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(57) ABSTRACT

Novel combination of materials and device architectures for
organic light emitting devices 1s provided. An organic light
emitting device, 1s provided, having an anode, a cathode, and
an emissive layer disposed between the anode and the cath-
ode. The emissive layer includes a host and a phosphorescent
emissive dopant having a peak emissive wavelength less than
500 nm, and a radiative phosphorescent lifetime less than 1
microsecond. Preferably, the phosphorescent emissive
dopant includes a ligand having a carbazole group.
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STABLE BLUE PHOSPHORESCENT
ORGANIC LIGHT EMITTING DEVICES

[0001] This application claims priority to U.S. Provisional
Application Ser. No. 60/986,804 filed Nov. 9, 2007, the dis-
closures of which are herein expressly incorporated by refer-
ence in their entirety.

[0002] The U.S. Government has a paid-up license 1n this
invention and the right in limited circumstances to require
that the patent owner to license others on reasonable terms as
provided for by the terms of FO17391 awarded by Department
of Energy.

[0003] The claamed invention was made by, on behalf of,
and/or 1n connection with one or more of the following parties
to a joint umversity corporation research agreement; Regents
of the University of Michigan, Princeton University, The
University of Southern Californmia, and the to Universal Dis-
play Corporation. The agreement was 1n effect on and before
the date the claimed invention was made, and the claimed

invention was made as a result of activities undertaken within
the scope of the agreement.

BACKGROUND
[0004] 1. Field of the Invention
[0005] The invention relates generally relates to organic

light emitting devices (OLEDs). More specifically, the inven-
tion 1s directed to OLEDs having long lifetimes, including
blue devices.

[0006] 2. Related Art

[0007] Opto-electronic devices that make use of organic
materials are becoming increasingly desirable for a number
of reasons. Many of the materials used to make such devices
are relatively inexpensive, so organic opto-electronic devices
have the potential for cost advantages over inorganic devices.
In addition, the inherent properties of organic materials, such
as their flexibility, may make them well suited for particular
applications such as fabrication on a flexible substrate.
Examples of organic opto-electronic devices include organic
light emitting devices (OLEDs), organic phototransistors,
organic photovoltaic cells, and organic photodetectors. For
OLEDs, the organic materials may have performance advan-
tages over conventional materials. For example, the wave-
length at which an organic emissive layer emits light may
generally be readily tuned with appropriate dopants.

[0008] OLEDs make use of thin organic films that emuit
light when voltage 1s applied across the device. OLEDs are
becoming an increasingly interesting technology for use in
applications such as flat panel displays, illumination, and
backlighting. Several OILED materials and configurations
are described in U.S. Pat. Nos. 5,844,363, 6,303,238, and
5,707,745, which are incorporated herein by reference 1n their
entirety.

[0009] One application for phosphorescent emissive mol-
ecules 1s a full color display. Industry standards for such a
display call for pixels adapted to emait particular colors,
referred to as “saturated” colors. In particular, these standards
call for saturated red, green, and blue pixels. Color may be
measured using CIE coordinates, which are well known to the
art.

[0010] One example of a green emissive molecule 1s tris(2-
phenylpyridine) iridium, denoted Ir(ppy),, which has the
structure of Formula I:
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[0011] Inthis, and later figures herein, the dative bond from
nitrogen to metal (here, Ir) as a straight line 1s depicted.
[0012] The limited operational stability of organic light
emitting devices (OLEDs), however, presents a challenge to
their wide-spread acceptance for use in large-area displays
and solid-state lighting. While improved packaging tech-
niques and material purity have lead to significant progress in
climinating extrinsic sources of degradation, the remaining
intrinsic luminance loss and voltage rise accompanying long
term device operation are not yet well understood.

[0013] Various hypotheses have been offered to explain the
basis for intrinsic degradation 1n device elificiency, with the
most widely accepted advocating chemical degradation of a
fraction of the emissive constituent molecules. Presumably,
bond cleavage produces radical fragments, which then par-
ticipate in further radical addition reactions to form even
more degradation products. These products act as non-radia-
tive recombination centers, luminescence quenchers, and
deep charge traps. For example, several studies have shown
that both anions and cations of tris(8-hydroxyquinoline) alu-
minum (Alq,) are unstable, and evidence has recently been
presented that the excited states themselves may form reac-
tion centers 1n the case of the common host material 4,4'-bis

(9-carbazolyl)-2,2'-biphenyl (CBP),

SUMMARY OF THE INVENTION

[0014] Novel combination of materials and device archi-
tectures for organic light emitting devices 1s provided. An
organic light emitting device, 1s provided, having an anode, a
cathode, and an emissive layer disposed between the anode
and the cathode. The emissive layer includes a host and a
phosphorescent emissive dopant having a peak emissive
wavelength less than 500 nm, and a radiative phosphorescent
lifetime less than 1 microsecond, Preterably, the phosphores-
cent emissive dopant includes a ligand having a carbazole

group.
BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1 shows an organic light emitting device hav-
ing separate electron transport, hole transport, and emissive
layers, as well as other layers,

[0016] FIG. 2 shows an mverted organic light emitting
device that does not have a separate electron transport layer.
[0017] FIG. 3 provides a schematic of the model geometry
and assumed energy level relationships. The recombination
zone decays exponentially from the EMI/ETL interface at x,
with characteristic length, d . Both phosphorescent guests
and defects form deep traps within the host band-gap. The
clectron and hole quasi-Fermi levels under forward-bias are
E. and E. , respectively.

[0018] FIGS. 4A-4B: FIG. 4A shows the J-V characteris-
tics of the devices studied. Inset: schematic of the device
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structure, with the dimensions, x,-x; of FIG. 3, indicated as
shown. FI1G. 4B shows the external quantum efficiency (left
scale) and emission spectrum (right scale) obtained at J=10
mA/cm?®.

[0019] FIGS. SA-5C: FIG. SA shows the luminance degra-
dation versus time for initial brightnesses ot L.,=1000, 2000,
3000, and 4000 cd/m” as indicated by the arrow. Solid black
lines 1ndicate a {it using the exciton localization degradation
model discussed 1n the text. Note that the recombination zone
width, d __, 1s variable 1n these fits. The data are reproduced
for comparison with the exciton-exciton degradation model
in F1G. 58 and with the exciton-polaron model in FI1G. 5C. All
fitting parameters are given, 1n Table 1.

[0020] FIGS. 6A-6C: FIG. 6A shows the voltage rise for
cach of the four devices studied. The black lines are calcu-
lated using the exciton localization model. The data are repro-
duced 1n FIG. 6B and FIG. 6C for comparison with {its from
the exciton-exciton and exciton-polaron models respectively.
All fitting parameters are given in Table 1.

[0021] FIGS. TA-7C: FIG. 7TA shows the photolumines-
cence transients obtained for an as-grown device, one aged to
L(tN0.59L_ (L,=1000cd/m?), and another aged to L(t)=0.16
[ of its initial L,=3000 cd/m~ brightness. Solid black lines
are fits from the exciton localization model. Predictions of the
exciton-exciton annihilation model are shown in FIG. 7B and
those for the exciton-polaron annihilation model 1n FIG. 7C.
Fitting parameters are given in Table 1.

[0022] FIGS. 8A-8C 1s a configurational diagram showing
the different dissociation 1s mechanisms 1n terms of energy
(E) and representative coordinate (r). In FIG. 8A, a direct or
pre-dissociative potential, R, crosses the singlet or triplet first
excited state energy surface. FIG. 8B shows the exciton-
exciton annihilation process, which leads to a ground (S, ) and
upper excited state (S* or T* ) according to the reaction
S, (T)+S,(T,)—=S,+S* (I* ), Direct or pre-dissociation
may occur from the upper excited state (gray arrow, route 1),
or it may relax vibronically and undergo hot-molecule disso-
ciation (gray arrow, route 2) as discussed 1n the specification.
FIG. 8C shows the exciton-polaron mechanism, in which
energy transier from the exciton results 1n an excited polaron
that dissociates along the analogous direct/pre-dissociative
and hot-molecule routes. Dotted lines indicate vibrational
energy levels within each anharmonic electronic manifold.
[0023] FIGS. 9A-9B: FIG. 9A shows the average defect
density, Q ,;.-(1') and FIG. 9B shows the average defect for-
mation rate, F.{t'), per exciton, per hour, as defined 1n the text.
The curves are calculated using the exciton-polaron model, at
initial luminances of L,=1000, 2000, 3000, and 4000 cd/m"”
as indicated by the arrow.

[0024] FIGS.10A-10B: FIG. 10A shows the predicted life-
time improvement at L.,=1000 cd/m?, obtained by increasing
the recombination zone width, d __.. FIG. 10B shows the
increase 1n lifetime calculated for a reduction 1n degradation
coelficient, K .. Both FIGS. 10A and 10B assume the exciton-
polaron model; the filled circles indicate where the devices of
this study lie on the curves.

DETAILED DESCRIPTION

Definitions

[0025] As used herein, the term “organic™ includes poly-
meric, materials as well as small molecule organic materials
that may be used to fabricate organic opto-electronic devices.
“Small molecule” refers to any organic material that 1s not a
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polymer, and “small molecules™ may actually be quite large.
Small molecules may 1nclude repeat units 1n some circum-
stances. For example, using a long chain alkyl group as a
substituent does not remove a molecule from the “small mol-
ecule” class. Small molecules may also be incorporated into
polymers, for example as a pendent group on a polymer
backbone or as a part of the backbone. Small molecules may
also serve as the core moiety of a dendrimer, which consists of
a series of chemical shells built on the core moiety. The core
moiety of a dendrimer may be a fluorescent or phosphores-
cent small molecule emitter. A dendrimer may be a “small
molecule,” and 1t 1s believed that all dendrimers currently
used 1n the field of OLEDs are small molecules.

[0026] As used herein, “top” means furthest away from the
substrate, while “bottom”™ means closest to the substrate.
Where a first layer 1s described as “disposed over” a second
layer, the first layer 1s disposed further away from substrate.
There may be other layers between the first and second layer,
unless 1t 1s specified that the first layer 1s “in contact with” the
second layer. For example, a cathode may be described as
“disposed over” an anode, even though there are various
organic layers in between.

[0027] As used herein, “solution processible” means
capable of being dissolved, dispersed, or transported 1n and/
or deposited from a liquid medium, either in solution or
suspension form.

[0028] A ligand 1s referred to as “photoactive” when 1t 1s
believed that the ligand contributes to the photoactive prop-
erties of an emissive material.

[0029] The terms halo, halogen, alkyl, cycloalkyl, alkenyl,
alkynyl, arylkyl, heterocyclic group, aryl, aromatic group,
and heteroaryl are known to the art, and are defined in U.S.
Pat. No. 7,279,704 at cols. 31-32, which are incorporated

herein by reference.

[0030] More details on OLEDs, and the definitions
described above, can be found in U.S. Pat. No. 7,279,704,

which 1s incorporated herein by reference in 1ts entirety.

[0031] Generally, an OLED may include at least one
organic layer disposed between and electrically connected to
an anode and a cathode. When a current 1s applied, the anode
may inject holes and the cathode injects electrons into the
organic layer(s). The injected holes and electrons each
migrate toward the oppositely charged electrode. When an
electron and hole localize on the same molecule, an “exciton,”
which 1s a localized electron-hole pair having an excited
energy state, may be formed. Light may be emitted when the
exciton relaxes via a photoemissive mechanism. In some
cases, the exciton may be localized on an excimer or an
exciplex. Non-radiative mechanisms, such as thermal relax-

ation, may also occur, but are generally considered undesir-
able.

[0032] Imitially, OLEDs employed emissive molecules that
emitted light from their singlet states (“fluorescence™). See,
e.g., U.S. Pat. No. 4,769,292, which 1s incorporated by refer-
ence 1n 1ts entirety. Fluorescent emission generally occurs 1n
a time frame of less than about 10 nanoseconds. More
recently, however, OLEDs having emissive materials that
emit light from triplet states (“phosphorescence’) have been
demonstrated. See Baldo et ar., “Highly Efficient Phospho-
rescent Emission from Organic Electroluminescent Devices,”
NatUurg, vol. 395, 151-134, 1998; (*Baldo-I"") and Baldo et
AL., “Very high-efficiency green organic light-emitting
devices based on electrophosphorescence,” AppL. PHYs. LETT.,
vol. 75, No. 3, 4-6 (1999) (*Baldo-II""), which are incorpo-
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rated by reference in their entireties. Phosphorescence 1s
described 1n more detail in U.S. Pat. No. 7,279,704 at cols.
5-6, which are incorporated by reference.

[0033] FIG. 1, which 1llustrates an embodiment, 1s a sche-
matic showing an organic light emitting device 100. Device
100 may include a substrate 110, an anode 115, a hole 1injec-
tion layer 120, a hole transport layer 125, an electron blocking,
layer 130, an emissive layer 135, a hole blocking layer 140, an
clectron transport layer 145, an electron injection layer 150, a
protective layer 155, and a cathode 160. Cathode 160 may be
a compound cathode having a first conductive layer 162 and
a second conductive layer 164. Device 100 may be fabricated
by depositing the layers described, 1n order. The properties
and functions of these various layers, as well as example
materials, are described in more detail 1n U.S. Pat. No. 7,279,
704 at cols. 6-10, which are incorporated by reference.

[0034] More examples for each of these layers are avail-
able. For example, a flexible and transparent substrate-anode
combination 1s disclosed 1n U.S. Pat. No. 5,844,363, which 1s
incorporated by reference in 1ts entirety. An example of a
p-doped hole transport layer 1s m-MTDATA doped with
F,TCNQ at a molar ratio of about 50:1, as disclosed 1n U.S.
Patent Application Publication No. 2003/0230980, which 1s
incorporated by reference 1n 1ts entirety. Examples of emis-
sive and host materials are disclosed 1n U.S. Pat. No. 6,303,
238, which 1s incorporated by reference 1n 1ts entirety. An
example of an n-doped electron transport layer 1s BPhen
doped with L1 at a molar ratio of about 1:1, as disclosed 1n
U.S. Patent Application Publication No. 2003/0230980,
which 1s incorporated by reference in 1ts entirety. U.S. Pat.
Nos. 5,703,436 and 5,707,745, which are incorporated by
reference 1n their entireties, disclose examples of cathodes
including compound cathodes having a thin layer of metal
such as Mg:Ag with an overlying transparent, electrically-
conductive, sputter-deposited ITO layer. The theory and use
of blocking layers 1s described 1n more detail in U.S. Pat. No.
6,097,147 and U.S. Patent Application Publication No.
20030230980, which are incorporated by reference in their
entireties. Examples of mjection layers are provided i U.S.
Patent Application Publication No. 20040174116, which 1s
incorporated by reference 1n 1ts entirety. A description of
protective layers may be found in U.S. Patent Application
Publication No. 20040174116, which 1s incorporated by ret-

erence 1n 1ts entirety.

[0035] FIG. 2, which illustrates another embodiment,
shows an mverted OLED 200. The device may include a
substrate 210, a cathode 215, an emissive layer 220, a hole
transport layer 225, and an anode 230. Device 200 may be
tabricated by depositing the layers described, 1n order. Since
the most common OLED configuration has a cathode dis-
posed over the anode, and device 200 has cathode 215 dis-
posed under anode 230, device 200 may be referred to as an
“mmverted” OLED. Materials similar to those described with
respect to device 100 may be used 1n the corresponding layers
of device 200. FIG. 2 provides one example of how some
layers may be omitted from the structure of device 100. The
simple layered structure illustrated 1n FIGS. 1 and 2 1s pro-
vided by way of non-limiting example, and it 1s understood
that embodiments of the invention may be used in connection
with a wide variety of other structures. The specific materials
and structures described are exemplary 1n nature, and other
materials and structures may be used. Functional OLEDs may
be achieved by combining the various layers described in
different ways, or layers may be omitted entirely, based on
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design, performance, and cost factors. Other layers not spe-
cifically described may also be included. Materials other than
those specifically described may be used. Although many of
the examples provided herein describe various layers as com-
prising a single material, 1t 1s understood that combinations of
materials, such as a mixture of host and dopant, or more
generally a mixture, may be used. Also, the layers may have
various sublayers. The names given to the various layers
herein are not intended to be strictly limiting. For example, in
device 200, hole transport layer 225 transports holes and
injects holes ito emissive layer 220, and may be described as
a hole transport layer or a hole injection layer. In one embodi-
ment, an OLED may be described as having an “organic
layer” disposed between a cathode and an anode. This organic
layer may comprise a single layer, or may further comprise
multiple layers of different organic materials as described, for
example, with respect to FIGS. 1 and 2.

[0036] In further embodiments, structures and materials
not specifically described herein may also be used, such as
OLEDs comprised of polymeric materials (PLEDs) such as
disclosed i U.S. Pat. No. 5,247,190, which 1s imncorporated
by reference in its entirety. By way of further example,
OLEDs having a single organic layer may be used. OLEDs
may be stacked, for example as described 1n U.S. Pat. No.
5,707,745, which 1s incorporated by reference 1n 1ts entirety.
The OLED structure may deviate from the simple layered
structure 1llustrated in FIGS. 1 and 2. For example, the sub-
strate may include an angled reflective surface to improve
out-coupling, such as a mesa structure as described 1n U.S.
Pat. No. 6,091,195, and/or a pit structure as described in U.S.

Pat. No. 5,834,893, which are incorporated by reference 1n
their entireties.

[0037] Unless otherwise specified, any of the layers of the
various embodiments may be deposited by any suitable
method. For the organic layers, particular methods include
thermal evaporation, ink-jet, such as described in U.S. Pat.
Nos. 6,013,982 and 6,087,196, which are incorporated by
reference 1n their entireties, organic vapor phase deposition
(OVPD), such as described in U.S. Pat. No. 6,337,102, which
1s incorporated by reference 1n 1ts entirety, and deposition by
organic vapor jet printing (OVIP), such as described 1n U.S.
patent application Ser. No. 10/233,4770, which 1s incorporated
by reference 1n 1ts entirety. Other suitable deposition methods
include spin coating and other solution based processes. Solu-
tion based processes may be carried out in nitrogen or an inert
atmosphere. For the other layers, particular methods include
thermal evaporation. Specific patterning methods include
deposition through a mask, cold welding such as described 1n
U.S. Pat. Nos. 6,294,398 and 6,468,819, which are incorpo-
rated by reference 1n their entireties, and patterning associ-
ated with some of the deposition methods such as ink-jet and
OV ID. Other methods, however, may also be used.

[0038] The maternials to be deposited may be modified to
make them compatible with a particular deposition method.
For example, substituents such as alkyl and aryl groups,
branched or unbranched, and preferably containing at least
about 3 carbons, may be used 1n small molecules to enhance
their ability to undergo solution processing. Substituents hav-
ing about 20 carbons or more may be used, and specifically in
arange of about 3 to about 20 carbons may be used. Materials
with asymmetric structures may have better solution proces-
sibility than those having symmetric structures, because
asymmetric materials may have a lower tendency to recrys-
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tallize. Dendrimer substituents may be used to enhance the
ability of small molecules to undergo solution processing.

[0039] Devices fabricated in accordance with embodi-
ments of the invention may be incorporated mto a wide vari-
ety of consumer products, including flat panel displays, com-
puter monitors, televisions, billboards, lights for interior or
exterior 1llumination and/or signaling, heads up displays,
tully transparent displays, flexible displays, laser printers,
telephones, cell phones, personal digital assistants (PDAs),
laptop computers, digital cameras, camcorders, viewfinders,
micro-displays, vehicles, a large area wall, theater or stadium
screen, or a sign. Various control mechanisms may be used to
control devices fabricated 1n accordance with the present
invention, icluding passive matrix and active matrix. Many
of the devices are intended for use 1n a temperature range

comiortable to humans, such as a temperature 1n a range of

about 18° C. to about 30° C., and more particularly at room
temperature (about 20° C. to about 25° C.).

[0040] The materials and structures described herein may
have applications 1in devices other than OLEDs. For example,
other optoelectronic devices such as organic solar cells and
organic photodetectors may employ the materials and struc-
tures. More generally, organic devices, such as organic tran-
sistors, may employ the materials and structures.

[0041] Attaining long blue device lifetimes with phospho-
rescent emitters has been a long-standing problem in OLED
device research. Suitable solutions to this problem would be
usetul for eflicient, long-lived display devices as well as new
white lighting applications. Notwithstanding many claims to
improved lifetime matenals and devices, device half-lives

greater than about 2000 h starting from an 1mitial luminance of

about 500 nits have not been previously reported for phos-
phorescent blue devices with CIE color coordinates of X<0.
17, Y<0.27. Accordingly, some aspects of the mvention are
generally directed to novel combination of materials and/or
device architectures, resulting in device half-lives greater

than about 10,000 h at CIE coordinates 0.16, 0.26.

[0042] The modeling described herein provides a good
match with experimental data. The model 1s based on bimo-
lecular processes, such as exciton-exciton and exciton-po-
laron interaction, as a failure mechanism that create non-
emissive reaction products. The model shows that
undesirable exciton-polaron interaction are a strong function
of both exciton energy and exciton lifetime. At higher ener-
gies and higher lifetimes, more undesirable interactions
occur. Thus, blue emitters are the most problematic in the
visible spectrum. One solution 1s to provide a blue emuitter
having a low radiative lifetime, 1.¢., a high radiative rate. As
used herein, the “radiative lifetime” of a molecule 1s a mate-
rial property that 1s a measure of the lifetime of an exciton on
the molecule 1n the absence of any factors that might cause a
non-radiative decay. The lifetime of an exciton 1n an actual
device may be shorter than the radiative lifetime due to a
variety of factors. Based on the modeling, the use of a blue
phosphorescent emitter having a radiative lifetime less than 1
microsecond, corresponding to a radiative rate of 10° per
second, would lead to long-lived devices. Green and red
devices can be long-lived with longer radiative lifetimes than

blue, because the energy of the excitons 1s lower 1n the green
and red devices.

[0043] Incorporating carbazole groups in place of phenyl
may lower the lifetime of green emitting phosphorescent
materials, without significantly altering color. This has been
demonstrated for the following green emitting compounds:
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_ . Compound 1
§ ¢
[\
\/N /N\
‘ I Ir{acac)
B X 7,
T, = 2.5 usec
B _ Compound 2
</\ /\>
N\/N\\
Ir(acac)
=
g
N
Et/ e —
T, = 0.35 usec
[0044] See, Huang et. al, Highly Phosphorescent Bis-Cy-

clometalated Ividium Complexes Containing Bercolmida-
zole-Based Ligands, Chem. Mater. 2004, 16, 2480-2488.

Specifically, the structures of Compounds 1 and 2 above are
described 1n Huang at Chart 1, and the radiative lifetimes are

provided 1n Table 1.

Ir(ppy)3
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-continued

Compound 3

fac-[ [r( X-Cz-py)s]
X=H(I)
X=F(2)

[0045] See, Wong et. al, Multifunctional Iridium Com-
plexes Based on Carbazole Modules as Highly Efficient Elec-
trophosphors, Angewwandte Chemie International Ed. 2006,
45, 7800-7803. Specifically, Wong at page 2 shows a triplet
radiative lifetime Compound 3 above of 1.07 microseconds,
and indicates that the triplet radiative lifetime of Compound 3
1s shorter than that of Ir(ppy),.

[0046] Applying a similar change to a blue emitter 1s
expected to result 1n a stmilar decrease 1n radiative lifetime
without significantly shifting color. Thus, blue phosphores-
cent emitters having short radiative lifetimes may be achieved
by incorporating carbazoles into the imidazole containing
blue dopants that are currently the best candidates for blue,
1.€., by replacing phenyl-imidazolyl ligand with carbazolyl-
imidazole ligands. Examples of such molecules include the
following structures, possibly with ligands in addition to
those 1llustrated:

R, R, R; R,
Ar—N /N\ Ar—N /N\
R M M
|
B of
S N*""ﬂ\/

R
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M M
B B
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a Vd /N\
M

N
\/

[0047] where R,-R, are independently selected from the
group consisting of H, aryl and alkyl, where the aryl and alkyl
may be further substituted, and where Ar is an aryl thatmay be
turther substituted. M 1s a metal having an atomic weight
greater than 40. Preferably, M 1s iridium. As illustrated, the
molecules show a single bidentate ligand coordinated to the
metal M. Preferred molecules include any of the ligands
illustrated coordinated to a metal. Where M has additional
coordination sites, additional ligands may be coordinated to
the metal. In a preferred group of molecules, M 1s iridium,
which has 6 coordination sites (suificient for 3 bidentate
ligands), and all three ligands are the same.

[0048] Inone aspect, the following ligands are coordinated
to ametal to form a phosphorescent emissive molecule, which
1s 1ncorporated 1nto the emissive layer of an OLED:

R; R R R

= =

Ar—N N Ar—N N
VRN

2\
R3
N
(J X
(> :
R
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[0049] R,-R, are independently selected from the group
consisting ol H, aryl and alkyl, where the aryl and alkyl may
be turther substituted, and where Ar 1s an aryl that may be
turther substituted. The ligands may be coordinated to ametal
M having an atomic weight greater than 40. Preferably, M 1s
iridium. A molecule may include a plurality of the same
ligand from the group above coordinated to a metal. For
example, three 1dentical ligands may be coordinated to an
iridium atom. Different ligands may also be coordinated to
the metal, so long as at least one of the ligands 1s selected from
the group above.

[0050] It1s also expected that ngid molecules have shorter
lifetimes. The rigidity prevent the structure form “relaxing” 1n
the excited state.

[0051] The model also shows that undesirable bimolecular
interactions are also a function of exciton concentration.
Reducing exciton concentration can therefore lead to longer
lived devices. Exciton concentration can be reduced by
spreading out the recombination zone. Such spreading can be
achieved by several methods, including balancing the flow of
charge carriers into the recombination zone, graded dopant
concentrations, and using an emissive region including mul-
tiple slabs of material doped with emitter alternating with
undoped regions.

[0052] Undesirable bimolecular interactions are also a
function of the distance between an exciton on an emitter
molecule, and any excitons or polarons on adjacent mol-
ecules. At larger distances, the rate of interaction between
excitons and/or polarons 1s decreased. Introducing steric,
bulky spacer groups onto the emitter molecule peripheries
increases the distance between the exciton, localized on the
emitter molecule 1nside the bulky spacer exterior, and exci-
tons or polarons on surrounding molecules. Preferably, the
added steric bulk does not affect emitter ground or excited
states. Preferably, the size of a spacer group added to an
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emissive molecule 1s at least 10 angstroms, preferably 15
angstroms, and more preferably 20 angstroms. Spacer groups
too large, above 50 angstroms, may have undesirable adverse
elfects on the conductivity of the emissive layer. It1s desirable
to design such spacer groups to minimize overlaps between
the p1 orbitals of the host and dopant. Aryl groups, alkanes,
pyridines, azoles, and similar substituents are desirable. Den-
drimers and alkane chains are also desirable. The use of such
spacer groups 1s particularly desirable for phosphorescent
emissive dopants having a peak emissive wavelength less
than 500 nm.

[0053] The rate of undesirable bimolecular interactions 1s
dependent on the concentration of excitons and polarons.
Reducing these concentrations 1s one way to increase device
lifetime. One way to reduce exciton concentration 1s to delib-
erately provide quenchers in the device, particularly in the
emissive layer. Such quenchers could be designed 1n such a
way that the quenching does not cause damage to the device.
Such an approach may trade elliciency for lifetime, because
some of the deliberately quenched excitons may have other-
wise caused light emission.

Experimental and Modeling

[0054] According to one embodiment, the fundamental
mechanisms leading to degradation during long term opera-
tion of a typical, blue electrophosphorescent OLED are pro-
vided. The trends 1n electrophosphorescence decay, voltage
rise, and emissive layer photoluminescence quenching asso-
ciated with electrical aging may be best fit to a model (infra)
based on the assumption that defect sites generated during
operation act as exciton quenchers, deep charge traps, and
nonradiative recombination centers. Defect generation due to
exciton polaron annihilation interactions between the dopant
and host molecules may lead to model predictions 1n good
agreement with the data. Moreover, a link between guest
exciton energy and the annihilation induced defect formation
rate may be suggested, with increasing guest emission energy
leading to increased detfect formation rates. Accordingly, the
model may provide that the operational lifetime of blue
OLEDs may be less than green and red due to the higher
energy excitations of the former system. Finally, defect den-
sities of about 10"® cm™ may result in greater than about 50%
degradation from 1nitial luminance.

[0055] Dependingon their energy levels, defects may act as
luminescent quenchers, non-radiative recombination centers,
and deep charge traps. Luminance loss may result from the
first two, while voltage rise, which has been linked to the
presence ol fixed space charge 1n the emissive region, may
result from filling of the deep traps. This 1s depicted schemati-
cally 1n FIG. 9 for a single, discrete, deep defect state at
energy, E , that lies between the highest occupied (HOMO)
and lowest unoccupied molecular orbitals (LUMO) of the
host. The energetics of the phosphorescent guest are also
shown 1n FIG. 3. Thus, both defect and guest form discrete,
deep hole traps that allow for direct exciton formation,
although recombination 1s only radiative on the guest. Lumi-
nescence quenching by defects may occur 1f there exists an
allowed transition resonant with that of the guest or host that
enables Forster or Dexter energy transier to occur.

[0056] Delects may be assumed to act only as hole traps,
with E_ representing the detect HOMO. In general, however,
defects may have both their HOMO and LUMO, or a singly
occupied molecular orbital within the host band gap, creating
both electron and hole traps. In addition, the defect state itself
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may not lead directly to a quenching transition, but when
occupied with a trapped charge, the resulting polaron might
become a quenching center. The model presented below 1s
general, however, and although 1t has been derived for the
specific case shown 1n FIG. 3, it nevertheless remains appli-
cable to these alternative scenarios, as discussed below.

[0057] According to one embodiment, a single recombina-
tion zone that may decay exponentially from one edge of the
emissive layer (EML) with characteristic length d,__, 1s
depicted 1n FIG. 3. High efficiency electrophosphorescent
OLEDs may have a charge balance factor near unity, hence 1t
1s assumed that equal numbers of electrons and holes enter the
recombination zone. Excitons formed on the host may then
rapidly transferred and localized on the phosphorescent
guests as a result of their high doping concentration and host
triplet energy. As a result, exciton diffusion out of the recom-
bination zone may be negligible.

[0058] These considerations lead to rate equations for hole
(p), electron (n), and exciton (N) densities 1n the recombina-
tion zone as follows:

dpx,t, 1) J (—(x—xl)) [1]
= cX —

e P
d1 qdrfﬂ(l B E:Kp( (X; xl))) Arec
'}’H(X, I, f;)P(X, I, [}) — UV [fD(EI‘)]Q(-xa IJ)P(-xa I, IJ)
dn(x, 1, 1) J (—(x —xl)) [2]
= — — CXpP —
dt Q’drﬁ.ﬂ(l B E}ip( (X; xl))) rec
'J"H(X, I, I;)P(X, , f’) _YZ[I _ fD(EI)]Q(-xa Ij)n(-xa , I;)
3
ﬁﬂN(;}n I!) — ?’n(-xa I, I’)p(_x, I, Ij) — (% — KQRQ(X, ff)]N(X, I, I!) [ ]
[0059] The clectron, hole, and exciton densities may

depend on the time scale of 1s transport and energy level
transitions, t (short), as well as on that of degradation, t'
(long), due to formation of defects of density Q(x,t'). The
clectron and hole densities may be functions of the current
density, J, the elementary charge g, and the device dimensions
shown 1n FIG. 3. Excitons may be formed at the Langevin
rate, y=q(u,,+1,)/(ES,), and decay with natural lifetime, .
The hole and electron mobilities 1n the doped emissive layer
are u, and u,, respectively, the relative dielectric constant of
the emissive layer 1s ©=3, and & 1s the permittivity of free
space.

[0060] InEquation (1), holeswiththermal velocity, v, ~107
cm/s, trap at defect sites of energy, E_, and cross section, O.
The Fermi factor, ,,(E,)=[exp (E,~E .. )+1]~", gives the prob-
ability that the hole trap 1s empty, where E, 1s the hole quasi-
Fermi energy. Flectrons 1n Equation (2) non-radiatively may
recombine at a rate proportional to the trapped hole density,
Q(x,tH[1-1,5(E )], and the reduced Langevin coellicient, v,=q
(1, )/ (E€,), since trapped holes are assumed to be immobile.
Quenching of excitons by defects 1s described by the bimo-
lecular rate coeflicient, K 5., in Equation (3). Note that only
the constant prefactors change 1t defects trap electrons, or
both carrier types, instead of only holes, as considered above.

Apr. 2, 2015

[0061] The defect generation mechanism has four possible
routes:
(Kxn(x, 1) Kxp(x, 1) 4a
dox, ) | KxNx, 1) 4b.
dr - KXNZ(X,.I!) 4C
KxNix, Onx, 1), KyNx, 1)p(x, 1) Ad,
[0062] where the rate constant, K, 1s consistent in dimen-

sion with the order of the reaction. In Equation (4a), the
presence of an electron or hole (1.e. a polaron) leads to
molecular degradation, while 1n Equation (4b) excitons are
responsible. Defect formation 1s a product of exciton-exciton
annihilation in Equation (4¢), and of exciton-polaron (hole or
clectron) annihilation in Equation (4d).

[0063] On the short time scale, t, Equations (1)-(3) are at
steady state and may be solved to yield an expression for N (X,
t'). The resulting, coupled differential equations containing
N(x,t") and Q(x,t') may then solved numerically. Thus, the
normalized OLED luminescence as a function of time 1s:

A2
N(x, 1)

E .-:Jr?nf — . ’
bumtl) = ey

and the defect formation rate per exciton, averaged over the
recombination zone 1s:

1 ™ 1 dox, 1) 6]
Fx(ﬂ)=dr€ﬂ~£l N(_xj f) ﬂﬂf fﬁlx.

[0064] Here, the integration limits, X, and X, are defined 1n
FIG. 3. The density of trapped charge increases with defect
density following: p AX,t1")=qQ(x,1")[1-1,(E,)]. Assuming that
the growth of p, 1s offset by an equal density of opposing
charge at the cathode, and that the free charge distributions
under steady-state operation are not perturbed, then the volt-
age rise 1s given by:

AV(tY=] 3xp 7(x, 1) dx. 7]

[0065] The emissive layer photoluminescence (PL) tran-
sient will also be affected by defects. From Equation (3) at
time, t', the PL intensity normalized to that at t=0 1s:

X2 | 3]
f Ig(x)exp[—(; + KprQ(x, t’)]r]
PLoorm(D) |y = — -
le fo(x)
[0066] Here, I,(x) 1s the intensity profile of the excitation

pulse 1n the device emissive layer calculated by the transier
matrix method for the specific device structure, incident exci-
tation angle, wavelength, and polarization considered.

EXAMPLES
Specific Example 1

[0067] Indium-tin-oxide (ITO) coated glass was cleaned
with solvents and patterned into 2 mm? anode contact areas
using standard photolithography techniques prior to organic
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film deposition. The ITO was oxygen plasma cleaned,
exposed to UV-ozone treatment, and then loaded into a
vacuum chamber with a base pressure of about 10~" Torr. The
device structure was as follows FIG. 4: a 10 nm thick hole
injection layer 410, a 30 nm thick layer of the hole transport-
ng, 4.4'-b1s[N-(1-naphthyl)-N-phenyl-amino]-biphenyl
(NPD) 412, a 30 nm thick emissive layer 414 including
mCBP doped with about 9 wt % of the blue phosphor fac-tris
[3-(2,6-dimethylphenyl)-7-methylimidazo[ 1,2-1]phenan-
thridine] Indium(III), and a 5 nm thick layer of mCBP 416 for
exciton confinement within the EML. FElectrons were injected
into the EML through about a 40 nm thick layer of tris-(8-
hydroxyquinoline) aluminum 418, capped by a cathode 420
including of about a 0.8 nm thick layer of LiF and about a 100
nm thick Al film. Following deposition, the OLEDs were
transierred directly from vacuum into an oxygen and mois-
ture-free N, glove box, and were subsequently encapsulated
using a UV-curable epoxy, and a glass lid containing a mois-
ture getter.

[0068] External quantum (EQE) and power eificiencies
were calculated from the spectral intensity measured normal
to the substrate using a SpectraScan PR705. The current and
voltage measurements were obtained using a Keithley 236
source measurement unit. Operational lifetime measure-
ments were performed at room temperature, and devices were
aged at various constant currents while monitoring their
operational voltage and light output. Photoluminescence
transients were obtained periodically during electrical aging
using a time-correlated single photon counting system from
Horiba Jobin Yvon, with a wavelength of about A=335 nm,
pulsed excitation source incident at about 45° from normal,
Photoluminescence from the emissive layer was obtained at a
wavelength of about A=470 nm to prevent collection of fluo-
rescence from the transport layers.

[0069] The current density-voltage (J-V) characteristics
and EQE for the OLEDs were plotted in FIGS. 4A and 48,
respectively. The device showed a peak forward viewing
EQE=(11.0+0.2) %. The emission spectrum at J=10 mA/cm”,
with a peak at A=464 nm, was due to the dopant and remained
the same at all current densities, indicating that the recombi-
nation zone remained within the EML. The recombination
was highest at the EML interface adjacent to the thin mCBP
blocking layer 416. This conclusion was supported by the
lack of NPD emission, and the fact that removal of the mCBP
blocking layer resulted 1n significant Ala emission.

[0070] FIG. 5A provided the normalized electrophospho-
rescence versus time for four different drive current densities:
about 6.9, about 15.1, about 24.3 and about 34.4 mA/cm~
corresponding to itial (t'=0) luminances of L,=about 1000,
about 2000, about 3000, and about 4000 cd/m”, respectively.
The operational lifetime, L'T,,, corresponded to the time
required for the luminance to degrade to 0.8L_. The rate of
luminance loss increased as monotonically with I; here life-
times decreased from about 110 hrs at about 6.9 mA/cm?, to
about 9 hrs at about 34.4 mA/cm”. The solid lines in FIG. 5A
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were derived from the model under the assumption that exci-
ton localization on a dopant or host molecule led to defect
formation (Equation 4b). The same experimental data were
reproduced in FIGS. 3B and 3C to compare the model pre-
dictions for exciton-exciton annihilation (Equation 4¢) and
exciton-polaron (electron) anmhilation (Equation 4d) defect
formation processes, respectively.

[0071] The voltage rise corresponding to the luminance
loss was plotted 1n each of FIGS. 6 A-6C for comparison with
cach different modeling scenario. The solid lines of FIGS.
6A-6C were calculated using the same exciton localization,

exciton-exciton, and exciton-polaron degradation models as
in FIGS. SA-5C.

[0072] FIGS. 7A-7C showed PL transients obtained from
an as-grown device, a device degraded to a luminance at time
t' of L(tN=0.59 L _(L,=1000 cd/m?), and one degraded to
L(tY=0.16 L_ (L,=3000 cd/m?). The predictions from each
model were shown by solid lines 1 FIG. 7A (exciton local-
ization), F1G. 7B (exciton-exciton annihilation), and FIG. 7C
(exciton-polaron annthilation). The as-grown device exhib-
ited a natural decay lifetime of T=(1.10+0.08) us, while the
degraded device transients became increasingly nonlinear,
indicative of the existence of quenching. Fluorescence from
NPD overlapping the A=470 nm detection wavelength was
responsible for the sharp decrease 1n intensity near t=0. The
transients were normalized at the onset of phosphorescence,
alter the fluorescence had decayed to anegligible level (1.¢., at
about t=0.2 us).

[0073] Configurational diagrams of the defect generation
mechanisms proposed in Equation (4), were shown 1n FIG. 8.
FIG. 8A shows the exciton localization pathway, where a
direct or pre-dissociative potential, R, crossed the exciton
energy surface. In FIG. 8B, annihilation of two singlet (S,) or
triplet (T, ) excitons yielded, a ground state (S, ), and an upper
excited state (S* or T* ), which were dissociated via a direct
or pre-dissociative reaction (route 1) along R to yield radical
fragments that resulted in defect states. Dissociation also
occurred via the hot-molecule mechanism (route 2) 1if the
upper excited state relaxed vibronically to create a hot first
excited state. Similarly, FIG. 8C showed annihilation of an
exciton (S, or T,) and a polaron (D, ) to create a ground state
(Sy) and an excited polaron (D* ), which dissociated along,
route 1 or 2, analogous to the previous case above.

[0074] To determine which of these processes were most
active, the data1n FIGS. 5-7 to the model discussed above. For
cach degradation model, a single set of parameters was used
to fit the luminance, voltage, and FLL data. The calculated
luminance degradation slope following the ‘knee’ (1.e., onset
of downward slope) of each curve (FIG. 5) depended prima-
r1ly on the degradation mode assumed, while only slightly on
the choice of parameter values, which determined the posi-
tion of the ‘knee’ in time, t'. Each set ol parameters 1s provided

in Table 1, below.

TABL

1

(Ll

Model Parameter Values

Variable

Parameter Exciton Ex-Ex Fx-Pol
drer: (I]Hl) 12, 9, 7, 5, +5 10 £ 3 R + 7
Kpg(en's ™) @=3)x102  @=3)x102 (S23)x107"
K,(s torem’s™")  (6+£3)x107° (1.7+£09)x 107 (7 £2)x 107
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TABLE 1-continued

Model Parameter Values

Parameter Exciton Ex-Ex Ex-Pol

o (cm?) 2 x 107 3x 107 10~/

E, - Ep, (eV) 0.21 = 0.05 0.15 + 0.04 0.17 + 0.03
Fixed, J (mA/em?) 6.85 (L, = 1000 cd/m?), 15.12 (Ly = 2000 ed/m?)
Common 24.26 (Lg = 3000 cd/m?), 34.36 (Ly = 4000 cd/m?)

T (Us) 1.10 £ 0.08

L, (em?V~1s™ 2% 1077

w, (ecm*V-is™? 8 x 107°

T (K) 295

X, (nm) 40

X, (nm) 70

X3 (nm) 115
[0075] The exciton-polaron model provided the best fit to [0080] The effects of exciton-polaron annihilation on

the data, as discussed below. Electron and hole mobilities
representative of those found for a stmilar CBP based host-
guest combination were kept constant in all fits. In FIG. 5C,
the model deviated slightly in advanced stages of degradation
(L(1")<0.4L ), where the data showed lower luminance than
predicted. This may result from a change in charge balance
due to the voltage rise FIG. 6. This resulted 1n higher polaron
densities, and thus to an increased rate of degradation, pro-
viding a positive feedback not considered 1n the model.

[0076] Accordingly, each degradation mechanism was
marked by its own, distinct, functional dependence. This was
evident from approximate solution of Equations (1)-(3) in the
limit that Q(x,t") is large (=10'” cm™). Use of Equation (4)
yielded a polynomial of different order 1n Q(x,t') for each
degradation mechanism: quadratic for single polaron local-
ization (Equation g4a))j 47 order for exciton localization
(Equation (4b)), 7" order for exciton-exciton annihilation
(Equation 4(c)), and 57 order for exciton-polaron annihila-
tion (Equation 4(d)). The distinguishing feature of each deg-
radation mode was thus the order of the polynomial used to fit
the data, which led to the parameter-independent functional

difterences 1n the fits of FIG. §.

[0077] The parameters in Table 1 were consistent with
expectations for this guest-host materials combination. For
example, the values suggested that defect hole traps are nearly
tull, lving at about 0.1 €V above the hole quasi-Fermi level.
Characteristic recombination lengths were all consistent with
literature reported values of in the range of about 8 nm to
about 12 nm. Also, the defect exciton quenching rate,
K, x~4x10""* cm’s™", was similar to that reported for other
bimolecular quenching reactions 1n OLEDs. Low capture
cross-sections of about 0=10"" ¢cm™ resulted from localiza-
tion of large effective mass holes that were characteristic of
organic molecules.

[0078] The relative contributions to luminance loss from
defect exciton quenching and non-radiative recombination
were estimated to be about 70% and about 30% respectively.
The existence of quenching was confirmed by the PL data of
FI1G. 7, and non-radiative recombination 1s inferred from the
presence ol charged defects that led to the observed voltage
rise.

[0079] The average defect density, Q ,,--(th=1/d,__JQ (x,t")
dx, was calculated using the exciton-polaron model, 1s shown
in 9A. The increase 1n defect density was linear for t<<10 hrs,
and rolls off at longer times. From FIG. 5C and FIG. 9A, 1t
was inferred that a defect density of about 10*® cm™, or about
0.1% of the molecular density leads to greater than about 50%
loss 1 luminescence. The rates of defect formation, F{t'),
corresponding to the densities 1n FIG. 9A, were plotted 1n

FIG. 9B. At about 1000 cd/m?, F ,=0.04, or about 1 defect per
about 25 excitons was formed every hour.

device lifetime may be reduced by increasing d . and
decreasing K .., as shown 1n FIGS. 9A and 9B, respectively.
These results were calculated for a device with L, =1000
cd/m”, maintaining all other parameters at the values in Table
1. The device lifetime more than doubled when recombina-
tion was uniform across the EML (d __—c0), as compared to
d,. =8 nm found for the devices studied here. Further, for
d, _>30 nm, there was little improvement in L'T,,. Since the
voltage of an OLED was strongly dependent on layer thick-
ness, about 30 nm was thus considered a nominal upper limit
to the EML thickness 1n practical, efficient OLEDs. Also, in
FIG. 15B, a 6-fold increase of L'l ,, was calculated as K ,-was
reduced from about 7x107** cm™s™!, to about 1x107=*

cm st

[0081] As indicated in FIG. 8C, it was the excess energy
gained by the polaron that drove the exciton-polaron degra-
dation mechanism. It enabled direct and pre-dissociation
reactions (route 1) 1f the repulsive potential, R, existed. How-
ever, due to the typically fast (ps) rates of vibronic relaxation
from upper excited states, the hot-molecule mechanism
(route 2) was perhaps even more important. In this case,
vibrational dissipation of the excess electronic energy (about
2.7 eV) led to cleavage of low energy molecular bonds.

[0082] Guest triplet excitons and host polarons were likely
to be the dominant participants in the exciton-polaron defect
formation reactions. The guest exciton density was much
higher than the density on the host, since lifetimes on the host
were short (less than about 1ns) due to rapid energy transier to
the guests, where they exist as triplets for about 1 us. Since
both Forster and exchange exciton-polaron annihilation
mechanisms were strongly distance dependent, the physical
separation ol guests discouraged guest-guest annihilations.
Accordingly, it was 1nferred that energy exchanged by anni-
hilation of the guest triplet exciton to the host polaron resulted
in a dissociative process of the host molecule 1tself. The
fragments were 1n close proximity to the guest molecule and
thus quenched any subsequent triplets on that molecule, ren-
dering 1t a permanent non-radiative center. Furthermore, as
noted above, the fragmented molecule also acted as a deep
trapping center, resulting 1n the observed operating voltage
rise.

[0083] It 1s apparent that the efficiency of hot-molecule
dissociation may increase with the amount of energy trans-
terred to the polaron. Since this energy was provided by the
guest, this suggested that the degradation rate (K, ) was a
function of the guest exciton energy. In this case, red phos-
phorescent OLEDs would show the longest lifetimes, fol-
lowed by green and then by blue devices. This has been
observed 1n all OLED reliability studies to date 1n both poly-
mer and small molecular weight systems, as well as for elec-
trofluorscent and electrophosphorescent guest-host materials
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combinations. For example, the longest reliability observed -continued
2
differences between the device structures and test conditions Ar—N
used 1n each of these studies, the lifetime scaling was clearly
/

in the red, green and blue Ir-based small molecule electro- R R,
N
N7\
apparent and was consistent with our energy-based model for M
9
Z
R;
Z
M

about 2x10” hrs, respectively. Although there were significant
ties in the EML as well as the strategic placement of energy

phosphorescent OLEDs were about 10° hrs, 5x10* hrs and

device degradation.

[0084] Strategies for minimizing exciton-polaron annihila-

tion 1involved lowering either K _or the densities of excitons R3._
and polarons. FIG. 10A shows the results of lowering both N
exciton and polaron densities by expanding the recombina-

tion zone. For example, control of electron and hole mobili-

/
barriers in the device may lead to a more uniform and distrib-

uted recombination zone. Finally, engineering host and guest

molecules to lower the annihilation probability may lead to

increased lifetime (FI1G. 10B) as well as improved efliciency

at high brightness. Due to the distance dependence of anni-

hilation processes, increasing the itermolecular separation R
through addition of steric bulk to guest and host molecules >—<
may lead to decreased K _and longer lifetimes, although this

may also reduce the device efficiency by impeding exciton or Ar _N\ N\ Al _N\/
charge transfer within the EML.

[0085] While the invention 1s described with respect to N N
particular examples and specific embodiments, 1t 1s under- ‘

stood that the present mvention 1s not limited to these > n >
examples and embodiments. For example, the phosphores- NS

cent materials may contain stereo and/or structural 1somers.

The mvention as claimed therefore includes variations from /
the particular examples and specific embodiments described R3
herein, as will be apparent to one of skill 1n the art.

N\

What 1s claimed 1s:
1. An organic light emitting device, comprising;:

an anode,

a cathode,

an emissive layer disposed between the anode and the
cathode, the emissive, layer further comprising a host
and a phosphorescent emissive dopant having a peak

\
/

emissive wavelength less than 500 nm, and a radiative X
phosphorescent lifetime less than 1 microsecond. . ‘
2. The device of claim 1, wherein the phosphorescent emis- R/ =
3

stve dopant includes a carbazole group.

3. The device of claim 2, wherein the phosphorescent emis-
stve dopant comprises a structure selected from the group

consisting of:
R> R R> R

_N —
M M
|
i N
a /N-"'""\/

R
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-continued where R, -R, are independently selected from the group
Ry R consisting of: H, aryl and alkyl, where the aryl and alkyl
may be further substituted,

Ar 1s an aryl that may be further substituted, and

M 1s a metal having an atomic weight greater than 40.

~NF

4. The device of claim 3, wherein M 1s 1ridium.

R
= 5. The device of claim 3, wherein additional ligands are
coordinated to the metal M.

6. The device of claim 4, wherein three 1dentical ligands are
coordinated to the metal M.

7. The device of claim 1, wherein the device has a graded
interface.

8. An organic light emitting device, comprising:

an anode,
a cathode,

an emissive layer disposed between the anode and the
cathode, the emissive layer further comprising:

an phosphorescent emissive dopant including a steric
bulky spacer group having a size of at least 10 ang-
stroms.

9. The device of claim 8, wherein the phosphorescent emis-
stve dopant has a peak emissive wavelength less than S00 nm.

10. The device of claim 8, wherein the steric bulky spacer
group 1s selected from the group consisting of dendrimers and
alkane chains.
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