the substrate, the OLEDs are stacked one 
upon the other. An embodiment of a stacked OLED structure 
according to the present invention includes a substrate, a ?rst 
organic light emitting device over the substrate, and a second 
organic light emitting device stacked over the ?rst organic 
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light emitting device. In another embodiment of the stacked 
OLED structure, a third organic light emitting device is 
stacked over the second organic light emitting device. In 
these structures at least one of the OLEDs has one of the 
folloWing structures: 1) anode, hole transporting layer over 
the anode, ?rst electron transporting layer (doped With a 
phosphorescent material) over the hole transporting layer, 
second electron transporting layer over the ?rst electron 
transporting layer, and a cathode over the second electron 
transporting layer, or 2) a cathode, a ?rst electron transport 
ing layer over the cathode, a second electron transporting 
layer (doped With a phosphorescent material) over the ?rst 
electron transporting layer, a hole transporting layer over the 
second electron transporting layer, and an anode over the 
hole transporting layer. 

Also encompassed Within the present invention are meth 
ods of fabricating organic light emitting device structures, 
Which include depositing the layers of each OLED one over 
the other to form organic light emitting device structures. In 
embodiments having only one OLED over a substrate, one 
embodiment of the method includes forming a ?rst electri 
cally conductive (anode) layer over a substrate; depositing a 
?rst hole transporting layer over the ?rst conductive layer; 
depositing a ?rst electron transporting layer over the ?rst 
hole transporting layer, Wherein the ?rst electron transport 
ing layer is doped With a phosphorescent material; deposit 
ing a second electron transporting layer over the ?rst elec 
tron transporting layer; and depositing a second electrically 
conductive (cathode) layer over the ?rst electron transport 
ing layer. Alternatively, in inverted OLED embodiments, the 
layers may be deposited starting With the second electrically 
conductive (cathode) layer and ending With the ?rst electri 
cally conductive (anode) layer. 
OLEDs fabricated in accordance With the above embodi 

ment may contain for example, an ITO layer, a TPD layer 
thereover having a thickness of approximately 50 nm, an 
oxadiaZole layer (OXD-7, as depicted above) doped, for 
example, With lr(ppy)3 (8.8%) having a thickness of 
approximately 20 nm, an Alq3 layer thereover of approxi 
mately 40 nm thickness, and an MgAg layer thereover. A 
depiction of the EL intensity achievable by such an embodi 
ment as a function of Wavelength of this embodiment is 
depicted in FIG. 1. A depiction of the quantum ef?ciency as 
a function of current density is depicted in FIG. 2. The lTO 
coated substrate may be exposed to an ultra-violet/oZone 
treatment before deposition of the organic layers, With such 
a electrode/ substrate layer being identi?ed as an “ITO(UV)” 
electrode/ substrate layer. 

Substrates according to the present invention may be 
opaque or substantially transparent, rigid or ?exible, and/or 
plastic, metal or glass. Although not limited to the thickness 
ranges recited herein, the substrate may be as thin as 10 pm 
if present as a ?exible plastic or metal foil substrate, or sub 
stantially thicker if present as a rigid, transparent or opaque 
substrate, or if the substrate is made of silicon. 

Suitable electrode (i.e., anode and cathode) materials 
include conductive materials such as a metal, a metal alloy 
or lTO Which form electrical contacts. The deposition of 
electrical contacts may be accomplished by vapor deposition 
or other suitable metal deposition techniques. These electri 
cal contacts may be made, for example, from indium, 
magnesium, platinum, gold, silver or combinations such as 
Ti/Pt/Au, Cr/Au or Mg/Ag. 
When depositing the top electrode layer (i.e., the cathode 

or the anode, typically the cathode), that is, the electrode on 
the side of the OLED furthest from the substrate, damage to 
the organic layers should be avoided. For example, organic 










