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(57) ABSTRACT

An OLED device comprising, in sequence, an anode, a light-
emitting layer that comprises a phosphorescent light-emitting
organometallic compound, a hole-blocking layer, and a cath-
ode, and between the hole-blocking layer and the cathode, a
further layer containing a mixture of a first compound that is
a tetracene compound that has the lowest LUMO value of the
compounds in the layer, in an amount greater than or equal to
10% and less than 90% and a second compound that is a low
voltage electron transport material, exhibiting a higher
LUMO value than the first compound in an amount less than
or equal to 90% and more than 10%.
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PHOSPHORESCENT OLED WITH MIXED
ELECTRON TRANSPORT MATERIALS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This is a continuation of U.S. application Ser. No.
11/116,096, filed on Apr. 27,2005, by William J. Begley, et al,
the disclosure of which is incorporated by reference. Refer-
ence is made to commonly assigned U.S. Ser. Nos. 11/076,
821 and 11/077,218 filed on Mar. 10, 2005, by William J.
Begley, etal., entitled “Organic Light-Emitting Devices With
Mixed Electron Transport Materials” the disclosure of which
is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention relates to an organic light-emitting
diode (OLED) electroluminescent (EL) device having alight-
emitting layer including a phosphorescent light-emitting
material and a layer between the light-emitting layer and the
cathode containing a mixture of at least two compounds.

BACKGROUND OF THE INVENTION

[0003] While organic electroluminescent (EL) devices
have been known for over two decades, their performance
limitations have represented a barrier to many desirable appli-
cations. In simplest form, an organic EL device is comprised
ofananode forhole injection, a cathode for electron injection,
and an organic medium sandwiched between these electrodes
to support charge recombination that yields emission of light.
These devices are also commonly referred to as organic light-
emitting diodes, or OLEDs. Representative of earlier organic
EL devices are Gurnee et al. U.S. Pat. No. 3,172,862, issued
Mar. 9, 1965; Gurnee U.S. Pat, No. 3,173,050, issued Mar. 9,
1965; Dresner, “Double Injection Electroluminescence in
Anthracene”, RCA Review, 30, 322, (1969); and Dresner
U.S. Pat. No. 3,710,167, issued Jan. 9, 1973. The organic
layers in these devices, usually composed of a polycyclic
aromatic hydrocarbon, were very thick (much greater than 1
um). Consequently, operating voltages were very high, often
greater than 100V,

[0004] More recent organic EL devices include an organic
EL element consisting of extremely thin layers (e.g. <1.0 um)
between the anode and the cathode. Herein, the term “organic
EL element” encompasses the layers between the anode and
cathode. Reducing the thickness lowered the resistance of the
organic layers and has enabled devices that operate at much
lower voltage. In a basic two-layer ELL device structure,
described firstin U.S. Pat. No. 4,356,429, one organic layer of
the EL element adjacent to the anode is specifically chosen to
transport holes, and therefore is referred to as the hole-trans-
porting layer, and the other organic layer is specifically cho-
sen to transport electrons and is referred to as the electron-
transporting layer. Recombination of the injected holes and
electrons within the organic EL element results in efficient
electroluminescence.

[0005] There have also been proposed three-layer organic
EL devices that contain an organic light-emitting layer (LEL)
between the hole-transporting layer and electron-transport-
ing layer, such as that disclosed by C. Tang et al. (J. Applied
Physics, Vol. 65,3610 (1989)). The light-emitting layer com-
monly consists of a host material doped with a guest material,
otherwise known as a dopant. Still further, there has been
proposed in U.S. Pat. No. 4,769,292 a four-layer EL element
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comprising a hole injecting layer (HIL), a hole-transporting
layer (HTL), a light-emitting layer (LEL) and an electron-
transporting/injecting layer (ETL). These structures have
resulted in improved device efficiency.

[0006] Many emitting materials that have been described as
useful inan OLED device emit light from their excited singlet
state by fluorescence. The excited singlet state can be created
when excitons formed in an OLED device transfer their
energy to the singlet excited state of the dopant. However,
only 25% of the excitons created in an EL device are singlet
excitons. The remaining excitons are triplet, which cannot
readily transfer their energy to the dopant to produce the
singlet excited state of a dopant. This results in a large loss in
efficiency since 75% of the excitons are not used in the light
emission process.

[0007] Triplet excitons can transfer their energy to a dopant
if it has a triplet excited state that is low enough in energy. If
the triplet state of the dopant is emissive it can produce light
by phosphorescence. In many cases, singlet excitons can also
transfer their energy to the lowest singlet excited state of the
same dopant. The singlet excited state can often relax, by an
intersystem crossing process, to the emissive triplet excited
state. Thus, it is possible, by the proper choice of host and
dopant, to collect energy from both the singlet and triplet
excitons created in an OLED device and to produce a very
efficient phosphorescent emission. The term electrophospho-
rescence is sometimes used to denote electroluminescence
wherein the mechanism of luminescence is phosphorescence.

[0008] Another process by which excited states of a dopant
can be created is a sequential process in which a hole is
trapped by the dopant and subsequently recombines with an
electron, or an electron is trapped and subsequently recom-
bines with a hole, in either case producing an excited state of
the dopant directly. Singlet and triplet states, and fluores-
cence, phosphorescence, and intersystem crossing are dis-
cussed in J. G. Calvert and J. N. Pitts, Jr., Photochemistry
(Wiley, New York, 1966) and further discussed in publica-
tions by S. R. Forrest and coworkers such as M. A. Baldo, D.
F. O’Brien, M. E. Thompson, and S. R. Forrest, Phys. Rev. B,
60, 14422 (1999) and M. A. Baldo, S. R. Forrest, Phys. Rev. B,
62, 10956 (2000).

[0009] Emission from triplet states is generally very weak
for most organic compounds because the transition from the
triplet excited state to the singlet ground state is spin-forbid-
den. However, it is possible for compounds with states pos-
sessing a strong spin-orbit coupling interaction to emit
strongly from triplet excited states to the singlet ground state
(phosphorescence). For example, fac-tris(2-phenyl-pyridi-
nato-N,C*)Iridium(IIT) (Ir(ppy),) emits green light (K. A.
King, P. J. Spellane, and R. I. Watts, J. Am. Chem. Soc., 107,
1431 (1985); M. G. Colombo, T. C. Brunold, T. Reidener, H.
U. Giidel, M. Fortsch, and H.-B. Biirgi, Inorg. Chem., 33, 545
(1994)). Organic electroluminescent devices having high
efficiency have been demonstrated with Ir(ppy); as the phos-
phorescent material and 4,4'-N,N'-dicarbazole-biphenyl
(CBP) as the host (M. A. Baldo, S. Lamansky, P. E. Burrows,
M. E. Thompson, S. R. Forrest, Appl. Phys. Lett., 75, 4
(1999), T. Tsutsui, M.-J. Yang, M. Yahiro, K. Nakamura, T.
Watanabe, T. Tsuji, Y. Fukuda, T. Wakimoto, S. Miyaguchi,
Jpn. J. Appl. Phys., 38,1.1502 (1999)). Additional disclosures
of phosphorescent materials and organic electroluminescent
devices employing these materials are found in U.S. Pat. No.
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6,303,238 B1, WO 2000/57676, WO 2000/70655, WO 2001/
41512 A1, WO 2002/02714 A2, WO 2003/040256 A2, and
WO 2004/016711 Al.

[0010] Mixed hosts have been used to improve the effi-
ciency, voltage and operational stability of phosphorescent
OLED devices. H. Aziz et al. in U.S. Pat. No. 6,392,250 B1,
US 2003/0104242 A1 and US 2003/0134146 Al disclose
organic electroluminescent devices having an emissive layer
containing the phosphorescent 2,3,7,8,12,13,17,18-octa-
ethyl-21H,23H-porhine Platinum(IT) (PtOEP) dopant and an
about equal weight percent of both NPB and Alq (tris(8-
quinolinolato)aluminum (I11)) as host materials. R. Kwong et
al. in US 2002/0074935 Al also disclose devices with an
emissive layer containing the PtOEP or bis(benzothienyl-
pyridinato-NAC)Iridium(I1I) (acetylacetonate) as a dopant
and equal proportions of NPB and Alq as host materials. In
US 2004/0155238 a light-emitting layer of the OLED device
contains a wide band gap inert host matrix in combination
with acharge carrying material and a phosphorescent emitter.
The charge carrying compound can transport holes or elec-
trons, and it is selected so that charge carrying material and
phosphorescent emitter transport charges of opposite polar-
ity. However, in this case, blue OLED devices employing
these disclosed materials require use of substantial amounts
of the phosphorescent emitters and still do not solve the high
voltage problem.

[0011] M. Furugori et al. in US 2003/0141809 disclose
phosphorescent devices where a host material is mixed with
another hole- or electron-transporting material in the light-
emitting layer. The document describes that devices utilizing
plural host compounds show higher current and higher effi-
ciencies at a given voltage; however, reported luminance data
are quite moderate. Efficient single-layer-solution processed
phosphorescent OLED devices based on fac-tris(2-phenylpy-
ridine)Iridium cored dendrimer are described in T. Anthopou-
los etal., Appl. Phys. Lett., 82,4824 (2003). T. Igarashi et al.
in WO 2004/062324 Al disclose phosphorescent devices
with the light-emitting layer containing at least one electron-
transporting compound, at least one hole-transporting com-
pound and a phosphorescent dopant. Various materials were
tested as co-hosts for the blue and green emitters, and high
efficiency devices are reported. However, luminous and
power efficiencies of the disclosed OLEDs can be improved
much further.

[0012] High emission efficiency in phosphorescent OLED
devices with a neat host is usually obtained by incorporating
ahole-blocking material between the light-emitting layer and
the cathode in order to limit the migration of holes and confine
electron-hole recombination and the resulting excitons to the
light-emitting layer (for example, see U.S. Pat. No. 6,097,
147).

[0013] In addition to a hole-blocking layer, a phosphores-
cent OLED device employing a neat host and a phosphores-
cent material may include at least one hole-transporting layer
with suitable triplet energy levels, placed adjacent to the
light-emitting layer on the anode side, to help confine the
electron-hole recombination events to the light-emitting
layer. This feature can further improve the efficiency of the
device. Examples of hole-transporting materials whose
energy levels make them suitable for use with many phospho-
rescent materials include 4,4',4"-tris(N-3-methylphenyl-N-
phenylamino )triphenylamine (MTDATA; see
JP2003092186A), bis[4-(N,N-diethylamino)-2-methylphe-
nyl](4-methylphenyl)methane (MPMP; see WO002/02714
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and WO003/040257), N,N-bis[2,5-dimethyl-4-[(3-meth-
ylphenyl)phenylamino|phenyl]-2,5-dimethyl-N'-(3-meth-
ylphenyl)-N'-phenyl-1,4-benzenediamine  (see  JP2004
139819 A and US 2004/018910 A1). However, use of these
materials alone does not give the optimum performance pos-
sible in an electroluminescent device.

[0014] M. Thompson et al., in US 2004/0048101, disclose
phosphorescent blue and white OLED devices comprising an
electron blocking layer and the light-emitting layer with a
neat host and a phosphorescent emitter. By inserting an elec-
tron-blocking layer between the hole-transporting and light-
emitting layers electron leakage can be eliminated and,
hence, luminous efficiency is increased. Fac-tris(1-phe-
nylpyrazolato,N,C*)Iridium (111} (Irppz) and Iridium(III)bis
(1-phenylpyrazolato,N,C*)(2,2,6,6-tetramethyl-3,5-hep-
tanedionato-O,0)(ppz,Ir(dpm)) have been disclosed as
suitable electron blocking materials.

[0015] A useful class of electron-transporting materials is
that derived from metal chelated oxinoid compounds includ-
ing chelates of oxine itself, also commonly referred to as
8-quinolinol or 8-hydroxyquinoline. Tris(8-quinolinolato)
aluminum (IIT), also known as Alq or Alg,, and other metal
and non-metal oxine chelates are well known in the art as
electron-transporting materials.

[0016] Tangetal.,inU.S.Pat. No. 4,769,292 and VanSlyke
etal.,in U.S. Pat. No. 4,539,507 lower the drive voltage of the
EL devices by teaching the use of Alq as an electron transport
material in the luminescent layer or luminescent zone.

[0017] Baldoetal., in U.S. Pat. No. 6,097,147 and Hung et
al, in U.S. Pat. No. 6,172,459 teach the use of an organic
electron-transporting layer adjacent to the cathode so that
when electrons are injected from the cathode into the elec-
tron-transporting layer, the electrons traverse both the elec-
tron-transporting layer and the light-emitting layer.

[0018] The use of a mixed layer of a hole-transporting
material and an electron-transporting material in the light-
emitting layer is well known. For example, see US 2004/
0229081; U.S. Pat. No. 6,759,146, U.S. Pat. No. 6,759,146;
U.S. Pat. No. 6,753,098; and U.S. Pat. No. 6,713,192 and
references cited therein. Kwong and co-workers, US 2002/
0074935, describe a mixed layer comprising an organic small
molecule hole-transporting material, an organic small mol-
ecule electron-transporting material and a phosphorescent
dopant.

[0019] Tamanoetal.,inU.S.Pat. No. 6,150,042 teachesuse
ofhole-injecting materials in an organic EL device. Examples
of electron-transporting materials useful in the device are
given and included therein are mixtures of electron-transport-
ing materials. There is no indication of how to select the
electron-transporting materials in terms of Lowest Unoccu-
pied Molecular Orbital levels (LUMOs) and no reference to
low drive voltage with the devices.

[0020] Seoetal., in US2002/0086180A1 teaches the use of
a 1:1 mixture of Bphen, (also known as 4,7-diphenyl-1,10-
phenanthroline or bathophenanthroline) as an electron-trans-
porting material, and Alq as an electron injection material, to
form an electron-transporting mixed layer. However, the
Bphen/Alq mix of Seo et al., shows inferior stability. US
2004/0207318 A1l and U.S. Pat. No. 6,396,209 describe an
OLED structure including a mixed layer of an electron-trans-
porting organic compound and an organic metal complex
compound containing at least one of alkali metal ion, alkali
earth metal ion, or rare earth metal ion.
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[0021] Commonly owned U.S. Ser. Nos. 11/076,821 and
11/077,218 filed on Mar. 10, 2005, describe mixing a first
compound with a second compound that is a low voltage
electron transport material, to form a layer on the cathode side
of the emitting layer in an OLED device, which gives an
OLED device that has a drive voltage even lower than that of
the device with the low voltage electron transport material. In
some cases a metallic material based on a metal having a work
function less than 4.2 €V is included in the layer.

[0022] However, these devices do not have all desired EL
characteristics in terms of high luminance and stability of the
components in combination with low drive voltages.

[0023] Notwithstanding all these developments, there
remains a need to reduce drive voltage of OLED devices, as
well as to provide embodiments with other improved features
such as operational stability and luminance.

SUMMARY OF THE INVENTION

[0024] The invention provides an OLED device compris-
ing, in sequence, an anode, a light-emitting layer that com-
prises a phosphorescent light-emitting organometallic com-
pound, a hole-blocking layer, and a cathode, and between the
hole-blocking layer and the cathode, a further layer contain-
ing:

[0025] a)a first compound that has the lowest LUMO value
of the compounds in the layer, in an amount greater than or
equal to 10% by volume and less than 90% by volume of the
layer wherein the first compound is a compound represented
by Formula V:

Formula V
Rpp Ry Rpz R,

Rg ] [ Ry
Rg¢ R;
Ry R¢ Rs Ry

wherein:

[0026] Rl: Rz: R37 R47 RS: R5, R7a RS: R97 RlO: Rl I8} and RZ
are independently selected as hydrogen or substituents;
[0027] provided that any of the indicated substituents may
join to form further fused rings; and

[0028] b) at least one second compound that is a low volt-
age electron transport material, exhibiting a higher LUMO
value than the first compound, the total amount of said com-
pound(s) being less than or equal to 90% by volume and more
than 10% by volume of the layer.

[0029] Devices of the invention provide reduced drive volt-
age of OLED devices, and provide embodiments with other
improved features such as operational stability and lumi-
nance

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 shows a schematic cross-sectional view of
one embodiment of the OLED device of the present inven-
tion.
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[0031] FIG. 2 is a graph of the results from Example 4
showing the change in normalized luminance with time for
comparative devices 4-1 and 4-6, and inventive devices 4-2,
4-3,4-4, and 4-5.

DETAILED DESCRIPTION OF THE INVENTION

[0032] The invention is generally as described above. An
OLED device of the invention is a multilayer electrolumines-
cent device comprising a cathode, an anode, hole-injecting
layer(s) (if necessary), electron-injecting layer(s) (if neces-
sary), hole-transporting layer(s), electron-transporting layer
(s), a light-emitting layer(s) (LEL) and hole-blocking layer
(s). At least one light-emitting layer that contains a
phosphorescent light-emitting material is present. At least
one hole-blocking layer is adjacent to the light-emitting layer.
On the cathode side of the hole-blocking layer, is a further
layer.

[0033] The further layer of the invention contains at least
two different compounds, a first compound and at least one
second compound. The first compound has the lowest LUMO
(Lowest Unoccupied Molecular Orbital) value of the com-
pounds in the layer. The second compound(s) has a higher
LUMO value(s) than the first compound and at least one of
the second compounds is a low voltage electron transport
material.

[0034] Inone suitable embodiment, the first compound has
a LUMO value lower than -2.30 eV, typically lower than
-2.50 eV, and desirably lower than -2.70 ¢V or even lower
than -3.00 eV.

[0035] In one embodiment, the layer comprises only a first
compound and a second compound wherein neither the first
or second compounds include an organic metal complex com-
pound containing an alkali metal ion, an alkali earth metal
ion, or a rare earth metal ion. In one aspect of the invention,
desirably, neither the first or second compounds are tertiary
amines since these materials do not transport electrons well.
[0036] The amount of the first compound present in the
layer is greater than or equal to 10% by volume, but cannot be
100%. In one suitable embodiment the first compound is
present in the range of 20-90%, or desirably. in the range of
40-90%, and more typically in the range of 50-80% of the
layer by volume. The total amount of the second compound
(s), the low voltage electron-transporting material(s), present
in the layer is less than or equal to 90% by volume, but cannot
be 0%. In other embodiments of the invention, particularly
useful levels for the first compound are 20, 40, 50, 60, 75 or
90% with corresponding levels of 80, 60, 50, 40, 25 or 10%
respectively for the total amount of the second compound(s).
[0037] As usedherein, the term “low voltage electron trans-
port material” are those materials that when incorporated
alone into the electron-transporting layer result in a drive
voltage no more than 50% greater than an analogous device
using only Alq in the electron-transporting layer. Thus, a test
for a low-voltage material involves fabricating a device using
Alq(tris(8-quinolinolato)aluminum (II1)) as the electron
transport material, illustrated in Example 3. A second device
is fabricated replacing Alq with the material to be tested as a
low-voltage electron transport material. If the second device
has a drive voltage (referred to herein as a test voltage) no
more than 50% greater than the device using Alg, than the test
material is considered a low-voltage electron transport mate-
rial. More desirable low-voltage electron transport materials
afford a test voltage no more than 40% greater, typically no
more than 30% greater, and desirably no more than 25%
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greater than Alq. Ideally, low-voltage electron transport mate-
rials afford a test voltage no greater than 20% or 10% higher
than Alq, and preferably equal to or less than Alq, under the
test conditions.

[0038] Typically, “low voltage electron transport material”
are those materials that when incorporated alone into the
electron-transporting layer, as described in Example 3, result
in drive voltages of 12 volts or less. Low voltage electron
transport materials with drive voltages of 11 volts, 10 volts or
less are also useful as second compounds of the invention
while materials of 9 volts or 8 volts or less are preferred as
second compounds. It should be understood that there may be
some small experimental variation in the test conditions
which may be minimized by comparing the performance of
new materials to that of Alq as described previously.

[0039] In one embodiment of the invention, the further
layer comprises a first compound, a second compound and at
least one additional compound. In one suitable embodiment,
an additional compound is metallic material based on a metal
having a work function less than 4.2 eV. As used herein the
term “metallic material” includes both the elemental metal
and compounds thereof. In this embodiment, the metal of said
further layer is not restricted to a specific one, as long as it is
ametal that can reduce at least one of the organic compounds.
Itcanbe selected from the alkali metals such as Li, alkali earth
metals such as Mg and transition metals including rare earth
metals. In particular, the metal having a work function of less
than or equal to 4.2 eV can be suitably used as the metal, and
typical examples of such dopant metals include Li,Na, K, Be,
Mg, Ca, Sr, Ba, Y, La, Sm, Gd, Yb. In one desirable embodi-
ment the metallic material is Li metal. Desirably, the metallic
material is present at a level of from 0.1 10 15% by volume of
the layer, and typically 0.1% to 10% and more frequently
from 1 to 8%.

[0040] FIG. 1 shows one embodiment of the invention in
which hole-injecting and electron-injecting layers are
present. The first compound and the second compound(s) are
located in the electron-transporting layer (ETL, 136) and the
phosphorescent light-emitting material is located in the light-
emitting layer (LEL, 134). A hole-blocking layer (HBL, 135)
is between the light-emitting layer and the electron-transport-
ing layer. The figure shows a hole-injecting layer (HIL, 130)
and an electron-injecting layer (EIL, 138), but these are
optional. The electron-transporting layer in this embodiment
is the said further layer containing both the first compound
and the second compound(s) and is adjacent to the electron-
injecting layer. When there is no electron-injecting layer
present, the said further layer is adjacent to the cathode. In
other embodiments there may be more than one hole-inject-
ing, electron-injecting and electron-transporting layers.
When more than one electron-transporting layers is present,
the said further layer of the invention may be adjacent to the
cathode while the additional electron-transporting layers are
adjacent to the light-emitting layer(s). Additionally, when
more than one electron-transporting layers are present, the
said further layer of the invention may be adjacent to the
hole-blocking layer with the additional electron-transporting
layers adjacent to the cathode.

[0041] The further layer as described above, can be an
emitting or non-emitting layer. Typically, the primary func-
tion ofthe layer is to transport electrons with the result that the
OLED device requires a lower voltage for operation than
either of the first or second compound alone in the device.
When emitting, the electroluminescence from said layer can
enhance the overall emission from the device. When non-
emitting, either the first or second compound or both should
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desirably be essentially colorless or non-emitting. In one
desirable embodiment, the further layer, as described above,
is non-emitting,.

[0042] In one useful embodiment of the invention the first
compound, which has the lowest LUMO in the layer, contains
atleast two fused rings. At least one of the two fused rings can
be a carbocyclic ring, or at least one of the fused rings can be
a heterocyclic ring. Suitably, the first compound contains
three fused rings, four fused rings, or even more fused rings.
Atleast one of the three fused rings can be a carbocyclic ring,
or at least one of the fused rings can be a heterocyclic ring.
[0043] Inone suitable embodiment, the first compound is a
polycyclic hydrocarbon compound and thus does not contain
heteroatoms. In another suitable embodiment the first com-
pound is a polycyclic hydrocarbon having at least 3 fused
rings and the second compound is an organometallic com-
pound such as tris(8-quinolinolato)aluminum (I11) (Alq).
[0044] As used herein and throughout this application, the
term carbocyclic and heterocyclic rings or groups are gener-
ally as defined by the Grant & Hackh’s Chemical Dictionary,
Fifth Edition, McGraw-Hill Book Company. A carbocyclic
ring is any aromatic or non-aromatic ring system containing
only carbon atoms and a heterocyclic ring is any aromatic or
non-aromatic ring system containing both carbon and non-
carbon atoms such as nitrogen (N), oxygen (O), sulfur (S),
phosphorous (P), silicon (Si), gallium (Ga), boron (B), beryl-
lium (Be), indium (In), aluminum (Al), and other elements
foundinthe periodic table useful in forming ring systems. For
the purpose of this invention, also included in the definition of
a heterocyclic ring are those rings that include coordinate
bonds. The definition of a coordinate bond can be found in
Grant & Hackh's Chemical Dictionary, page 91. In essence,
acoordinate bond is formed when electron rich atoms such as
O or N, donate a pair of electrons to electron deficient atoms
such as Al or B. One such example is found in tris(8-quino-
linolato)aluminum(III), also referred to as Alq, wherein the
nitrogen on the quinoline moiety donates its lone pair of
electrons to the aluminum atom thus forming the heterocycle
and hence providing Alq with a total of 3 fused rings.

[0045] Carbocyclic and heterocyclic ring systems useful
for the current invention for the first and second compounds
are selected from metal and non-metal chelated oxinoids,
anthracenes, bipyridyls, butadienes, imidazoles, phenan-
threnes, phenanthrolines, styrylarylenes, benzazoles, buck-
ministerfullerene-Cg,, (also known as buckyball or fullerene-
Ceo)s tetracenes, xanthenes, perylenes, coumarins,
rhodamines, quinacridones, dicyanomethylenepyrans, thi-
opyrans, polymethines, pyrylliums, fluoranthenes, periflan-
threnes, silacyclopentadienes or siloles, thiapyrylliums, tri-
azines, carbostyryls, metal and non-metal chelated bis
(azinyl)amines, metal and non-metal chelated bis(azinyl)
methenes.

[0046] Inoneembodiment, the first and second compounds
of the invention can be selected from compounds represented
by Formulae I-X.

[0047] The first and second compounds can be selected
from compounds represented by Formula I:

Formula I

$] - <0
| ]
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wherein

[0048] M represents a metal or non-metal;

[0049] nis an integer of from 1 to 4; and

[0050] Z independently in each occurrence represents the

atoms completing a nucleus having at least two fused aro-
matic rings.

[0051] Thefirst and second compounds can also be selected
from compounds represented by Formula II:

R%-Q),-M-0-L Formula II

wherein
[0052]

[0053] Q in each occurrence represents a substituted
8-quinolinolato ligand;

M is a metal or non-metal;

[0054] R represents an 8-quinolinolato ring substituent
chosen to block sterically the attachment of more than two
substituted 8-quinolinolato ligands to M; and

[0055] L is a phenyl or aromatic fused ring moiety, which
can be substituted with hydrocarbon groups such that L. has
from 6 to 24 carbon atoms.

[0056] Both first and second compounds can be selected
from compounds represented by Formula I, or both may be
selected from compounds represented by Formulal, with the
provisos that the compounds have different LUMO values,
that at least one of the second compound is a low voltage
electron-transporting material and that the second compound
has the highest LUMO value. Additional second compounds
can be selected having Formulae I and 1.

[0057] The first compound of the invention can be selected
from chelated bis(azinyl)amines and chelated bis(azinyl)
methenes which are represented by Formulae III and IV in
which boron and nitrogen form a coordinated bond:

Formula ITT
4 N 4!
3/ \( A %3,
X A A (K
2\1/N\B/N\1,4‘
/\
72 7P
Formula IV
Y

3/4\ X 4'\,

i A A X,

2\1/N\B/N\1,42'
/\

7r 7b

Xm

wherein:

[0058] A and A' represent independent azine ring systems
corresponding to 6-membered aromatic ring systems contain-
ing at least one nitrogen;

[0059] each X and X’ is an independently selected sub-
stituent, two of which may join to form a fused ring to A or A",

[0060] m and n are independently O to 4;

[0061] Z° and Z” are independently selected substituents;
[0062]
[0063] 1,2,3,4,1' 2,3 and 4' are independently selected
as either carbon or nitrogen atoms.

Y is hydrogen or a substituent; and
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[0064] Additional first compounds can be selected from
naphthacene derivatives that are represented by Formulae V:

Formula V
Ryp Ry Rpz R

Re ] l R,
R¢ Rs
Ry R¢ Rs Ry

wherein:

[0065] R;,R, R;, R4 Rs,Rg, Ry Re, R, Ry, Ryp,and R,
are independently selected as hydrogen or substituents;
[0066] provided that any of the indicated substituents may
join to form further fused rings.

[0067] A preferred first compound of the invention repre-
sented by Formula V are those in which at least one of R, R,
R;, Ry, R, Ry, Ry, Rg, Rg, R, R; |, and R, , are indepen-
dently selected from alkyl and aryl groups.

[0068] In one desirable embodiment, R, R5, R,, R;, R,
R, represent hydrogen; R, and R, represent hydrogen or
independently selected alkyl groups; Rs, Re, R, and R,
represent independently selected aryl groups.

[0069] Other first compounds can be selected from
anthracene derivatives that are represented by Formulae V1I:

Formula VI

\|/

R;s

wherein:

[0070] R,;,R,,, R;5and R, represent hydrogen or one or
more substituents selected from the following groups:
[0071] Group 1: hydrogen, alkyl and alkoxy groups typi-
cally having from 1 to 24 carbon atoms;

[0072] Group 2: a ring group, typically having from 6 to 20
carbon atoms;
[0073] Group 3: the atoms necessary to complete a car-

bocyclic fused ring group such as naphthyl, anthracenyl,
pyrenyl, and perylenyl groups, typically having from 6 to 30
carbon atoms;

[0074] Group 4: the atoms necessary to complete a hetero-
cyclic fused ring group such as furyl, thienyl, pyridyl, and
quinolinyl groups, typically having from 5 to 24 carbon
atoms;

[0075] Group 5: an alkoxylamino, alkylamino, and ary-
lamino group typically having from 1 to 24 carbon atoms; and
[0076]
cals.

Group 6: fluorine, chlorine, bromine and cyano radi-
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[0077] More specifically, the first compound of the inven-
tion can be selected from compounds represented by the -continued
following structures: Ad

(0]
A-1
O O N O
N

0
o AS
NC A
NG
| AN
A
‘ N
Va
A2
N N
/ A6

Also included in structures A-1 to A-6 are compounds con-
taining the A-1 through A-6 structural features with substitu-
ents suitable to render said structures with the desired prop-
erties to function as first compound materials of the invention.

[0078] Specifically the first compound of the invention can
be selected from the following group;
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-continued
A-8
~ )
R
H,C N
NS~
\Alf\
/ o
ZNY
\ CH;j
A-9
~
X+
N
A-10
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-continued

A-11

A-12

A-13

/

\ 7/ \ /
g\/i

sl

u-t



US 2008/0258615 Al Oct. 23,2008

-continued
A-14

900®
Y

/

/

F

Y

A-15

A-16

Bu-t
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-continued

A-17

A-18

A-19

H;C CHs

A-21

NC X

H,C CH;
H,C CH,
N
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-continued
A-21
CH;
CH;
A-22
HC
CHy
N C \\_< >7
N
HsC
CH;
A-23
HyC
CH;
oY OO s
N
HiC
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-continued
A-24
HC CH;
N N
i/ —H OO 2
— —
HiC CH;3

[0079] Second compounds of the invention can be selected
from phenanthroline derivatives represented by Formula VII:

Formula VII

wherein

[0080] R,,,R;5,R;9,R;0,R5p, Rys, Ryz and R, are hydro-
gen or substituents; and

[0081] provided that any of the indicated substituents may
join to form further fused rings.

[0082] Heterocyclic derivatives, represented by Formula
VIII form a group of materials from which the second com-
pounds of the invention can be selected:

B _ Formula VIII
Ryg
N Ry
Y_{
z Rys
L Rys A,
wherein
[0083] m is an integer of from 3 1o 8;
[0084] ZisO,NR,,, orS;
[0085] R.s, R, R,,, Ryg and Ry, are hydrogen; alkyl of

from 1 to 24 carbon atoms; aryl or hetero-atom substituted

aryl of from 5 to 20 carbon atoms; or halo; or are the atoms
necessary to complete a fused carbocyclic or heterocyclic
ring; and

[0086] Y is a linkage unit usually comprising an alkyl or
aryl group that conjugately or unconjugately connects the
multiple benzazoles together.

[0087] Additional second compounds of the invention can
be selected from silacyclopentadiene or silole derivatives rep-
resented by Formula IX:

Formula IX
R3 R
Ry Si Ry
/\
Rz Rao
wherein
[0088] R,,,R;,,andR;, are hydrogen orsubstituents orare

the atoms necessary to complete a fused carbocyclic or het-
erocyclic ring.

[0089] Other second compounds of the invention can be
selected from triazine derivatives represented by Formula X:

Formula X

wherein

[0090] ks an integer of from [ to 4;

[0091] R, is hydrogen, substituents or carbocyclic or het-
erocyclic rings; and

[0092] Y is a linkage unit usually comprising an alkyl or
aryl group that conjugately or unconjugately connects the
multiple triazines together.
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[0093] Specific examples of second compounds based on
Formulae I, TI, VI, VII, IX and X are shown in the following -continued s
structures: | AN
CH
B-1 / :
~ )
>+
N
/ CHj3
7 |
AN
A
B-2
~ )
N
H;C N
PV
\Al/
/ o
Z N
x CH,
B-3
~ )
R+
N
Hj CH;
B4

\

\

/

f
b
Jegae!

Hj H;

[0094] First and second compounds useful in the invention
are any of those known in the art that meet the LUMO require-
ments of the invention and wherein at least one of the second



US 2008/0258615 Al

compounds, if more than one is present, is a low voltage
electron-transporting material as defined in the invention.
[0095] Examples of preferred combinations of the inven-
tion are those wherein the first compound is selected from
A-T,A-8,A-9, A-13, A-14, A-15A-16, A-18, A-19 and A-24,
and the second compounds are selected from B-1, B-2, B-3,
B-4, B-5, B-6, B-7 and B-8.

[0096] The further layer as described in the invention con-
tains a first compound and a second compound, the first
compound having a lower LUMO value than the second
compound. In addition, the second compound is a low voltage
electron-transporting compound. The combination of both
the first and second compounds in the further layer of the
invention in the aforementioned ratios, can give devices that
have reduced drive voltages even lower when compared to the
devices in which either the first or second compound are
incorporated alone in said layer.

[0097] Following are the chemical names and acronyms
associated with many useful compounds for practicing the
invention: A-2, perylene; A-7 or B-1, Alq or Alqg,, tris(8-
quinolinolato)aluminum (I1T); A-8 or B-2, BAlq; A-9 or B-3,
Gaq or Gaqs, tris(8-quinolinolato)gallium(IIT); A-10, 9-(2-
naphthyl)-10-(4-phenyl)phenylanthracene; A-11, ADN,
9,10-bis(2-naphthyl)-2-phenylanthracene; A-12, tBADN,
2-tert-butyl-9,10-bis(2-naphthyl)-2-phenylanthracene; A-13,
tBDPN, 5,12-bis[4-tert-butylphenyl]naphthacene; A-14,
rubrene, 5,6,11,12-tetraphenylnaphthacene; A-18, TBP, 2,5,
8,11-tetra-tert-butylperylene; B-4, BPhen, 4,7-diphenyl-1,
10-phenanthroline; B-5, BCP, 2,9-dimethyl-4,7-diphenyl-1,
10-phenanthroline; B-6, TPBI, 2,2',2"-(1,3,5-benzenetriyl)
tris[1-phenyl-1H-benzimidazole]; and A-24 or B-8, TRAZ,
2,2'-(1,1'-biphenyl)-4,4'-diylbis(4,6-(p-tolyl)-1,3,5-triazine).
[0098] For use herein, the term 8-quinolinolato ligand, is a
ligand derived from 8-hydroxyquinoline wherein the nitro-
gen in the 1-position of quinoline coordinates, by donating its
free pair of electrons to a metal or non-metal atom bound to
the hydroxyl group in the 8-position, with the metal or non-
metal atom accepting the electrons, to form a coordinate bond
and a chelated or heterocyclic ring system. R® is an 8-quino-
linolato-ring substituent chosen to block sterically the attach-
ment of more than two substituted 8-quinolinolato ligands to
the metal or non-metal atom. Preferred R® groups are selected
from alkyl and aryl groups. L groups are hydrocarbons of
from 6 to 24 carbon atoms. Preferred L groups are selected
from alkyl, carbocyclic and heterocyclic groups. Y groups are
selected from alkyl, carbocyclic or heterocyclic groups. Pre-
ferred Y groups are aryl or biphenyl groups. M can be any
suitable metal or non-metal found in the periodic table that
can be used to form compounds of Formulae I and II. For
example, M canbe an alkali metal, such as lithium, sodium, or
potassium; an alkaline earth metal, such as magnesium or
calcium; an earth metal, such as aluminum or gallium, or a
transition metal such as zinc or zirconium. Generally any
monovalent, divalent, trivalent, or tetravalent metals known
to be a useful chelating metal can be employed. Also included
are boron and beryllium. Additional examples of first and
second compounds represented by Formula IT can be found in
Bryan et al., U.S. Pat. No. 5,141,671, incorporated herein by
reference.

[0099] According to the present invention, the light-emit-
ting layer of the EL device comprises at least one host and at
least one phosphorescent light-emitting material. An effi-
ciency-enhancing hole-blocking layer is desirably placed to
adjacent to the light-emitting layer on the cathode side.
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[0100] Suitable host materials for the phosphorescent light-
emitting material should be selected so that transfer of a
triplet exciton can occur efficiently from the host material to
the phosphorescent emitter but cannot occur efficiently from
the phosphorescent emitter to the host material. Therefore, it
is highly desirable that the triplet energy of the phosphores-
cent emitter be lower than the triplet energies of each of the
host materials. Generally speaking, a large triplet energy
implies a large optical band gap. However, the band gap ofthe
co-host materials should not be chosen so large as to cause an
unacceptable barrier to injection of charge carriers into the
light-emitting layer and an unacceptable increase in the drive
voltage of the OLED device.
[0101] Examples of suitable host materials are described in
WO 00/70655 A2; 01/39234 A2; 01/93642 Al; 02/074015
A2:;02/15645 A1, US 2002/0117662, and commonly owned
U.S. Ser. No. 11/016,108 of Marina E. Kondavova et al , filed
Dec. 17, 2004. Suitable hosts include certain aryl amines,
triazoles, indoles and carbazole compounds. Examples of
suitable materials include, but are not limited to:
[0102] 1.1-Bis(4-(N,N-di-p-tolylamino)phenyl)cyclohex-
ane (TAPC);

[0103] 1.1-Bis(4-(N,N-di-p-tolylamino)phenyl)cyclopen-
tane;
[0104] 4.4'-(9H-fluoren-9-ylidene)bis|N,N-bis(4-meth-

ylphenyl)-benzenamine;

[0105] 1.1-Bis(4-(N,N-di-p-tolylamino)phenyl)-4-phenyl-
cyclohexane;

[0106] 1.1-Bis(4-(N,N-di-p-tolylamino)phenyl)-4-meth-
ylcyclohexane;

[0107] 1.1-Bis(4-(N,N-di-p-tolylamino)phenyl)-3-phenyl-
propane;

[0108] Bis[4-(N,N-diethylamino)-2-methylphenyl] (4-me-
thylphenyl)methane;

[0109] Bis[4-(N,N-diethylamino)-2-methylphenyl](4-me-
thylphenyl)ethane;

[0110] 4-(4-Diethylaminophenyl)triphenylmethane;

[0111] 4.4'-Bis(4-diethylaminophenyl)diphenylmethane;

[0112] 4-(9H-carbazol-9-y1)-N,N-bis[4-(9H-carbazol-9-

yl)phenyl]-benzenamine (TCTA);

[0113] 4-(3-phenyl-9H-carbazol-9-y1)-N,N-bis[4(3-phe-
nyl-9H-carbazol-9-yl)phenyl]-benzenamine;

[0114] 9.9'-[5'-[4-(9H-carbazol-9-yl)phenyl][1,1"3",1"-
terphenyl]-4,4"-diyl]bis-9H-carbazole;

[0115] 9.9'-(2,2'-dimethy][1,1'-biphenyl]-4,4'-diy])bis-
9H-carbazole (CDBP):

[0116] 9.9'-[1,1'-biphenyl]-4,4'-diyIbis-9H-carbazole
(CBP),

[0117] 9.9'-(1,3-phenylene)bis-9H-carbazole (mCP);

[0118] 9.9'-(1,4-phenylene)bis-9H-carbazole;

[0119] 9.9'9"-(1,3,5-benzenetriyl)tris-9H-carbazole;

[0120] 9.9'-(1,4-phenylene)bis|N,N,N',N'-tetraphenyl-9H-

carbazole-3,6-diamine;

[0121] 9-[4-(9H-carbazol-9-y])phenyl]-N,N-diphenyl-9H-
carbazol-3-amine;

[0122] 9.9'-(1,4-phenylene)bis|N,N-diphenyl-9H-carba-
zol-3-amine;

[0123] 9-[4-(9H-carbazol-9-yl)phenyl]-N,N,N',N'-tet-
raphenyl-9H-carbazole-3,6-diamine;

[0124] 2.9-dimethyl-4,7-diphenyl-phenanthroline (BCP)
(see Formula (13)) and 4,7-diphenyl-1,10-phenanthroline
(Bphen) (see Formula (14));

[0125] 3-phenyl-4-(1-naphtyl)-5-phenyl-1,2.4-triazole

[0126] 2.4,6-tris(diphenylamino)-1.3,5-triazine;
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[0127] 2.4,6-tricarbazolo-1,3,5-triazine;

[0128] 2.4,6-tris(N-phenyl-2-naphthylamino)-1,3,5-triaz-
ine;

[0129] 2.4,6-tris(N-phenyl-1-naphthylamino)-1,3,5-triaz-
ine;

[0130] 4.4'.6,6'-tetraphenyl-2,2'-bi-1,3,5-triazine;

[0131] 2.4,6-tris([1,1":3",1"-terphenyl]-5"-y1)-1,3,5-triaz-
ine.

[0132] Examples of especially desirable hosts are 4,4'-N,

N'-dicarbazole-biphenyl (CBP), 2,2'-dimethyl-4,4'-N,N'-di-
carbazole-biphenyl, 1,3-di(N,N'-dicarbazole)benzene, and
poly(N-vinylcarbazole), including their derivatives. In one
desirable embodiment, the light-emitting layer that contains
the phosphorescent light-emitting material includes more
than one host material in order to improve the device’s film
morphology, electrical properties, light emission efficiency,
and lifetime. In a suitable embodiment, the layer contains a
first co-host material that has good hole-transporting propet-
ties and a second co-host material that has good electron-
transporting properties as described U.S. Ser. No. 11/016,108
of Marina E. Kondavova et al., filed Dec. 17, 2004, which is
incorporated herein by reference. Desirably, the OLED
device also includes at least one exciton-blocking layer
placed adjacent to the light-emitting layer on the anode side,
to help confine triplet excitons to the light-emitting layer
containing the phosphorescent emitter. Suitable exciton-
blocking layers are also described in the above Kondakova
application. In one embodiment, the selected exciton block-
ing material or materials have a triplet energy greater or equal
to 2.5eV.

[0133] Triplet energy is conveniently measured by any of
several means, as discussed for instance in S. L. Murov, 1.
Carmichael, and G. L. Hug, Handbook of Photochemistry,
2nd ed. (Marcel Dekker, New York, 1993).

The triplet state of a compound can also be calculated. The
triplet state energy for a molecule is obtained as the difference
between the ground state energy (E(gs)) of the molecule and
the energy of the lowest triplet state (E(ts)) of the molecule,
both given in eV. These energies are obtained using the
B3LYP method as implemented in the Gaussian 98 (Gauss-
ian, Inc., Pittsburgh, Pa.) computer program. The basis set for
use with the B3LYP method is defined as follows: MIDI! for
all atoms for which MIDI! is defined, 6-31G* for all atoms
defined in 6-31G* but not in MIDI!, and either the LACV3P
or the LANL2DZ basis set and pseudopotential for atoms not
defined in MIDI! or 6-31G*, with LACV3P being the pre-
ferred method. For any remaining atoms, any published basis
set and pseudopotential may be used. MIDI, 6-31G* and
LANL2DZ are used as implemented in the Gaussian98 com-
puter code and LACV?3P is used as implemented in the Jaguar
4.1 (Schrodinger, Inc., Portland Oreg.) computer code. The
energy of each state is computed at the minimum-energy
geometry for that state. The difference in energy between the
two states is further modified by equation (1) to give the triplet
state energy (E(1)):

E(5=0.84* (E(1s)~E(gs))40.33

[0134] For polymeric or oligomeric materials, it is suffi-
cient to compute the triplet energy over a monomer or oligo-
mer of sufficient size so that additional units do not substan-
tially change the computed triplet energy.

[0135] Thecalculated values for the triplet state energy ofa
given compound may typically show some deviation from the

(eq. 1).
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experimental values. Thus, the calculations should be used
only as a rough guide inthe selection of appropriate materials.

[0136] According to the present invention, the light-emit-
ting layer of the EL device comprises at least one phospho-
rescent light-emitting material. The light-emitting phospho-
rescent material(s) is typically present in an amount of from 1
to 20 by weight % of the light-emitting layer, and conve-
niently from 2 to 8% by weight of the light-emitting layer. In
some embodiments, the phosphorescent complex guest mate-
rial(s) may be attached to one or more host materials. The host
materials may further be polymers. For convenience, the
phosphorescent complex material may be referred to herein
as a phosphorescent guest material or emitter.

[0137] Particularly useful phosphorescent materials are
described by Formula (AA) below:

4)

m

A
/
n
wherein:

[0138] A isa substituted or unsubstituted heterocyclic ring
containing at least one nitrogen atom;

[0139] B is a substituted or unsubstituted aromatic or het-

eroaromatic ring, or ring containing a vinyl carbon bonded to
M;

[0140] X-Y is an anionic bidentate ligand;

[0141] m is an integer from 1 to 3 and

[0142] n in an integer from O to 2 such that m+n=3 for
M=Rh or Ir; or

[0143] mis an integer from 1 to 2 and n in an integer from

0 to 1 such that m+n=2 for M=Pt or Pd.

[0144] Compounds according to Formula (AA) may be
referred to as C,N- (or C'N-) cyclometallated complexes to
indicate that the central metal atom is contained in a cyclic
unit formed by bonding the metal atom to carbon and nitrogen
atoms of one or more ligands. Examples of heterocyclic ring
A in Formula (AA) include substituted or unsubstituted pyri-
dine, quinoline, isoquinoline, pyrimidine, indole, indazole,
thiazole, and oxazole rings. Examples of ring B in Formula
(AA) include substituted or unsubstituted phenyl, napthyl,
thienyl, benzothienyl, furanyl rings. Ring B in Formula (AA)
may also be a N-containing ring such as pyridine, with the
proviso that the N-containing ring bonds to M through a C
atom as shown in Formula (AA) and not the N atom.

[0145] In one embodiment, the phosphorescent emitting
material comprises an organometallic complex comprising a
metal and at least one ligand, wherein the metal is selected
from the group consisting of Ir, Rh, Ru, Pt, and Pd. Desirably
the metal is Ir.

[0146] An example of a tris-C,N-cyclometallated complex
according to Formula (AA) with m=3 and n=0 is tris(2-phe-
nyl-pyridinato-N,C*-)Iridium (III), shown below in stereo-
diagrams as facial (fac-) or meridional (mer-) isomers.
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[0147] Generally, facial isomers are preferred since they
are often found to have higher phosphorescent quantum
vyields than the meridional isomers. Additional examples of
tris-C,N-cyclometallated phosphorescent materials accord-
ing to Formula (AA) are tris(2-(4'-methylphenyl)pyridinato-
N,CHIridium(I1l),  tris(3-phenylisoquinolinato-N,C)Iri-
dium(I1l), tris(2-phenylquinolinato-N,C*)Iridium(I1I), tris
(1-phenylisoquinolinato-N,C*)Iridium(111), tris(1-(4'-
methylphenyl)isoquinolinato-N,C*)Iridium(IIT),  tris(2-(4',
6'-difluorophenyl)-pyridinato-N,C*)Iridium(IIT), tris(2-((5*-
phenyl)-phenyl)pyridinato-N,C*)Iridium(III), tris(2-(2'-
benzothienyl)pyridinato-N,C*)Iridium(III), tris(2-phenyl-3,
3'dimethyl)indolato-N,C*)Ir(III), tris(1-phenyl-1H-
indazolato-N,C*)Ir(I11). In one embodiment, a desirable
organonietallic complex includes a metal and at least one
ligand, wherein the ligand includes a 2-phenylpyridine group,
a 1-phenylisoquinoline group, a 3-phenylisoquinoline group,
a 1-phenylimidazo[1,2-a]pyridine, a thiazole ring group that
is fused with at least one aromatic ring group, or an oxazole
ring group that is fused with at least one aromatic ring group.

[0148] Tris-C,N-cyclometallated phosphorescent materi-
als also include compounds according to Formula (AA)
wherein the monoanionic bidentate ligand X-Y is another
C,N-cyclometallating ligand. Examples include bis(1-phe-
nylisoquinolinato-N,C*)(2-phenylpyridinato-N,C*)Iridium
(IIT) and bis(2-phenylpyridinato-N,C*) (1-phenylisoquinoli-
nato-N,C*)Iridium(III). Synthesis of such tris-C,N-
cyclometallated complexes containing two different C,N-
cyclometallating ligands may be conveniently synthesized by
the following steps. First, a bis-C,N-cyclometallated diiri-
dium dihalide complex (or analogous dirhodium complex) is
made according to the method of Nonoyama (Bull. Chem.
Soc. Jpn., 47, 767 (1974)). Secondly, a zinc complex of the
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second, dissimilar C,N-cyclometallating ligand is prepared
by reaction of a zinc halide with a lithium complex or Grig-
nard reagent of the cyclometallating ligand. Third, the thus
formed zinc complex of the second C,N-cyclometallating
ligand is reacted with the previously obtained bis-C,N-cyclo-
metallated diiridium dihalide complex to form a tris-C,N-
cyclometallated complex containing the two different C,N-
cyclometallating ligands. Desirably, the thus obtained tris-C,
N-cyclometallated complex containing the two different
C,N-cyclometallating ligands may be converted to an isomer
wherein the C atoms bonded to the metal (e.g. fr) are all
mutually cis by heating in a suitable solvent such as dimethyl
sulfoxide.

[0149] Suitable phosphorescent materials according to For-
mula (AA) may in addition to the C,N-cyclometallating
ligand(s) also contain monoanionic bidentate ligand(s) X-Y
that are not C,N-cyclometallating. Common examples are
beta-diketonates such as acetylacetonate, and Schiff bases
such as picolinate. Examples of such mixed ligand complexes
according to Formula (AA) include bis(2-phenylpyridinato-
N,CIridium(I1I)(acetylacetonate), bis(2-(2'-benzothienyl)
pyridinato-N,C*)Iridium(IIT)(acetylacetonate), and bis(2-
(#,6'-diftuorophenyl)-pyridinato-N,C>)Iridium(I1I)
(picolinate).

[0150] Other important phosphorescent materials accord-
ing to Formula (AA) include C\N-cyclometallated Pt(Il)
complexes such as cis-bis(2-phenylpyridinato-N,C*)plati-
num(IT), cis-bis(2-(2'-thienyl)pyridinato-N,C>") platinum(II),
cis-bis(2-(2'-thienyl)quinolinato-N,C*) platinum(II), or (2-
(4,6'-difluorophenyl)pyridinato-N,C?) platinum (11) (acety-
lacetonate).

[0151] The emission wavelengths (color) of C,N-cyclom-
etallated phosphorescent materials according to Formula
(AA) are governed principally by the lowest energy optical
transition of the complex and hence by the choice of the
C,N-cyclometallating ligand. For example, 2-phenyl-pyridi-
nato-N,C*' complexes are typically green emissive while
1-phenyl-isoquinolinolato-N,C* complexes are typically red
emissive. In the case of complexes having more than one
C,N-cyclometallating ligand, the emission will be that of the
ligand having the property of longest wavelength emission.
Emission wavelengths may be further shifted by the effects of
substituent groups on the C,N-cyclometallating ligands. For
example, substitution of electron donating groups at appro-
priate positions on the N-containing ring A or electron accept-
ing groups on the C-containing ring B tend to blue-shift the
emission relative to the unsubstituted C,N-cyclometallated
ligand complex. Selecting a monodentate anionic ligand X,Y
in Formula (AA) having more electron accepting properties
also tends to blue-shift the emission ofa C,N-cyclometallated
ligand complex. Examples of complexes having both
monoanionic bidentate ligands possessing electron accepting
properties and electron accepting substituent groups on the
C-containing ring B include bis(2-(4',6'-difluorophenyl)-py-
ridinato-N,C)iridium(IIT)(picolinate) and bis(2-(4',6'-dif-
luorophenyl)-pyridinato-N,C?iridium(IIT)(tetrakis(1-pyra-
zolyl)borate).

[0152] The central metal atom in phosphorescent materials
according to Formula (AA) may be Rh or Ir (m+n=3) and Pd
or Pt (m+n=2). Preferred metal atoms are Ir and Pt since they
tend to give higher phosphorescent quantum efficiencies
according to the stronger spin-orbit coupling interactions
generally obtained with elements in the third transition series.
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[0153] 1In addition to bidentate C,N-cyclometallating com-
plexes represented by Formula AA, many suitable phospho-
rescent emitters contain multidentate C,N-cyclometallating
ligands. Phosphorescent emitters having tridentate ligands
suitable for use in the present invention are disclosed in U.S.
Pat. No. 6,824,895 B1 and U.S. Ser. No. 10/729,238 (pend-
ing) and references therein, incorporated in their entirety
herein by reference. Phosphorescent emitters having tet-
radentate ligands suitable for use in the present invention are
described by the following:

(BB)

R9

RIO

Rll

RIZ
(€O

R

Rll

RIZ

wherein:

[0154] Mis Ptor Pd;

[0155] R'-R7represent hydrogen orindependently selected
substituents, provided that R and R?, R* and R?, R® and R”,
R*and R, R® and R, as well as R® and

[0156] R may join to form a ring group;

[0157] R®R'* represent hydrogen or independently
selected substituents,

[0158] provided that R® and R, R? and R', R'® and R"",
R and R*?, R'?and R'?, as well as R** and R'*, may join to
form a ring group;

[0159] E represents a bridging group selected from the
following:
R R
| O
B Si N
RN IO N
R R
| 120 00
N 0N
0] (0]
oo ]
PN PN
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wherein R and R' represent hydrogen or independently
selected substituents;

[0160] provided R and R' may combine to form a ring
group.
[0161] In one desirable embodiment, the tetradentate C,N-

cyclometallated phosphorescent emitter suitable for use in
the present invention is represented by the following For-

mula:
(DD)
Z3
z2 74
Rl Z! 75 g8
R N R’
7 7~
N, N |
R3 \ \ / \ RID
Pt
R4 Rll
RS R7 R14 Rl?.
RG R13
wherein,

[0162] R'-R”representhydrogenorindependently selected
substituents, provided that R* and R* R* and R?, R® and R*,
R*and R', R and RS, as well as R® and R” may combine to
form a ring group;

[0163] R®-R' represent hydrogen or independently
selected substituents, provided that R® and R®, R® and R'°,
R" and R' R''andR' R'?and R'?, as well as R'* and R™*
may combine to form a ring group;

[0164] Z'-Z7 represent hydrogen or independently selected
substituents, provided that Z* and 7, 7% and 73, 7Z* and 7*, as
well as Z* and Z° may combine to form a ring group.

[0165] Specific examples of phosphorescent emitters hav-
ing tetradentate C,N-cyclometallating ligands suitable foruse
in the present invention include compounds X, Y, and Z rep-
resented below.

(EE)
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-continued

7 | AN ‘
NN
Pt
e
NS
Pt

[0166] Phosphorescent emitters having tetradentate C,N-
cyclometallating ligands may be synthesized by reacting the
tetradentate C,N-cyclometallating ligand with a salt of the
desired metal, such as K,PtCl,, in a proper organic solvent
such as glacial acetic acid to form the phosphorescent emitter
having tetradentate C,N-cyclometallating ligands. A tet-
raakylammonium salt such as tetrabutylammonium chloride
can be used as a phase transfer catalyst to accelerate the
reaction,

[0167] Other phosphorescent materials that do not involve
C,N-cyclometallating ligands are known. Phosphorescent
complexes of Pt(I), Ir(T), and Rh(I) with maleonitriledithi-
olate have been reported (C. E. Johnson et al., J. 4m. Chem.
Soc., 105, 1795 (1983)). Re(T) tricarbony] diimine complexes
are also known to be highly phosphorescent (M. Wrighton
and D. L. Morse, J. Am. Chem. Soc., 96, 998 (1974); D. J.
Stutkens, Comments Inorg. Chem., 13,359 (1992); V.W. W.
Yam, Chem. Commun., 789 (2001)). Os(IT) complexes con-
taining a combination of ligands including cyano ligands and
bipyridyl or phenanthroline ligands have also been demon-
strated in a polymer OLED (Y. Maetal., Synthetic Metals, 94,
245 (1998)).

[0168] Porphyrin complexes such as 2,3,7,8,12,13,17,18-
octaethyl-21H,23H-porphine platinum(Il) are also useful
phosphorescent materials.

[0169] Still other examples of useful phosphorescent mate-
rials include coordination complexes of the trivalent lan-
thanides such as Tb** and Eu®* (J. Kido et al., Chem. Lett,
657 (1990); J. Alloys and Compounds, 192,30 (1993); Jpn. J.
Appl. Phys., 35,1394 (1996) and Appl. Phys. Lett., 65, 2124
(1994)).

Fp)

(GG)

O/\
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[0170] Additional information on suitable phosphorescent
materials and synthetic methods. incorporated herein by ref-
erence, can be found in U.S. Pat. No. 6,303,238 B1, WO
00/57676, WO 00/70655, WO 01/41512 Al, US 2002/
0182441 A1, US 2003/0017361 Al, US 2003/0072964 Al,
U.S. Pat. No. 6,413,656 B1, U.S. Pat. No. 6,687,266 B1, US
2004/0086743 A1, US 2004/0121184 A1, US 2003/0059646
A1, US 2003/0054198 A1, EP 1 239 526 A2, EP 1 238 981
A2, EP 1 244 155 A2, US 2002/0100906 Al, US 2003/
0068526 Al, US 2003/0068535 Al, JP 2003073387A, IP
2003 073388A, U.S. Pat. No. 6,677,060 B2, US 2003/
0235712 A1, US 2004/0013905 A1, U.S. Pat. No. 6,733,905
B2, U.S. Pat. No. 6,780,528 B2, US 2003/0040627 Al, IP
2003059667A, JP 2003073665A, US 2002/0121638 Al, EP
1371708A1, US 2003/010877 Al, WO 03/040256 A2, US
2003/0096138 Al, US 2003/0173896 Al, U.S. Pat. No.
6,670,645 B2, US 2004/0068132 A1, WO 2004/015025 A1,
US 2004/0072018 A1, US 2002/0134984 A1, WO 03/079737
A2, WO 2004/020448 A1, WO 03/091355 A2, U.S. Ser. No.
10/729,402, U.S. Ser. No. 10/729,712, U.S. Ser. No. 10/729,
738, U.S. Ser.No. 10/729,238, U.S. Ser. No. 10/729,246 (now
allowed), U.S. Ser. No. 10/729,207 (now allowed), U.S. Ser.
No.10/729,263 (now allowed), U.S. Ser.No. 10/879,412, and
U.S. Ser. No. 10/879,657.

[0171] In addition to suitable hosts, an EL device employ-
ing a phosphorescent material often is more efficient if there
is at least one exciton- or hole-blocking layer on the cathode
side of the emitting layer. Efficiency can also often be
improved if there are one or more exciton- or electron-block-
ing layers on the anode side of the emitting layer. These
additional layers help confine the excitons or electron-hole
recombination centers to the light-emitting layer comprising
the host and emitting material.

[0172] An exciton- or hole-blocking layer is desirably
placed between the electron-transporting layer and the light-
emitting layer—see F1G. 1, Layer 135. The ionization poten-
tial of the blocking layer should be such that there is an energy
barrier for hole migration from the host into the electron-
transporting layer, while the electron affinity should be such
that electrons pass more readily from the electron-transport-
ing layer into the light-emitting layer comprising host and
phosphorescent material. It is further desired, but not abso-
lutely required, that the triplet energy of the blocking material
be greater than that of the phosphorescent material. Suitable
hole-blocking materials are described in WO 00/70655A2
and WO 01/93642 Al. Two examples of useful materials are
bathocuproine (BCP) and bis(2-methyl-8-quinolinolato)(4-
phenylphenolato)Aluminum(IIT)(BAlq). Metal complexes
other than BAlq are also known to block holes and excitons as
described in US 20030068528.

[0173] In another embodiment, an exciton- or electron-
blocking layer would be placed between the hole-transport-
ing layer and the light-emitting layer (this layer is not shown
in FIG. 1). As an example, US 20030175553 A1 describes the
use of fac-tris(1-phenylpyrazolato-N,C2)iridium(III)(Irppz)
in an electron/exciton blocking layer. U.S. Ser. No. 11/016,
108 of Marina E. Kondavova et al., filed Dec. 17, 2004,
describes further examples of exciton-blocking layers.
Depending on the nature of the electron-transporting material
and the configuration of the LEL, the blocking layer, in cet-
tain cases, can be entirely omitted.

[0174] In one suitable embodiment the EL device includes
ameans for emitting white light, which may include compli-
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mentary emitters, a white emitter, or a filtering means. The
device may also include a fluorescent emitting material.
[0175] Inonedesirable embodimentthe EL deviceispart of
a display device. In another suitable embodiment the EL
device is part of an area lighting device.

[0176] The EL device of the invention is useful in any
device where stable light emission is desired such as a lamp or
a component in a static or motion imaging device, such as a
television, cell phone, DVD player, or computer monitor.
[0177] Embodiments of the invention may provide EL
devices that have good luminance efficiency, good opera-
tional stability, and reduced drive voltages. Embodiments of
the invention may also give reduced voltage rises over the
lifetime of the devices and can be produced with high repro-
ducibility and consistently to provide good light efficiency.
They may have lower power consumption requirements and,
when used with a battery, provide longer battery lifetimes.
[0178] Unless otherwise specifically stated, use of the term
“substituted” or “substituent” means any group or atom other
than hydrogen. Additionally, when the term “group” is used,
it means that when a substituent group contains a substitut-
able hydrogen, it is also intended to encompass not only the
substituents unsubstituted form, but also its form further sub-
stituted with any substituent group or groups as herein men-
tioned, so long as the substituent does not destroy properties
necessary for device utility. Suitably, a substituent group may
be halogen ormay bebonded to the remainder of the molecule
by anatom ofcarbon, silicon, oxygen, nitrogen, phosphorous,
sulfur, selenium, or boron. The substituent may be, for
example, halogen, such as chloro, bromo or fluoro; nitro;
hydroxyl; cyano; carboxyl; or groups which may be further
substituted, such as is alkyl, including straight or branched
chain or cyclic alkyl, such as methyl, trifluoromethyl, ethyl,
t-butyl, 3-(2,4-di-t-pentylphenoxy)propyl, and tetradecyl;
alkenyl, such as ethylene, 2-butene; alkoxy, such as methoxy,
ethoxy, propoxy, butoxy, 2-methoxyethoxy, sec-butoxy,
hexyloxy, 2-ethylhexyloxy, tetradecyloxy, 2-(2,4-di-t-pen-
tylphenoxy)ethoxy, and 2-dodecyloxyethoxy; aryl such as
phenyl, 4-t-butylphenyl, 2,4.6-trimethylphenyl, naphthyl,
aryloxy, such as phenoxy, 2-methylphenoxy, alpha- or beta-
naphthyloxy, and 4-tolyloxy; carbonamido, such as aceta-
mido, benzamido, butyramido, tetradecanamido, alpha-(2,4-
di-t-pentyl-phenoxy)acetamido, alpha-(2,4-di-t-
pentylphenoxy )butyramido, alpha-(3-pentadecylphenoxy)-
hexanamido, alpha-(4-hydroxy-3-t-butylphenoxy)-
tetradecanamido, 2-ox0-pyrrolidin-1-yl, 2-0x0-5-
tetradecylpyrrolin-1-yl, N-methyltetradecanamido,
N-succinimido, N-phthalimido, 2,5-dioxo-1-oxazolidiny],
3-dodecyl-2,5-dioxo-1-imidazolyl, and N-acetyl-N-dodecy-
lamino, ethoxycarbonylamino, phenoxycarbonylamino, ben-
zyloxycarbonylamino, hexadecyloxycarbonylamino, 2,4-di-
t-butylphenoxycarbonylamino, phenylcarbonylamino, 2,5-
(di-t-pentylphenyl)carbonylamino, p-dodecyl-
phenylcarbonylamino, p-tolylcarbonylamino,
N-methylureido, N,N-dimethylureido, N-methyl-N-dodecy-
lureido, N-hexadecylureido, N,N-dioctadecylureido, N,N-
dioctyl-N'-ethylureido, N-phenylureido, N,N-diphenylure-
ido, N-phenyl-N-p-tolylureido, N-(m-hexadecylphenyl)
ureido, N,N-(2,5-di-t-pentylphenyl)-N'-ethylureido, and
t-butylcarbonamido; sulfonamido, such as methylsulfona-
mido, benzenesulfonamido, p-tolylsulfonamido, p-dodecyl-
benzenesulfonamido, N-methyltetradecylsulfonamido, N,N-
dipropyl-sulfamoylamino, and hexadecylsulfonamido;
sulfamoyl, such as N-methylsulfamoyl, N-ethylsulfamoyl,
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N,N-dipropylsulfamoyl, N-hexadecylsulfamoyl, N,N-dim-
ethylsulfamoyl, N-[3-(dodecyloxy)propyl]sulfamoyl, N-[4-
(2,4-di-t-pentylphenoxy)butyl]sulfamoyl, N-methyl-N-tet-
radecylsulfamoyl, and N-dodecylsulfamoyl; carbamoyl, such
as N-methylcarbamoyl, N.N-dibutylcarbamoyl, N-octade-
cylcarbamoyl, N-[4-(2,4-di-t-pentylphenoxy)butyl]carbam-
oyl, N-methyl-N-tetradecylcarbamoyl, and N,N-dioctylcar-
bamoyl; acyl, such as acetyl, (2,4-di-t-amylphenoxy)acetyl,
phenoxycarbonyl, p-dodecyloxyphenoxycarbonyl methoxy-
carbonyl, butoxycarbonyl, tetradecyloxycarbonyl, ethoxy-
carbonyl, benzyloxycarbonyl, 3-pentadecyloxycarbonyl, and
dodecyloxycarbonyl; sulfonyl, such as methoxysulfonyl,
octyloxysulfonyl, tetradecyloxysulfonyl, 2-ethylhexylox-
ysulfonyl, phenoxysulfonyl, 2,4-di-t-pentylphenoxysulfo-
nyl, methylsulfonyl, octylsulfonyl, 2-ethylhexylsulfonyl,
dodecylsulfonyl, hexadecylsulfonyl, phenylsulfonyl, 4-non-
ylphenylsulfonyl, and p-tolylsulfonyl; sulfonyloxy, such as
dodecylsulfonyloxy, and hexadecylsulfonyloxy; sulfinyl,
such as methylsulfinyl, octylsulfinyl, 2-ethylhexylsulfinyl,
dodecylsulfinyl, hexadecylsulfinyl, phenylsulfinyl, 4-non-
ylphenylsulfinyl, and p-tolylsulfinyl; thio, such as ethylthio,
octylthio, benzylthio, tetradecylthio, 2-(2,4-di-t-pentylphe-
noxy)ethylthio, phenylthio, 2-butoxy-5-t-octylphenylthio,
and p-tolylthio; acyloxy, such as acetyloxy, benzoyloxy, octa-
decanoyloxy, p-dodecylamidobenzoyloxy, N-phenylcarbam-
oyloxy, N-ethylcarbamoyloxy, and cyclohexylcarbonyloxy;
amine, such as phenylanilino, 2-chloroanilino, diethylamine,
dodecylamine; imino, such as 1 (N-phenylimido)ethyl,
N-succinimido or 3-benzylhydantoinyl; phosphate, such as
dimethylphosphate and ethylbutylphosphate; phosphite, such
as diethyl and dihexylphosphite; a heterocyclic group, a het-
erocyclic oxy group or a heterocyclic thio group, each of
which may be substituted and which contain a 3 to 7 mem-
bered heterocyclic ring composed of carbon atoms and at
least one hetero atom selected from the group consisting of
oxygen, nitrogen, sulfur, phosphorous, or boron. Such as
2-furyl, 2-thienyl, 2-benzimidazolyloxy or 2-benzothiazolyl;
quaternary ammonium, such as triethylammonium; quater-
nary phosphonium, such as triphenylphosphonium; and sily-
loxy, such as trimethylsilyloxy.

[0179] If desired, the substituents may themselves be fur-
ther substituted one or more times with the described sub-
stituent groups. The particular substituents used may be
selected by those skilled in the art to attain desirable proper-
ties for a specific application and can include, for example,
electron-withdrawing groups, electron-donating groups, and
steric groups. When a molecule may have two or more sub-
stituents, the substituents may be joined together to form a
ring such as a fused ring unless otherwise provided. Gener-
ally, the above groups and substituents thereof may include
those having up to 48 carbon atoms, typically 1 to 36 carbon
atoms and usually less than 24 carbon atoms, but greater
numbers are possible depending on the particular substituents
selected.

General Device Architecture

[0180] The present invention can be employed in most
OLED device configurations. These include very simple
structures comprising a single anode and cathode to more
complex devices, such as passive matrix displays comprised
of orthogonal arrays of anodes and cathodes to form pixels,
and active-matrix displays where each pixel is controlled
independently, for example, with a thin film transistor (TFT).
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[0181] There are numerous configurations of the organic
layers wherein the present invention can be successfully prac-
ticed. Essential requirements are a cathode, an anode, a HTL
and a LEL. A more typical structure is shown in FIG. 1 for
OLED 100, and contains a substrate 110, an anode 120, an
optional hole-injecting layer 130, a hole-transporting layer
132, a light-emitting layer 134, a hole-blocking layer 135, an
electron-transporting layer 136, an optional electron-inject-
ing layer 138 and a cathode 140. These layers are described in
detail below. Note that the substrate may alternatively be
located adjacent to the cathode, or the substrate may actually
constitute the anode or cathode. Also, the total combined
thickness of the organic layers is preferably less than 500 nm.
[0182] The light-emitting layer can be constructed of a
single layer or multiple layers. If a single layer, it can be
fabricated to emit any color of light, with the selection chosen
depending on the application, and most notably from the red,
green and blue regions of the spectrum. If the device is
required to emit white light, then several layers emitting
different colors of light with sufficient spectral breadth are
needed so that when combined, white light is formed.

[0183] The anode and cathode of the OLED are connected
to avoltage/current source 150, through electrical conductors
160. Applying a potential between the anode and cathode
such that the anode is at a more positive potential than the
cathode operates the OLED. Holes are injected into the
organic EL element from the anode. Enhanced device stabil-
ity can sometimes be achieved when the OLED is operated in
an AC mode where, for some time period in cycle, the poten-
tial bias is reversed and no current flows. An example ofan AC
driven OLED is described in U.S. Pat. No. 5,552,678.

Substrate

[0184] The substrate 110 can either be light transmissive or
opaque, depending on the intended direction of light emis-
sion. The light transmissive property is desirable for viewing
the EL emission through the substrate. Transparent glass or
organic material are commonly employed in such cases. For
applications where the EL emission is viewed through the top
electrode, the transmissive characteristic of the bottom sup-
port is immaterial, and therefore can be light transmissive,
light absorbing or light reflective. Substrates for use in this
case include, but are not limited to, glass, plastic, semicon-
ductor materials, ceramics, and circuit board materials. Of
course it is necessary to provide in these device configura-
tions a light-transparent top electrode.

Anode

[0185] The conductive anode layer 120 is commonly
formed over the substrate and, when EL emission is viewed
through the anode, it should be transparent or substantially
transparent to the emission of interest. Common transparent
anode materials used in this invention are indium-tin oxide
(ITO) and tin oxide, but other metal oxides can work includ-
ing, but not limited to, aluminum- or indium-doped zinc oxide
(1Z0), magnesium-indium oxide, and nickel-tungsten oxide.
In addition to these oxides, metal nitrides, such as gallium
nitride, and metal selenides, such as zinc selenide, and metal
sulfides, such as zinc sulfide, can be used in layer 120. For
applications where EL emission is viewed through the top
electrode, the transmissive characteristics of layer 120 are
immaterial and any conductive material can be used, trans-
parent, opaque or reflective. Example conductors for this
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application include, but are not limited to, gold, iridium,
molybdenum, palladium, and platinum. Typical anode mate-
rials, transmissive or otherwise, have a work function of 4.1
eV or greater. Desired anode materials are commonly depos-
ited by any suitable means such as evaporation, sputtering,
chemical vapor deposition, or electrochemical means.
Anodes can be patterned using well-known photolitho-
graphic processes.

Hole-Injecting Layer (HIL)

[0186] While not always necessary, it is often useful that a
hole-injecting layer 130 be provided between anode 120 and
hole-transporting layer 132. The hole-injecting material can
serve to improve the film formation property of subsequent
organic layers and to facilitate injection of holes into the
hole-transporting layer. Suitable materials for use in the hole-
injecting layer include, but are not limited to, porphyrinic
compounds such as those described in U.S. Pat. No. 4,720,
432, and plasma-deposited fluorocarbon polymers such as
those described in U.S. Pat. No. 6,208,075. Alternative hole-
injecting materials reportedly useful in organic EL devices
are described in EP 0 891 121 Al and EP 1 029 909 Al.

Hole-Transporting Layer (HTL)

[0187] The hole-transporting layer 132 of the organic EL
device contains at least one hole-transporting compound such
as an aromatic tertiary amine, where the latter is understood to
be a compound containing at least one trivalent nitrogen atom
that is bonded only to carbon atoms, at least one of which is a
member of an aromatic ring. Additionally, the hole-transport-
ing layer may be constructed of one or more layers such that
each layer can be doped or un-doped with the same or differ-
ent light-emitting material. The thickness of the HTL can be
any suitable thickness. It can be in the range of from 0.1 to 300
nm. In one form, the aromatic tertiary amine can be an ary-
lamine, such as a monoarylamine, diarylamine, triarylamine,
or a polymeric arylamine group. Exemplary monomeric tri-
arylamines are illustrated by Klupfel et al. U.S. Pat. No.
3,180.730. Other suitable triarylamines substituted with one
or more vinyl radicals and/or comprising at least one active
hydrogen containing group are disclosed by Brantley et al
U.S. Pat. No. 3,567,450 and U.S. Pat. No. 3,658,520.

[0188] A more preferred class of aromatic tertiary amines
are those which include at least two aromatic tertiary amine
moieties as described in U.S. Pat. No. 4,720,432 and U.S. Pat.
No. 5,061,569. Such compounds include those represented
by structural Formula (A).

Q Q (4)
I\G/ 2

wherein Q, and Q, are independently selected aromatic ter-
tiary amine moieties and G is a linking group such as an
arylene, cycloalkylene, or alkylene group of a carbon to car-
bon bond. In one embodiment, at least one of Q, or Q,
contains a polycyclic fused ring group, e.g., a naphthalene.
When G is an aryl group, it is conveniently a phenylene,
biphenylene, or naphthalene group.
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[0189] A useful class of triarylamine groups satisfying
structural Formula (A) and containing two triarylamine
groups is represented by structural Formula (B):

®

R,
|
R - (|:_ R3
R4
where
[0190] R, andR, eachindependently represents a hydrogen

atom, an aryl group, or an alkyl group or R, and R, together
represent the atoms completing a cycloalkyl group; and
[0191] R, and R, each independently represents an aryl
group, which is in turn substituted with a diaryl substituted
amino group, as indicated by structural Formula (C):

©

£ &
\2/

wherein R and R, are independently selected aryl groups. In
oneembodiment, at least one of R or R contains a polycyclic
fused ring group, e.g., a naphthalene.

[0192] Another class of aromatic tertiary amine groups are
the tetraaryldiamines. Desirable tetraaryldiamines groups
include two diarylamino groups, such as indicated by For-
mula (C), linked through an arylene group. Useful tetraaryl-
diamines include those represented by Formula (D).

D)
Rg

N—(—Are-)n—N<
Ry

E\ /ch

wherein

[0193] each Are is an independently selected arylene
group, such as a phenylene or anthracene group,

[0194] nis an integer of from 1 to 4, and

[0195] Ar, R,, Rg, and Ry are independently selected aryl
groups.

In a typical embodiment, at least one of Ar, R, Ry, and Ry 1s
a polycyclic fused ring group, e.g., a naphthalene

[0196] Thevariousalkyl, alkylene, aryl, and arylene groups
of the foregoing structural Formulae (A), (B), (C) and (D),
can each in turn be substituted. Typical substituents include
alkyl groups, alkoxy groups, aryl groups, aryloxy groups, and
halogen such as fluoride, chloride, and bromide. The various
alkyl and alkylene groups typically contain from about 1 to 6
carbon atoms. The cycloalkyl moieties can contain from 3 to
about 10 carbon atoms, but typically contain five, six, or
seven ring carbon atoms—e.g., cyclopentyl, cyclohexyl, and
cycloheptyl ring structures. The aryl and arylene groups are
usually phenyl and phenylene moieties.

[0197] The hole-transporting layer can be formed of a
single or a mixture of aromatic tertiary amine compounds.
Specifically, one may employ a triarylamine, such as a triary-
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lamine satisfying the Formula (B), in combination with a
tetraaryldiamine, such as indicated by Formula (D). When a
triarylamine is employed in combination with a tetraaryl-
diamine, the latter is positioned as a layer interposed between
the triarylamine and the electron injecting and transporting
layer. Ilustrative of useful aromatic tertiary amines are the
following:
[0198] 1.1-Bis(4-di-p-tolylaminophenyl)cyclohexane
[0199] 1.1-Bis(4-di-p-tolylaminophenyl)-4-phenylcyclo-
hexane
[0200] 4.4'-Bis(diphenylamino)quadriphenyl
[0201] Bis(4-dimethylamino-2-methylphenyl)-phenyl-
methane
[0202] N,N,N-Tri(p-tolyl)amine
[0203] 4-(di-p-tolylamino)-4'-[4(di-p-tolylamino)-styryl]
stilbene
[0204] N,N,N'\N'-Tetra-p-tolyl-4-4'-diaminobiphenyl
[0205] N,N,N',N'-Tetraphenyl-4,4'-diaminobiphenyl
[0206] N,N,N',N'-tetra-1-naphthyl-4,4'-diaminobiphenyl
[0207] N,N,N',N'-tetra-2-naphthyl-4,4'-diaminobipheny]
[0208] N-Phenylcarbazole
[0209] 4.4'-Bis[N-(1-naphthyl)-N-phenylamino]biphenyl
(NPB)
[0210] 4.4'-Bis[N-(1-naphthyl)-N-(2-naphthyl)amino|bi-
phenyl(TNB)
[0211] 4.4"-Bis[N-(1-naphthyl)-N-phenylamino]p-terphe-
nyl
[0212]
[0213]
phenyl
[0214]
lene
[0215]
[0216]
nyl
[0217]
nyl
[0218]
phenyl
[0219]
[0220]
phenyl
[0221]
[0222]
nyl
[0223]

4 4'-Bis[N-(2-naphthyl)-N-phenylamino|biphenyl
4 4'-Bis[N-(3-acenaphthenyl)-N-phenylamino]bi-

1.5-Bis[N-(1-naphthyl)-N-phenylamino]naphtha-

4 4'-Bis[N-(9-anthryl)-N-phenylamino |biphenyl
4.4"-Bis[N-(1-anthryl)-N-phenylamino]-p-terphe-

4 4'-Bis[N-(2-phenanthryl)-N-phenylamino|biphe-
4 4'-Bis[N-(8-fluoranthenyl)-N-phenylamino|bi-

4 4'-Bis[N-(2-pyrenyl)-N-phenylamino |biphenyl
4 4'-Bis[N-(2-naphthacenyl)-N-phenylamino]bi-

4 4'-Bis[N-(2-perylenyl)-N-phenylamino|biphenyl
4.4'-Bis[N-(1-coronenyl)-N-phenylamino|biphe-

2,6-Bis(di-p-tolylamino)naphthalene

[0224] 2.6-Bis[di-(1-naphthyl)amino|naphthalene

[0225] 2.6-Bis[N-(1-naphthyl)-N-(2-naphthyl)amino]
naphthalene

[0226] N,N,N'\N'-Tetra(2-naphthyl)-4,4"-diamino-p-ter-
phenyl

[0227] 4.4'-Bis
amino }biphenyl

[0228] 4.4'-Bis[N-phenyl-N-(2-pyrenyl)amino]biphenyl

[0229] 2.6-Bis[N,N-di(2-naphthyl)amine]fluorene

[0230] 1.5-Bis[N-(1-naphthyl)-N-phenylamino Jnaphtha-
lene

[0231] 4.4'4"-tris[(3-methylphenyl)phenylaminoJtriph-
enylamine (MTDATA)

[0232] 4.4'-Bis[N-(3-methylphenyl)-N-phenylamino|bi-
phenyl (TPD

[0233] Another class of useful hole-transporting materials

includes polycyclic aromatic compounds as describedin EP 1

009 041. In addition, polymeric hole-transporting materials

{N-phenyl-N-[4-(1-naphthyl)-phenyl]
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can be used such as poly(N-vinylcarbazole) (PVK), poly-
thiophenes, polypyrrole, polyaniline, and copolymers such as
poly(3,4-ethylenedioxythiophene)/poly(4-styrenesulfonate)
also called PEDOT/PSS.

Exciton Blocking Layer (EBL)

[0234] As described previously, an optional exciton- or
electron-blocking layer may be present between the HTL and
the LEL (not shown in FIG. 1). Some suitable examples of
such blocking layers are described in U.S. Ser. No. 11/016,
108 of Marina E. Kondavova et al., filed Dec. 17, 2004.

Light-Emitting Layer (LEL)

[0235] In addition to the phosphorescent emitters of this
invention, which have been previously described, other light-
emitting materials may be used in the OLED device, includ-
ing fluorescent materials. Although the term “fluorescent” is
commonly used to describe any light-emitting material, in
this case we are referring to a material that emits light from a
singlet excited state. Fluorescent materials may be used in the
same layer as the phosphorescent material, in adjacent layers,
in adjacent pixels, or any combination. Care must be taken not
to select materials that will adversely affect the performance
of the phosphorescent materials of this invention. One skilled
in the art will understand that concentrations and triplet ener-
gies of materials in the same layer as the phosphorescent
material orin an adjacent layer must be appropriately set so as
to prevent unwanted quenching of the phosphorescence.
[0236] As more fully described in U.S. Pat. Nos. 4,769,292
and 5,935,721, the light-emitting layer(s) (LEL) 134 of the
organic EL element comprises a luminescent or fluorescent
material where electroluminescence is produced as a result of
electron-hole pair recombination in this region. The light-
emitting layer can be comprised ofa single material, but more
commonly consists of non-electroluminescent compounds
doped with an electroluminescent guest compound or com-
pounds where light emission comes primarily from the elec-
troluminescent compound and can be of any color. The non-
electroluminescent compound or compounds in the light-
emitting layer can be an electron-transporting material, as
defined below, ahole-transporting material, as defined above,
or another material or combination of materials that support
hole-electron recombination. The electroluminescent com-
pound is usually chosen from highly fluorescent dyes, but
phosphorescent compounds, e.g., transition metal complexes
as described in WO 98/55561, WO 00/18851, WO 00/57676,
and WO 00/70655 are also useful. Electroluminescent com-
pounds can be coated as 0.01 to 50% into the non-electrolu-
minescent component material, but typically coated as 0.01 to
30% and more typically coated as 0.01 to 15% into the non-
electroluminescent component. The thickness of the LEL can
be any suitable thickness. It can be in the range of from 0.1 nm
to 100 mm.

[0237] An important relationship for choosing a dye as a
electroluminescent component is a comparison of the band-
gap potential which is defined as the energy difference
between the highest occupied molecular orbital and the low-
est unoccupied molecular orbital of the molecule. For effi-
cient energy transfer from the non-electroluminescent com-
pound to the electroluminescent compound molecule, a
necessary condition is that the band gap of the electrolumi-
nescent compound is smaller than that of the non-electrolu-
minescent compound or compounds.
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[0238] Non-electroluminescent compounds and emitting
molecules known to be of use include, but are not limited to,
those disclosed in U.S. Pat. No. 4,768,292, U.S. Pat. No.
5,141,671, U.S. Pat. No. 5,150,006, U.S. Pat. No. 5,151,629,
U.S. Pat. No. 5,405,709, U.S. Pat. No. 5,484,922, U.S. Pat.
No. 5,593,788, U.S. Pat. No. 5,645,948, U.S. Pat. No. 5,683,
823, U.S. Pat. No. 5,755,999, U .S. Pat. No. 5,928,802, U.S.
Pat.No. 5,935,720, U.S. Pat. No. 5,935,721, and U.S. Pat. No.
6,020,078.

[0239] Metal complexes of 8-hydroxyquinoline and similar
derivatives (Formula F) constitute one class of useful non-
electroluminescent component compounds capable of sup-
porting electroluminescence, and are particularly suitable for
light emission of wavelengths longer than 500 nm, e.g., green,
yellow, orange, and red.

(E)
(0N O
<[ - <0
)
N Z N Z
N N

wherein

[0240] M represents a metal,

[0241] nisan integer of from 1 to 4; and

[0242] 7 independently in each occurrence represents the

atoms completing a nucleus having at least two fused aro-
matic rings.
[0243] From the foregoing it is apparent that the metal can
be monovalent, divalent, trivalent, or tetravalent metal. The
metal can, for example, be an alkali metal, such as lithium,
sodium, or potassium; an alkaline earth metal, such as mag-
nesium or calcium; an earth metal, such as aluminum or
gallium, or a transition metal such as zinc or zirconium.
Generally any monovalent, divalent, trivalent, or tetravalent
metal known to be a useful chelating metal can be employed.
[0244] 7 completes a heterocyclic nucleus containing at
least two fused aromatic rings, at least one of which is an
azole or azine ring. Additional rings, including both aliphatic
and aromatic rings, can be fused with the two required rings,
if required. To avoid adding molecular bulk without improv-
ing on function the number of ring atoms is usually main-
tained at 18 or less.
[0245] Illustrative of useful chelated oxinoid compounds
are the following:
[0246] CO-1: Aluminum trisoxine [alias, tris(8-quinoli-
nolato)aluminum(I1I)]
[0247] CO-2: Magnesium bisoxine [alias, bis(8-quinoli-
nolato)magnesium(II)]
[0248] CO-3: Bis[benzo{}-8-quinolinolato]zinc (I1)
[0249] CO-4: Bis(2-methyl-8-quinolinolato)aluminum
(I)-p-oxo-bis(2-methyl-8-quinolinolato)  aluminum
400)]
[0250] CO-5: Indium trisoxine [alias, tris(8-quinolino-
lato)indium]
[0251] CO-6: Aluminum tris(5-methyloxine) [alias, tris
(5-methyl-8-quinolinolato) aluminum(IIT)]
[0252] CO-7: Lithium oxine [alias, (8-quinolinolato)
lithium(T)]
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[0253] CO-8: Gallium oxine [alias, tris(8-quinolinolato)
gallium(IIT)]
[0254] CO-9: Zirconium oxine [alias, tetra(8-quinolino-

lato)zirconium(IV)]

[0255] CO-10: Bis(2-methyl-8-quinolinato)-4-phenylphe-
nolatoaluminum (T1T)

[0256] Other electron-transporting materials include vari-
ous butadiene derivatives as disclosed in U.S. Pat. No. 4,356,
429 and various heterocyclic optical brighteners as described
in U.S. Pat. No. 4,539,507. Benzazoles and triazines are also
useful electron-transporting materials.

[0257] A preferred embodiment of the luminescent layer
consists of a host material doped with fluorescent dyes. Using
this method, highly efficient EL devices can be constructed.
Simultaneously, the color of the EL devices can be tuned by
using fluorescent dyes of different emission wavelengths in a
common host material. Tang etal. incommonly assigned U.S.
Pat. No. 4,769,292 has described this dopant scheme in con-
siderable details for EL devices using Alq as the host material.
[0258] Shietal. in commonly assigned U.S. Pat. No. 5,935,
721 has described this dopant scheme in considerable details
for the blue emitting OLED devices using 9,10-di-(2-naph-
thyl)anthracene (ADN) derivatives as the host material.
[0259] Derivatives of  9,10-di-(2-naphthyl)anthracene
(Formula F) constitute one class of useful non-electrolumi-
nescent compounds capable of supporting electrolumines-
cence, and are particularly suitable for light emission of
wavelengths longer than 400 nm, e.g., blue, green, yellow,
orange or red.

®

Rs

wherein: R', R?, R?,R* R, and R® represent hydrogen or one
or more substituents selected from the following groups:
[0260] Group 1: hydrogen, alkyl and alkoxy groups typi-
cally having from 1 to 24 carbon atoms;

[0261] Group 2: aring group, typically having from 6 to 20
carbon atoms;
[0262] Group 3: the atoms necessary to complete a car-

bocyclic fused ring group such as naphthyl, anthracenyl,
pyrenyl, and perylenyl groups, typically having from 6 to 30
carbon atoms;

[0263] Group 4: the atoms necessary to complete a hetero-
cyclic fused ring group such as furyl, thienyl, pyridyl, and
quinolinyl groups, typically having from 5 to 24 carbon
atoms;

[0264] Group 5: an alkoxylamino, alkylamino, and ary-
lamino group typically having from 1 to 24 carbon atoms; and
[0265] Group 6: fluorine, chlorine, bromine and cyano radi-
cals.

Oct. 23,2008

[0266] Tllustrative examples include 9,10-di-(2-naphthyl)
anthracene (ADN) and 2-t-butyl-9,10-di-(2-naphthyl)an-
thracene (TBADN). Other anthracene derivatives can be use-
ful as an non-electroluminescent compound in the LEL, such
as diphenylanthracene and its derivatives, as described in
U.S. Pat. No. 5,927,247. Styrylarylene derivatives as
described in U.S. Pat. No. 5,121,029 and JP 08333569 are
also useful non-electroluminescent materials for blue emis-
sion. For example, 9,10-bis[4-(2,2-diphenylethenyl)phenyl]
anthracene, 4,4'-Bis(2,2-diphenylethenyl)-1,1'-biphenyl
(DPVBI) and phenylanthracene derivatives as described in
EP 681,019 are useful non-electroluminescent materials for
blue emission. Another useful non-electroluminescent mate-
rial capable of supporting electroluminescence for blue-light
emission is H-1 and its derivatives shown as follows:

H-1

[0267] Benzazole derivatives (formula G) constitute
another class of useful non-electroluminescent components
capable of supporting electroluminescence, and are particu-
larly suitable for light emission of wavelengths longer than
400 nm, e.g., blue, green, yellow, orange or red.

N
77N .

©

=

where:

[0268] nisan integer of 3 to §;

[0269] Zis—O,—NR or—SwhereR is Hor a substituent;
and

[0270] R' represents one or more optional substituents

where R and each R' are H or alkyl groups such as propyl,
t-butyl, and heptyl groups typically having from 1 to 24
carbon atoms; carbocyclic or heterocyclic ring groups such as
phenyl and naphthyl, furyl, thienyl, pyridyl, and quinolinyl
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groups and atoms necessary to complete a fused aromatic ring
group typically having from 5 to 20 carbon atoms; and halo -continued

such as chloro, and fluoro;

[0271] L is a linkage unit usually comprising an alkyl or

aryl group which conjugately or unconjugately connects the

multiple benzazoles together.

[0272] An example of a useful benzazole is 2,2',2"-(1,3,5- O
benzenetriyl)tris| 1-phenyl-1H-benzimidazole], (TPBI).

[0273] Distyrylarylene derivatives as described in U.S. Pat. ‘
No. 5,121,029 are also useful non-electroluminescent com-

ponent materials in the LEL. O

[0274] Desirable fluorescent electroluminescent compo-
nents include groups derived from fused ring, heterocyclic
and other compounds such as anthracene, tetracene, xan-
thene, perylene, rubrene, pyran, rhodamine, quinacridone, 14
dicyanomethylenepyran, thiopyran, polymethine, pyrilium
thiapyrilium, and carbostyryl compounds. Illustrative

examples of useful electroluminescent components include,
but are not limited to, the following:

hﬁ r‘% r‘"
) O N O H

18
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-continued -continued
R! NC CN
RZ O R
N
X Rl R2
19 0 H H R
L10 0 H Methyl
L11 0 Methyl H L37 phenyl
L12 o] Methyl Methyl L38 methyl
L13 0 H t-butyl L39 t-butyl
L14 o t-butyl H 140 mesityl
L15 O t-butyl t-butyl NC CN
L16 S H H
L17 S H Methyl
L18 S Methyl H
119 S Methyl Methyl | |
120 S H t-butyl
121 S t-butyl H 0] R
122 S t-butyl t-butyl
Rl
/j
R? R
L4l phenyl
L42 methy!l
143 t-butyl
L44 mesityl
X Rl R2
123 0 H H NG
124 0 H Methyl e Ir
125 0 Methyl H X7
126 0] Methyl Methyl |
127 0 H t-butyl S
128 0 t-butyl H - -
145
129 (¢} t-butyl t-butyl
130 S H H
131 S H Methyl
132 s Methyl H S
133 S Methyl Methyl Fu | H—B N\
—
134 S H t-butyl N |
135 S t-butyl H 2
136 S t-butyl t-butyl 146
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-continued

N\Q\
H,C CH

[0275] Many blue fluorescent dopants are known in the art,
and are contemplated for use in the practice of this invention.
Blue dopants or light-emitting materials can be coated as 0.01
to 50% by weight into the host material, but typically coated
as 0.01 to 30% and more typically coated as 0.01 to 15% by
weight into the host material. The thickness of the blue-light-
emitting can be any suitable thickness. It can be in the range
of from 10 to 100 nm. Particularly useful classes of blue-
emitting dopants include perylene and its derivatives such as
2,5,8,11-tetra-tert-butyl perylene (TBP), and distyrylamine
derivatives as described in U.S. Pat. No. 5,121,029, such as
LA47 (structure shown abaove)

[0276] Another useful class of blue-emitting dopants is
represented by Formula 2, known as a bis(azinylOamine
borane complex, and is described in commonly assigned U.S.
Pat. No. 6,661,023 (Feb. 9, 2003) by Benjamin P. Hoag et al.,
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entitled “Organic Element for Electroluminescent Devices”;
the disclosure of which is incorporated herein.

Formula 2
4 N 4,
3/ Y N \3,
X A A =X
NN TN A
7 \zb

wherein:
[0277]
corresponding to 6-membered aromatic ring systems contain-

A and A' represent independent azine ring systems

ing at least one nitrogen;

[0278] each X“ and X’ is an independently selected sub-
stituent, two of which may join to form a fused ring to A or A",
[0279] m and n are independently 0 to 4;

[0280] 7% and Z° are independently selected substituents;
and

[0281] 1.2.3.4.1', 2,3 and 4' are independently selected
as either carbon or nitrogen atoms.

[0282] Desirably, the azine rings are either quinolinyl or
isoquinolinyl rings such that 1, 2, 3, 4, 1', 2',3', and 4' are all
carbon; m and n are equal to or greater than 2; and X* and X°
represent at least two carbon substituents which join to form
an aromatic ring. Desirably, Z* and Z” are fluorine atoms.
[0283]
where the two fused ring systems are quinoline or isoquino-

Preferred embodiments further include devices

line systems; the aryl or heterocyclic substituent is a phenyl
group; there are present at least two X¢ groups and two X’
groups which join to form a 6-6 fused ring, the fused ring
systems are fused at the 1-2, 3-4, 1'-2', or 3'-4' positions,
respectively; one or both of the fused rings is substituted by a
phenyl group; and where the dopant is depicted in Formulae
3,4,0r5,

Formula 3

Xe

Xh

Formula 4
Xh

Xe
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-continued

Formula 5
Xk Xt

AN
0 NN NN
/\
X F Xf

wherein each X, X?, X°, X/, X%, and X" is hydrogen or an
independently selected substituent, one of which must be an
aryl or heterocyclic group.

[0284] Desirably, the azine rings are either quinolinyl or
isoquinolinyl rings such that 1, 2, 3, 4, 1', 2', 3", and 4' are all
carbon; m and n are equal to or greater than 2; and X and X®
represent at least two carbon substituents which join to form
an aromatic ring, and one is an aryl or substituted aryl group.
Desirably, Z* and Z° are fluorine atoms.

[0285]
pounds complexed by two ring nitrogens of a deprotonated

Illustrative, non-limiting examples of boron com-

bis(azinyl)amine ligand, wherein the two ring nitrogens are
members of different 6,6 fused ring systems in which at least
one of the systems contains an aryl or heterocyclic substitu-
ent, useful in the present invention are the following:

B-1
B-2
AN
F
« |
B-3
| AN
AN S
a
™
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-continued

[0286] Coumarins represent a useful class of green-emit-
ting dopants as described by Tang et al. in U.S. Pat. Nos.
4,769,292 and 6,020,078. Green dopants or light-emitting
materials can be coated as 0.01 to 50% by weight into the host
material, but typically coated as 0.01 to 30% and more typi-
cally coated as 0.01 to 15% by weight into the host material.
Examples of useful green-emitting coumarins include C545T
and C545TB. Quinacridones represent another useful class of
green-emitting dopants. Useful quinacridones are described
in U.S. Pat. No. 5,593,788, publication JP 09-13026 A, and
commonly assigned U.S. patent application Ser. No. 10/184,
356 filed Jun. 27, 2002 by Lelia Cosimbescu, entitled “Device
Containing Green Organic Light-Emitting Diode”, the dis-
closure of which is incorporated herein.
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[0287] Examples of particularly useful green-emitting
quinacridones are shown below:
G-1
0 TH3
N F
F N
CH, o}
G-2
O
N
N
ij O

[0288] Formula 6 below represents another class of green-
emitting dopants useful in the invention.

Formula 6

wherein:

[0289] A and A' represent independent azine ring systems
corresponding to 6-membered aromatic ring systems contain-
ing at least one nitrogen;

[0290] each X and X’ is an independently selected sub-
stituent, two of which may join to form a fused ring to A or A",
[0291] m and n are independently O to 4;

[0292] Y is H or a substituent;

[0293] Z° and Z” are independently selected substituents;
and

[0294] 1,2,3,4,1', 23" and 4' are independently selected
as either carbon or nitrogen atoms.

[0295] In the device, 1, 2, 3,4, 1',2', 3", and 4' are conve-
niently all carbon atoms. The device may desirably contain at
least one or both of ring A or A' that contains substituents
joined to form a fused ring. In one useful embodiment, there
is present at least one X* or X group selected from the group
consisting of halide and alkyl, aryl, alkoxy, and aryloxy
groups. In another embodiment, there is present a Z* and Z°
group independently selected from the group consisting of
fluorine and alkyl, aryl, alkoxy and aryloxy groups. A desir-
able embodiment is where Z¢ and 7’ are F. Y is suitably
hydrogen or a substituent such as an alkyl, aryl, or heterocy-
clic group.

[0296] The emission wavelength of these compounds may
be adjusted to some extent by appropriate substitution around
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the central bis(azinyl)methene boron group to meet a color
aim, namely green. Some examples of useful Formulas fol-
low:

G-3
G-4
| XX
AN N\B/N a
/\
F F
G-5
G-6
G-7
7 X
x N\B/ d
/\
F T
[0297] Naphthacenes and derivatives thereof also represent

a useful class of emitting dopants, which can be used as
stabilizers. These dopant materials can be coated as 0.01 to
50% by weight into the host material, but typically coated as
0.01 to 30% and more typically coated as 0.01 to 15% by
weight into the host material. Naphthacene derivative Y-1
(alias t-BuDPN) below, is an example of a dopant material
used as a stabilizer:

Y-1

t-Bu

t-Bu
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Hole-Blocking Layer (HBL)

[0298] As described previously, in addition to suitable
hosts and transporting materials, an OLED device according
to the invention also includes at least one hole-blocking layer
135 placed between the electron-transporting layer 136 and
the light-emitting layer 134 to help confine the excitons and
recombination events to the light-emitting layer comprising
co-hosts and a phosphorescent emitter. In this case, there
should be an energy barrier for hole migration from co-hosts
into the hole-blocking layer, while electrons should pass
readily from the hole-blocking layer into the light-emitting
layer comprising co-host materials and a phosphorescent
emitter. The first requirement entails that the ionization
potential of the hole-blocking layer 135 be larger than that of
the light-emitting layer 134, desirably by 0.2 eV or more. The
second requirement entails that the electron affinity of the
hole-blocking layer 135 not greatly exceed that of the light-
emitting layer 134, and desirably be either less than that of
light-emitting layer or not exceed that of the light-emitting
layer by more than about 0.2 V.

[0299] When used with an electron-transporting layer
whose characteristic luminescence is green, such as an Alg-
containing electron-transporting layer as described below, the
requirements concerning the energies of the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the material of the hole-blocking layer
frequently result in a characteristic luminescence of the hole-
blocking layer at shorter wavelengths than that of the elec-
tron-transporting layer, such as blue, violet, or ultraviolet
luminescence. Thus, it is desirable that the characteristic
luminescence of the material of a hole-blocking layer be blue,
violet, or ultraviolet. It is further desirable that the triplet
energy of the hole-blocking material be greater than that of
the phosphorescent material. Suitable hole-blocking materi-
als are described in WO 00/70655A2, WO 01/41512 and WO
01/93642 A1. Two examples of useful hole-blocking materi-
als are bathocuproine (BCP) and bis(2-methyl-8-quinolino-
lato)(4-phenylphenolato)aluminum(IIT) (BAlq). The charac-
teristic luminescence of BCP is in the ultraviolet, and that of
BAlq is blue. Metal complexes other than BAlq are also
known to block holes and excitons as described in US
20030068528. When a hole-blocking layer is used, its thick-
ness can be between 2 and 100 nm and suitably between 5 and
10 nm.

Electron-Transporting Layer (ETL)

[0300] The electron transport layer has been discussed pre-
viously. Preferred thin film-forming materials for usein form-
ing the electron-transporting layer of the organic EL devices
of this invention are metal chelated oxinoid compounds,
including chelates of oxine itself (also commonly referred to
as 8-quinolinol or 8-hydroxyquinoline). Such compounds
help to inject and transport electrons and exhibit both high
levels of performance and are readily fabricated in the form of
thin films. Exemplary of contemplated oxinoid compounds
are those satisfying structural Formula (E), previously
described.

[0301] Other electron-transporting materials include vari-
ous butadiene derivatives as disclosed in U.S. Pat. No. 4,356,
429 and various heterocyclic optical brighteners as described
in U.S. Pat. No. 4,539,507. Benzazoles satisfying structural
Formula (G) are also useful electron-transporting materials.
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[0302] Insome instances, the electron transport and light-
emitting layers can optionally be collapsed into a single layer
that serves the function of supporting both light emission and
electron-transportation. The thickness of the ETL can be any
suitable thickness. It can be in the range of from 0.1 nm to 10
nm.

Cathode

[0303] When light emission is through the anode, the cath-
ode layer 140 used in this invention can be comprised of
nearly any conductive material. Desirable materials have
good film-forming properties to ensure good contact with the
underlying organic layer, promote electron injection at low
voltage, and have good stability. Useful cathode materials
often contain a low work function metal (<4.0 eV) or metal
alloy. Cathode materials are comprised of Mg:Ag, Al:Li and
Mg: Al alloys. One preferred cathode material is comprised of
aMg: Ag alloy wherein the percentage of silver is in the range
of 1 to 20%, as described in U.S. Pat. No. 4,885,221. Another
suitable class of cathode materials includes bilayers com-
prised of a thin layer of a low work function metal or metal
saltcapped with a thicker layer of conductive metal. One such
cathode is comprised of a thin layer of LiF followed by a
thicker layer of Al as described in U.S. Pat. No. 5,677,572.
Other useful cathode materials include, but are not limited to,
those disclosed in U.S. Pat. No. 5,059,861, U.S. Pat. No.
5,059,862, and U.S. Pat. No. 6,140,763.

[0304] When light emission is viewed through the cathode,
the cathode must be transparent or nearly transparent. For
such applications, metals must be thin or one must use trans-
parent conductive oxides, ora combination of these materials.
Optically transparent cathodes have been described in more
detail in U.S. Pat. No. 5,776,623. Cathode materials can be
deposited by evaporation, sputtering, or chemical vapor
deposition. When needed. patterning can be achieved through
many well known methods including, but not limited to,
through-mask deposition, integral shadow masking as
described in U.S. Pat. No. 5,276,380 and EP 0 732 868, laser
ablation, and selective chemical vapor deposition.

Deposition of Organic Layers

[0305] The organic materials mentioned above are suitably
deposited through sublimation, but can be deposited from a
solvent with an optional binder to improve film formation. If
the material is a polymer, solvent deposition is usually pre-
ferred. The material to be deposited by sublimation can be
vaporized from a sublimator “boat” often comprised of a
tantalum material, e.g., as described in U.S. Pat. No. 6,237,
529, or can be first coated onto a donor sheet and then sub-
limed in closer proximity to the substrate. Layers with a
mixture of materials can utilize separate sublimator boats or
the materials can be pre-mixed and coated from a single boat
or donor sheet. Patterned deposition can be achieved using
shadow masks, integral shadow masks (U.S. Pat. No. 5,294,
870), spatially-defined thermal dye transfer from a donor
sheet (U.S. Pat. No. 5,851,709 and U.S. Pat. No. 6,066,357)
and inkjet method (U.S. Pat. No. 6,066,357).

[0306] Organic materials useful in making OLEDs, for
example organic hole-transporting materials, organic light-
emitting materials doped with an organic electroluminescent
components have relatively complex molecular structures
with relatively weak molecular bonding forces, so that care
must be taken to avoid decomposition of the organic material
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(s) during physical vapor deposition. The aforementioned
organic materials are synthesized to a relatively high degree
of purity, and are provided in the form of powders, flakes, or
granules. Such powders or flakes have been used heretofore
for placement into a physical vapor deposition source
wherein heat is applied for forming a vapor by sublimation or
vaporization of the organic material, the vapor condensing on
a substrate to provide an organic layer thereon.

[0307] Several problems have been observed in using
organic powders, flakes, or granules in physical vapor depo-
sition: These powders, flakes, or granules are difficult to
handle. These organic materials generally have a relatively
low physical density and undesirably low thermal conductiv-
ity, particularly when placed in a physical vapor deposition
source which is disposed in a chamber evacuated to a reduced
pressure as low as 10~° Torr. Consequently, powder particles,
flakes, or granules are heated only by radiative heating from a
heated source, and by conductive heating of particles or flakes
directly in contact with heated surfaces of the source. Powder
particles, flakes, or granules which are not in contact with
heated surfaces of the source are not effectively heated by
conductive heating due to a relatively low particle-to-particle
contact area; This can lead to nonuniform heating of such
organic materials in physical vapor deposition sources.
Therefore, result in potentially noruniform vapor-deposited
organic layers formed on a substrate.

[0308] These organic powders can be consolidated into a
solid pellet. These solid pellets consolidating into a solid
pellet from a mixture of a sublimable organic material powder
are easier to handle. Consolidation of organic powder into a
solid pellet can be accomplished with relatively simple tools.
A solid pellet formed from mixture comprising one or more
non-luminescent organic non-electroluminescent component
materials or luminescent electroluminescent component
materials or mixture of non-electroluminescent component
and electroluminescent component materials can be placed
into a physical vapor deposition source for making organic
layer. Such consolidated pellets can be used in a physical
vapor deposition apparatus.

[0309] In one aspect, the present invention provides a
method of making an organic layer from compacted pellets of
organic materials on a substrate, which will form part of an
OLED.

[0310] One preferred method for depositing the materials
of the present invention is described in US 2004/0255857 and
U.S. Ser. No. 10/945,941 where different source evaporators
are used to evaporate each of the materials of the present
invention. A second preferred method involves the use of
flash evaporation where materials are metered along a mate-
rial feed path in which the material feed path is temperature
controlled. Such a preferred method is described in the fol-
lowing co-assigned patent applications: U.S. Ser. No. 10/784,
585; U.S. Ser. No. 10/805,980; U.S. Ser. No. 10/945,940;
U.S. Ser. No. 10/945,941; U.S. Ser. No. 11/050,924; and U.S.
Ser.No. 11/050,934. Using this second method, each material
may be evaporated using different source evaporators or the
solid materials may be mixed prior to evaporation using the
same source evaporator.
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Encapsulation

[0311]
oxygen so they are commonly sealed in an inert atmosphere

Most OLED devices are sensitive to moisture and/or

such as nitrogen or argon, along with a desiccant such as
alumina, bauxite, calcium sulfate, clays, silica gel, zeolites,
alkaline metal oxides, alkaline earth metal oxides, sulfates, or
metal halides and perchlorates. Methods for encapsulation
and desiccation include, but are not limited to, those
described in U.S. Pat. No. 6,226,890.

Optical Optimization

[0312]
well-known optical effects in order to enhance its properties if

OLED devices of this invention can employ various

desired. This includes optimizing layer thicknesses to yield
maximum light transmission, providing dielectric mirror
structures, replacing reflective electrodes with light-absorb-
ing electrodes, providing anti-glare or anti-reflection coatings
over the display, providing a polarizing medium over the
display, or providing colored, neutral density, or color-con-
version filters over the display. Filters, polarizers, and anti-
glare or anti-reflection coatings may be specifically provided
over the cover or as part of the cover.

[0313]
trated by the specific examples that follow. The term “per-

The invention and its advantages are further illus-

centage” or “percent” and the symbol “%” indicate the vol-
ume percent (or a thickness ratio as measured on a thin film
thickness monitor) of a particular first or second compound of
the total material in the layer of the invention and other
components of the devices. If more than one second com-
pound is present, the total volume of the second compounds
can also be expressed as a percentage of the total material in
the layer of the invention.

EXAMPLE 1

Synthesis of Compound A-16

[0314]
(eq. 1)
H;C HiC
H;C CH; e CH;
KBu'O
. -
DMF
0 |
H;C
HyC H
CH;

@ @
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-continued
HiC
HiC

H;C

HyC

CH;

oC  CH,

&)

(eq.2)
1. CH;80,Cl/CH,CL/NEt;

2. collidine/xylenes

CHz

CH;

[0315] Compound (3), eq. 1, was prepared in the following
manner. Under a nitrogen atmosphere, acetylenic compound
(2) (2.0 g, 12 mMole), was dissolved in dimethylformamide
(DMF) (100 mL) and the solution cool to 0° C. Potassium
t-butoxide (KBu'O) (1.4 g, 12 mMole), was added and the
mixture stirred well for approximately 15 minutes. To this
mixture was then added the benzophenone (1) (3.53 g, 30
mMole). Stirring was continued at 0° C. for approximately 30
minutes and then allowed to come to room temperature over
a 1-hour period. At the end of this time the solution was
cooled to 0° C. and the reaction treated with saturated sodium
chloride (20 mL). The mixture was then diluted with ethyl
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acetate, washed with 2N—HCI (3 times), dried over MgSO,,
filtered and concentrated under reduced pressure. The crude
product was triturated with petroleum ether to give the prod-
uct as an off-white solid. The yield of compound (3) was 3.0
g

[0316] Compound (3) (7.0 g, 15 mMole) was dissolved in
methylene chloride (CH,Cl,) (70 mL), and stirred at 0° C.
under a nitrogen atmosphere. To this solution was added
triethylamine (NEt;) (1.56 g, 15 mMole) and then the mixture
was treated drop by drop with methanesulfonyl chloride
(CH,;SO,Cl1)(1.92 g, 15 mMole), keeping the temperature of
the reaction in the range 0-5° C. After the addition, the solu-
tion was stirred at 0° C. for 30 minutes, and then allowed to
warm to room temperature over 1 hour. The reaction was then
heated to reflux, distilling off the methylene chloride solvent.
The methylene chloride solvent was gradually replaced by
adding xylenes (a total of 70 mL). When the internal tempera-
ture of the reaction reached 80° C., collidine (2.40 g, 19.82
mMole), dissolved in xylenes (10 mL) was added drop by
drop over a 10-minute period. The temperature was then
raised to 110° C. and held at this temperature for 4 hours.
After this period the reaction was cooled and concentrated
under reduced pressure. The oily residue was stirred with
methanol (70 mL) to give the crude product. This material
was filtered off, washed with methanol and petroleum ether to
give inventive compound A-16 as a bright red solid. The yield
was 1.5 g and A-16 had a melting point of 300-305° C. The
product may be further purified by sublimation (250° C. @
200 millitorr) with a N, carrier gas.

EXAMPLE 2
Determination of LUMO Values

[0317] An important relationship exists when selecting the
first compound and second compound(s) of the invention. A
comparison of the LUMO values of the first and second
compounds in the layer of the invention must be carefully
considered. To obtain a drive voltage reduction over devices
that contain only a first compound or only a second com-
pound, there must be a difference in the LUMO values of the
compounds. The first compound must have a lower LUMO
(more negative) value than the second compound, or com-
pounds.

[0318] The LUMO values are typically determined experi-
mentally by electrochemical methods. A Model CH1660
electrochemical analyzer (CH Instruments, Inc., Austin, Tex.)
was employed to carry out the electrochemical measure-
ments. Cyclic voltammetry (CV) and Osteryoung square-
wave voltammetry (SWV) were used to characterize the
redox properties of the compounds of interest. A glassy car-
bon (GC) disk electrode (A=0.071 cm?) was used as working
electrode. The GC electrode was polished with 0.05 pm alu-
mina slurry, followed by sonication cleaning in Milli-Q
deionized water twice and rinsed with acetone in between
water cleaning. The electrode was finally cleaned and acti-
vated by electrochemical treatment prior to use. A platinum
wire served as counter electrode and a saturated calomel
electrode (SCE) was used as a quasi-reference electrode to
complete a standard 3-electrode electrochemical cell. Fer-
rocene (Fc) was used as an internal standard (E =0.50'V vs.
SCE in 1:1 acetonitrile/toluene, 0.1 M TBAF). A mixture of
acetonitrile and toluene (50%/50% v/v, or 1:1) was used as the
organic solvent system. The supporting electrolyte, tetrabu-
tylammonium tetrafluoroborate (TBAF) was recrystallized
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twice in isopropanol and dried under vacuum. All solvents
used were low water grade (<20 ppm water). The testing
solution was purged with high purity nitrogen gas for
approximately 5 minutes to remove oxygen and a nitrogen
blanket was kept on the top of the solution during the course
of the experiments. All measurements were performed at
ambient temperature of 25+1° C. The oxidation and reduction
potentials were determined either by averaging the anodic
peak potential (Ep,a) and cathodic peak potential (Ep,c) for
reversible or quasi-reversible electrode processes or on the
basis of peak potentials (in SWV) for irreversible processes.
AllLUMO values pertaining to this application are calculated
from the following:

Formal reduction potentials vs. SCE for reversible or quasi-
reversible processes;

B i (EpatEpe)2
Formal reduction potentials vs. Fe;
E?, g Vs. Fe=(E”, 3 vs. SCE)-Ep,

where E_ is the oxidation potential E__, of ferrocene;

Estimated lower limit for LUMO;

LUMO=HOMOp,~(E®,;vs. Fc)

where HOMO,._ (Highest Occupied Molecular Orbital for
ferrocene)=—4.8 eV.

[0319] The LUMO values for some first and second com-
pounds are listed in Table 1. To make a selection of com-
pounds useful in the invention, the first compound should
have a lower LUMO value than its paired second compound

(s).

ox?

TABLE 1

LUMO Values for Representative Materials

Material LUMO (eV)
A-7T(B-1) -2.50
A-8 (B-2) -2.50
A-10 -2.44
A-11 -2.45
A-12 -2.40
A-13 -2.77
A-14 -2.83
A-15 -3.02
A-16 -2.72
A-17 -3.24
A-18 -2.52
A-19 -2.83
A-22 -2.35
B-4 -2.4
B-5 -2.3
B-6 -2.3
Lig! -1.85
!Liq represents lithium quinolate.
EXAMPLE 3

Determination of Low-Voltage Electron Transport
Materials

[0320] Materials were tested to determine if they were low
voltage electron transport materials by incorporating them
alone into the electron-transporting layer of a device. Devices
were constructed in the following manner.

[0321] A glass substrate coated with an 85 nm layer of
indium-tin oxide (ITO) as the anode was sequentially ultra-
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sonicated in a commercial detergent, rinsed in deionized
water, degreased in toluene vapor and exposed to oxygen
plasma for about 1 min.

[0322] a) Over the ITO was deposited a 1 nm fluorocarbon
(CF.) hole-injecting layer (HIL) by plasma-assisted deposi-
tion of CHF.

[0323] b) A hole-transporting layer (HTL) of N,N'-di-1-
naphthalenyl-N,N'-dipheny!-4,4'-diaminobiphenyl ~ (NPB)
having a thickness of 75 nm was then evaporated onto a).
[0324] c) A 35 nm light-emitting layer (LEL) of tris(8-
quinolinolato)aluminum (IIT) (Alq) was then deposited onto
the hole-transporting layer.

[0325] d)A 35 nm electron-transporting layer (ETL) of the
materials to be tested was then deposited onto the light-
emitting layer.

[0326] e)Ontopofthe ETL was deposited a 0.5 nm layer of
LiF.
[0327] f) On top of the LiF layer was deposited a 130 nm

layer of Al to form the cathode.

[0328] Theabove sequence completed the deposition ofthe
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0329] Low voltage electron transport materials are mate-
rials that when incorporated alone into the electron-transport-
ing layer, as described above, resultintest voltages of 12 volts
or less. Low voltage electron transport materials with test
voltages of 11 volts, or more suitably 10 volts or less are also
useful as second compounds of the invention while materials
of 9 or 8 volts or less are preferred as second compounds.
Materials tested for low drive voltages and the results are
shown in Table 2.

TABLE 2

Examples of Low Voltage Electron Transport Materials

Voltage Relative

Sample Material Type V) Voltage!
3-1 B-1(Alg)  Low 8.0 100
32 B-5 Low 9.9 124
3-3 B-6 Low 8.3 104
3-4 A-10 High 13.7 171
3-5 A-13 High 154 192
3-6 A-18 High 165 206
3-7 CBP? High 143 179
3-8 Lig? High 121 151

Yolrage relative to B-1 (Alq)
2CBP represents 4,4-N,N'-dicarbazole-bipheny]
3Liq represents lithium quinolate.

[0330] Table 2 shows that compounds B-1, B-5 and B-6
qualify as low voltage electron transport materials, while
A-10,A-13, A-18 and CBP do not.

[0331] In one embodiment, low voltage electron transport
materials have a test voltage, when examined in the manner
shown in Example 3, no more than 50% higher than Alq and
desirably no more than 25% higher than Alqg.

EXAMPLE 4
Fabrication of EL Devices 4-1 thorough 4-6

[0332] EL devices, 4-1 through 4-6, satisfying the require-
ments of the invention and for the purposes of comparison,
were constructed in the following manner.

[0333] A glass substrate coated with an 85 nm layer of
indium-tin oxide (ITO) as the anode was sequentially ultra-
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sonicated in a commercial detergent, rinsed in deionized
water, degreased in toluene vapor and exposed to oxygen
plasma for about 1 min.

[0334] a) Over the ITO was deposited a 1 nm fluorocarbon
(CFE,) hole-injecting layer (HIL) by plasma-assisted deposi-
tion of CHF;.

[0335] b) A hole-transporting layer (HTL) of N,N'-di-1-
naphthalenyl-N,N'-diphenyl-4,4'-diaminobiphenyl ~ (NPB)
having a thickness of 75 nm was then evaporated onto a).
[0336] c) A 35 nm light-emitting layer (LEL) of 4,4'-NN'-
dicarbazol-biphenyl (CBP) and 6% of tris(2-phenyl-pyridi-
nato-N,C*)Iridium (ITT) (Ir(ppy),) was then deposited onto
the hole-transporting layer.

[0337] d) A 10 nm hole-blocking layer of bis(2-methyl-8-
quinolinolato)(4-phenylphenolato)aluminum(Ill)  (BAlq)
was then deposited on the light-emitting layer.

[0338] e) A 35 nm electron-transporting layer (ETL)
including A-16 or B-1 or mixtures of the two, as indicated in
indicated in Table 3, was then deposited onto the light-emit-
ting layer.

[0339] {)Ontop ofthe ETL was deposited a 0.5 nm layer of
LiF electron-injecting layer.

[0340] g) On top of the LiF layer was deposited a 200 nm
layer of Al to form the cathode.

[0341] Theabove sequence completed the deposition of the
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0342] The cells thus formed were tested for luminous effi-
ciency and color at an operating current of 20 mA/cm” and the
results are reported in Table 3a in the form of efficiency
(w/A), luminance yield (cd/A) and voltage (V).

[0343] The operational stability of these devices was also
tested at a current density of 20 mA/cm® and at ambient
temperature. The time for the operating devices to fade to one
half the initial luminance (T, ) is reported in Table 3b. The
increase in voltage after 140 hours of operation is given as a
percent change in voltage (Table 3b). FIG. 2 shows the change
in the relative luminance for the devices with time (in hr),
wherein the luminance of each device was normalized ini-
tially.

TABLE 3a

Device performance from Example 4.
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TABLE 3a-continued
Device performance from Example 4.
% First % Second Luminous Volt-
Compound  Compound Efficiency  Yield age
Device (A-16) (B-1) (W/A) (Cd/A) V)
4-5 75 25 0.203 31.1 10.5
Inventive
4-6 100 0 0.179 215 14.0
Comparison
TABLE 3b
Additional device performance from Example 4.
% First % Second

Compound Compound Voltage Ts00
Device (A-16) (B-1) Change! (hours)
4-1 0 100 66.3% 68.9
Comparison
4-2 10 90 55.5% 111.5
Inventive
4-3 25 75 52.3% 1279
Inventive
4-4 50 30 55.8% 110.2
Inventive
4-5 75 25 54.0% 118.2
Inventive
4-6 100 0 83.5% 84.3
Comparison

LAfter 140 hours of operation.

[0344] Itcan be seen from Table 3a and 3b that the devices
give very high luminance and that the inventive devices had
lower voltage, longer lifetimes or both relative to the com-
parison devices. The inventive devices also give a lower volt-
age rise during operation. It can be seen from FIG. 2, that the
inventive devices give enhanced operational stability relative
to the comparative devices.

EXAMPLE 5
Fabrication of OLED Devices 5-1 through 5-6
[0345] EL devices, 5-1 through 5-6, satisfying the require-
ments of the invention and for the purposes of comparison,
were constructed in the same manner as those described in

c% First . (‘;A’ SeCOH‘Z - Lu;?i?gus Volt- Example 4, except the 35 nm electron-transporting layer
. ompourd - L.ompoun clency - i ege (ETL) layer contained a mixture of:
Device A19 BD WA Y 0 [0346] 1) A-16 and 2% lithium metal, or
41 0 100 0.203 313 122 [0347] 2) B-1 and 2% lithium metal, or
Comparison [0348] 3)A-16,B-1, and 2% lithium metal, the percentages
2 10 90 0.190 200 134 B-1 and A-16 in each device are indicated in indicated in
Inventive Table 4
4-3 25 75 0.191 29.2 12.7 ' .
Imventive [0349] The cells thus formed were tested for luminous effi-
44 50 50 0.201 307 1L5 ciency and color at an operating current of 20 mA/em? and the
Inventive results are reported in Table 4 in the form of efficiency (w/A),
luminance yield (cd/A), and voltage (V).
TABLE 4
Device performance from Example 5'.
% First % Second Luminous
Compound ~ Compound  Efficiency  Yield Tso0,
Device (A-16) (B-1) (W/A) (Cd/A)  Voltage (V) (hours)
51 0 98 0.205 31.4 11.0 95.0

Comparison
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TABLE 4-continued
Device performance from Example 5%
% First % Second Luminous
Compound ~ Compound Efficiency  Yield Tsov
Device (A-16) (B-1) (W/A) (Cd/A)  Voltage (V) (hours)
52 9 89 0.203 31.6 10.6 912
Inventive
53 24 74 0.203 31.2 10.1 111.0
Inventive
54 49 49 0.199 30.6 10.2 117.6
Inventive
5-5 74 24 0.197 30.3 10.8 1024
Inventive
5-6 98 0 0.204 31.3 14.6 2.0
Comparison
LAll devices also contain 2% Li in the electron-transporting layer.
[0350] Itcanbe seen from Table 4 that the inventive devices
had lower voltage, longer lifetimes or both relative to the TABLE 5
comparison devices.
Device performance from Example 6.
EXAMPLE 6 % First % Second Luminous Volt-
ot : _ _ Compound ~ Compound  Efficiency  Yield age
Fabrication of OLED Devices 6-1 Thorough 6-6 Device (A1) ) WA A V)
[0351] EL @Vlce;, 6-1 through 6-6, satisfying the require- o1 0 100 0,200 979 100
ments of the invention and for the purposes of comparison, Comparison
were constructed in the following manner. 62 10 90 0.158 835 114
[0352] A glass substrate coated with an 85 nm layer of ~ Inventive
o L - 63 25 75 0.161 833 111
indium-tin oxide (ITO) as the anode was sequentially ultra- Inventive
sonicated in a commercial detergent, rinsed in deionized 64 50 50 0.180 896 08
water, degreased in toluene vapor and exposed to oxygen Inventive
plasma for about 1 min. 16'5 i 75 2 0.190 930 91
: nventive
[0353] a) der .the ITO was deposited a | nm ﬂuorocarbqn 66 100 0 0.167 213 138
(CFE,) hole-injecting layer (HIL) by plasma-assisted deposi- Comparison
tion of CHF ;.
[0354] b) A hole-transporting layer (HTL) of N,N'-di-1- ) ) .
naphthalenyl-N,N'-diphenyl-4,4'-diaminobiphenyl ~ (NPB) [0362] Itcanbeseen from Table 5 that the inventive devices

having a thickness of 115 nm was then evaporated onto a).
[0355] c) A 35 nm light-emitting layer (LEL) including
83% bis(2-methyl-8-quinolinolato)(4-phenylphenolato)alu-
minum(I1I) (BAlg), 15% NPB and 2% of tris(1-phenyliso-
quinolinato-N,C*Iridium(IIT)(Ir(1-piq),) was then depos-
ited onto the hole-transporting layer.

[0356] d) A 10 nm hole-blocking layer of bis(2-methyl-8-
quinolinolato)(4-phenylphenolato)aluminum(Ill)  (BAlq)
was then deposited on the light-emitting layer.

[0357] e) A 35 nm electron-transporting layer (ETL)
including A-16 or B-1 or mixtures of the two, as indicated in
indicated in Table 5, was then deposited onto the light-emit-
ting layer.

[0358] f)Ontopofthe ETL was deposited a 0.5 nm layer of
LiF.
[0359] g) On top of the LiF layer was deposited a 100 nm

layer of Al to form the cathode.

[0360] Theabove sequence completed the deposition of the
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0361] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table in the form of efficiency
(w/A), luminance yield (¢cd/A), and voltage (V).

wherein the first compound was at 50% or 75% had lower
voltages relative to the comparison devices.

EXAMPLE 7

Fabrication of Light-Emitting Devices 7-1 through
7-6

[0363] EL devices, 7-1 through 7-6, satisfying the require-
ments of the invention and for the purposes of comparison,
were constructed in the following in the same manner as those
described in Example 6, except the 35 nm electron-transport-
ing layer (ETL) layer contained a mixture of:

[0364] 1) A-16 and 2% lithium metal, or
[0365] 2) B-1 and 2% lithium metal, or
[0366] 3) A-16, B-1, and 2% lithium metal,

the percentages B-1 and A-16 in each device are indicated in
indicated in Table 6.

[0367] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm>

and the results are reported in Table 6 in the form of efficiency
(w/A), luminance yield (¢d/A), and voltage (V).
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TABLE 6 TABLE 7
Device performance from Example 7. Device performance from Example 8.
% First % Second Luminous Volt- % First % Second Luminous Volt-
Compound  Compound Efficiency  Yield age Compound  Compound Efficiency  Yield age
Device (A-16) (B-1) (W/A) (Cd/A) V) Device (A-16) (B-1) (W/A) (C/A) V)
7-1 0 98 0.174 8.42 12.2 8-1 0 100 0.134 6.23 14.5
Comparison Comparison
7-2 9 89 0.184 8.98 11.5 8-2 10 90 0.133 6.22 17.2
Inventive Inventive
7-3 24 74 0.182 8.81 9.2 8-3 25 75 0.136 6.30 15.9
Inventive Inventive
7-4 49 49 0.188 9.09 9.0 8-4 50 50 0.139 643 13.8
Inventive Inventive
7-5 74 24 0.181 8.78 9.3 8-5 75 25 0.148 6.87 12.0
Inventive Inventive
7-6 98 0 0.194 9.41 13.3 8-6 100 0 0.114 529 18.8
Comparison Comparison
L All devices also contain 2% Li in the electron-transporting layer.
[0380] Itcan be seen from Table 7 that when the first com-

[0368] Itcanbe seen from Table 6 that the inventive devices
had lower drive voltage relative to the comparison devices.

EXAMPLE 8
Fabrication of OLED Devices 8-1 thorough 8-6

[0369] EL devices, 8-1 through 8-6, satisfying the require-
ments of the invention and for the purposes of comparison,
were constructed in the following manner.

[0370] A glass substrate coated with an 85 nm layer of
indium-tin oxide (ITO) as the anode was sequentially ultra-
sonicated in a commercial detergent, rinsed in deionized
water, degreased in toluene vapor and exposed to oxygen
plasma for about 1 min.

[0371] a) Over the ITO was deposited a | nm fluorocarbon
(CF,) hole-injecting layer (HIL) by plasma-assisted deposi-
tion of CHF .

[0372] b) A hole-transporting layer (HTL) of N,N'-di-1-
naphthalenyl-N,N'-diphenyl-4,4'-diaminobiphenyl ~ (NPB)
having a thickness of 115 nm was then evaporated onto a).
[0373] c¢) A 35 nm light-emitting layer (LEL) including
92% bis(2-methyl-8-quinolinolato)(4-phenylphenolato)alu-
minum(III) (BAlq) and 8% of tris(1-phenylisoquinolinato-N,
C*)Iridium(111) (Ir(1-piq), ) was then deposited onto the hole-
transporting layer.

[0374] d) A 10 nm hole-blocking layer of bis(2-methyl-8-
quinolinolato)(4-phenylphenolato)aluminum(Ill)  (BAlq)
was then deposited on the light-emitting layer.

[0375] e) A 40 nm electron-transporting layer (ETL)
including A-16 or B-1 or mixtures of the two, as indicated in
indicated in Table 7, was then deposited onto the light-emit-
ting layer.

[0376] £)Ontopofthe ETL was deposited a 0.5 nm layer of
LiF.
[0377] g) On top of the LiF layer was deposited a 100 nm

layer of Al to form the cathode.

[0378] Theabove sequence completed the deposition of the
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0379] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table 7 in the form of efficiency
(w/A), luminance yield (¢cd/A), and voltage (V).

pound was used at a level of 50% or 75%, the inventive
devices had lower voltages relative to the comparison
devices. In these cases the inventive devices also exhibited
higher luminance.

EXAMPLE 9

Fabrication of Light-Emitting Devices 9-1 through
9-6

[0381] EL devices, 9-1 through 9-6, satisfying the require-
ments of the invention and for the purposes of comparison,
were constructed in the following in the same manner as those
described in Example 8, except the 35 nm electron-transport-
ing layer (ETL) layer contained a mixture of:

[0382] 1) A-16 and 2% lithium metal, or
[0383] 2) B-1 and 2% lithium metal, or
[0384] 3)A-16, B-1, and 2% lithium metal,

the percentages B-1 and A-16 in each device are indicated in
indicated in Table 8.

[0385] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table 8 in the form of efficiency
(wW/A), luminance yield (cd/A), and voltage (V).

TABLE 8

Device performance from Example 9.

% First % Second Luminous Volt-
Compound ~ Compound  Efficiency  Yield age
Device (A-16) (B-1) (W/A) (Cd/A) V)
9-1 0 98 0.146 6.80 12.7
Comparison
9-2 9 89 0.148 6.84 11.9
Inventive
9-3 24 74 0.149 6.88 113
Inventive
9-4 49 49 0.149 6.94 11.1
Inventive
9-3 74 24 0.144 6.70 11.7
Inventive
9-6 98 0 0.134 6.23 17.6
Comparison

LAll devices also contain 2% Li in the electron-transporting layer.
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[0386] Itcanbe seen from Table 8 that the inventive devices
had lower voltage relative to the comparison devices.

EXAMPLE 10

Fabrication of Comparison Devices 10-1 through
10-6

[0387] EL devices, 10-1 through 10-6, for the purposes of
comparison, were constructed in the following manner. A
glass substrate coated with an 85 nm layer of indium-tin oxide
(ITO) as the anode was sequentially ultrasonicated in a com-
mercial detergent, rinsed in deionized water, degreased in
toluene vapor and exposed to oxygen plasma for about 1 min.
[0388] a) Over the ITO was deposited a 1 nm fluorocarbon
(CF)) hole-injecting layer (HL) by plasma-assisted deposi-
tion of CHF;.

[0389] b) A hole-transporting layer (HTL) of N,N-di-1-
naphthalenyl-N,N-diphenyl-4,4'-diaminobiphenyl ~ (NPB)
having a thickness of 75 nm was then evaporated onto a).
[0390] c) A 35 nm light-emitting layer (LEL) of tris(8-
quinolinolato)aluminum(I1I) (Alq) was then deposited onto
the hole-transporting layer.

[0391] d)A35nm electron-transporting layer (ETL) of Alq
or lithium quinolate (Liq) or mixtures of the two, as indicated
in indicated in Table 9, was then deposited onto the light-
emitting layer.

[0392] e)Ontop ofthe ETL was deposited a 0.5 nm layer of
LiF.

[0393] 1) On top of the LiF layer was deposited a 100 nm
layer of Al to form the cathode.

[0394] Theabove sequence completed the deposition of the
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0395] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table 9 in the form of efficiency
(w/A), luminance yield (cd/A), and voltage (V).

TABLE 9

Device performance from Example 10.

Percent Luminous
Percent B-1 Efficiency  Yield Voltage

Device Lig? (Alg) (W/A) (Cd/A) V)
10-1 0 100 0.024 3.23 8.29
Comparison

10-2 10 90 0.025 3.40 8.49
Comparison

10-3 25 75 0.025 3.36 8.44
Comparison

10-4 50 50 0.023 3.18 8.92
Comparison

10-5 75 25 0.020 275 10.90
Comparison
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TABLE 9-continued
Device performance from Example 10.
Percent Luminous
Percent B-1 Efficiency  Yield Voltage
Device Lig! (Alg) (W/A) (Cd/A) V)
10-6 100 0 0.020 2.69 12.10

Comparison

!Liq represents lithium quinolate.

[0396] It can be seen from Table 9 that the devices using
mixtures of Alq and Liq as the electron-transporting materials
did not give a voltage reduction relative to the devices using
only Alg.

EXAMPLE 11
Fabrication of OLED Devices 11-1 through 11-8

[0397] EL devices 11-1 through 11-8 were constructed in
the following manner.

[0398] A glass substrate coated with an 85 nm layer of
indium-tin oxide

[0399] (ITO) as the anode was sequentially ultrasonicated
in a commercial detergent, rinsed in deionized water and
exposed to oxygen plasma for about 1 min.

[0400] a) Over the ITO was deposited a 1 nm fluorocarbon
(CF.) hole-injecting layer (HIL) by plasma-assisted deposi-
tion of CHF,.

[0401] b) A hole-transporting layer (HTL) of N,N'-di-1-
naphthalenyl-N,N'-diphenyl-4,4'-diaminobiphenyl ~ (NPB)
having a thickness of 65 nm was then evaporated onto a).
[0402] c) A 35 nm light-emitting layer (LEL) including
74% bis(2-methyl-8-quinolinolato)(4-phenylphenolato)alu-
minum(IIT) (BAlg), 14% NPB and 10% of tris(1-phenyliso-
quinolinato-N,C*ridium(IIT) (Ir(1-piq)s) was then depos-
ited onto the hole-transporting layer.

[0403] d) A 10 nm hole-blocking layer of bis(2-methyl-8-
quinolinolato)(4-phenylphenolato)aluminum(I1l)  (BAlg)
was then deposited on the light-emitting layer.

[0404] e) A 35 nm electron-transporting layer (ETL)
including A-16 or B-1 or mixtures of the two, as indicated in
Table 10, was then deposited onto the hole-blocking layer.
[0405] ) Ontop ofthe ETL was deposited a 0.5 nm layer of
LiF.

[0406] g) On top of the LiF layer was deposited a 100 nm
layer of Al to form the cathode.

[0407] Theabove sequence completed the deposition ofthe
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0408] In samples 11-4 and 11-8, the HBL of step d) was
eliminated.

[0409] In samples 11-5 to 11-8, the ETL layer of step ¢)
additionally contained 2% of lithium.

[0410] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table 10 in the form of effi-
ciency (w/A), luminance yield (cd/A), and voltage (V).

TABLE 10

Device performance from Example 11.

% Tirst % Second Luminous
Compound ~ Compound Efficiency  Yield
Device (A-16) (B-1) HBL (W/A) (Cd/A)  Voltage (V)
11-1 0 100 Present  0.038 1.62 11.7

Comparison
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TABLE 10-continued
Device performance from Example 11.
% First % Second Luminous
Compound ~ Compound Efficiency  Yield
Device (A-16) (B-1) HBL (W/A) (Cd/A)  Voltage (V)
11-2 100 0 Present 0.032 1.36 10.4
Comparison
11-3 50 50 Present 0.036 1.62 8.6
Inventive
11-4 50 50 None 0.013 1.23 7.3
Comparison
11-5 0 98 Present 0.039 1.64 8.7
Comparison
11-6 98 0 Present 0.037 1.54 10.9
Comparison
11-7 49 49 Present 0.037 1.57 7.1
Inventive
11-8 49 49 None 0.010 0.41 6.9
Comparison
[0411] The results shown in Table 10 demonstrate that the [0420] Theabove sequence completed the deposition ofthe

hole-blocking layer is required for both low voltage and high
efficiency, compare samples 11-3 vs 11-4 and 11-7 vs 11-8.
Comparison of inventive sample 11-3 to comparative samples
11-1 and 11-2 (no metal in the further layer) or inventive
sample 11-7 to comparative samples 11-5 and 11-6 (with
lithium in the further layer) shows lower voltages and equiva-
lent efficiency with the mixed layer compared to either com-
ponent alone. Comparative sample 11-4, which lacks a hole-
blocking layer, has lower voltage than inventive sample 11-3
(which is expected since the entire device is thinner without
the hole-blocking layer) but the efficiency is poor. The same
1s true for comparative sample 11-8 (with lithium) relative to
inventive sample 11-7.

EXAMPLE 12
Fabrication of OLED Devices 12-1 through 12-4

[0412] EL devices, 12-1 through 12-4, for the purposes of
comparison, were constructed in the following manner.
[0413] A glass substrate coated with an 85 nm layer of
indium-tin oxide (ITO) as the anode was sequentially ultra-
sonicated in a commercial detergent, rinsed in deionized
water and exposed to oxygen plasma for about 1 min.

[0414] a) Over the ITO was deposited a 1 nm fluorocarbon
(CF,) hole-injecting layer (HIL) by plasma-assisted deposi-
tion of CHF;.

[0415] b) A hole-transporting layer (HTL) of N,N-di-1-
naphthalenyl-N,N'-diphenyl-4,4'-diaminobiphenyl ~ (NPB)
having a thickness of 75 nm was then evaporated onto a).
[0416] c) A 35 nm light-emitting layer (LEL) including
49.5% Alq, 49.5% NPB and 1% of fluorescent dye [.30 was
then deposited onto the hole-transporting layer.

[0417] d) A 35 nm electron-transporting layer (ETL)
including A-16 or B-1 or mixtures of the two, as indicated in
indicated in Table 11, was then deposited onto the light-
emitting layer.

[0418] e)Ontop ofthe ETL was deposited a 0.5 nm layer of
LiF.
[0419] f) On top of the LiF layer was deposited a 100 nm

layer of Al to form the cathode.

EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0421] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table 11 in the form of effi-
ciency (w/A), luminance yield (cd/A), and voltage (V).

TABLE 11

Device performance from Example 12.

% Tirst % Second Luminous Volt-
Compound  Compound Efficiency  Yield age
Device (A-16) (B-1) (W/A) (CIA) (V)
12-1 0 100 0.057 8.98 6.83
Comparison
12-2 50 50 0.033 4.66 6.23
Comparison
12-3 75 25 0.037 546 577
Comparison
12-4 100 0 0.023 344 8.22
Comparison
[0422] All of the devices in Example 12 are comparative

since the LEL contains a fluorescent light-emitting com-
pound and do not have a hole-blocking layer. For sample 12-3
(75/25 A-16/B-1 mixed ETL), the improvement in voltage
relative to sample 12-4 (all A-16) is 30% and relative to
sample 12-1 (all B-1) is 15%. For sample 12-2 (50/50 A-16/
B-1 mixed ETL), the improvement in voltage relative to
sample 12-4 (all A-16) is 24% and relative to sample 12-1 (all
B-1) is 9%. These results can be compared to the results for
devices with a phosphorescent LEL and the same mixed ETL
and comparisons as shown in Example 6, devices 6-1, 6-4 6-5
and 6-6. For sample 64 (75/25 A-16/B-1 mixed ETL), the
improvement in voltage relative to sample 6-6 (all A-16) is
34% and relative to sample 6-1 (all B-1) is 11%. For sample
6-4 (50/50 A-16/B-1 mixed ETL), the improvement in volt-
age relative to sample 6-6 (all A-16) is 30% and relative to
sample 6-1 (all B-1) is 4%. These results show that the
improvements in voltage seen with a mixed ETL with a phos-
phorescent LEL on average are larger than improvements
with the same mixed ETL with a fluorescent LEL.
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EXAMPLE 13
Fabrication of OLED Devices 13-1 through 13-8

[0423] EL devices 13-1 through 13-8 were constructed in
the following manner.

[0424] A glass substrate coated with an 85 nm layer of
indium-tin oxide (ITO) as the anode was sequentially ultra-
sonicated in a commercial detergent, rinsed in deionized
water and exposed to oxygen plasma for about 1 min.
[0425] a) Over the ITO was deposited a 1 nm fluorocarbon
(CF)) hole-injecting layer (HIL) by plasma-assisted deposi-
tion of CHFj;.

[0426] b) A hole-transporting layer (HTL) of N'-di-1-naph-
thalenyl-N,N'-diphenyl-4,4'-diaminobiphenyl (NPB) having
a thickness of 115 nm was then evaporated onto a).

[0427] c¢) A 35 nm light-emitting layer (LEL) including
83% bis(2-methyl-8-quinolinolato)(4-phenylphenolato)alu-
minum(I1I) (BAlq), 15% NPB and 2% of tris(1-phenyliso-
quinolinato-N,C*)Iridium(IIT) (Ir(1-piq),) was then depos-
ited onto the hole-transporting layer.

[0428] d) A 10 nm hole-blocking layer of bis(2-methyl-8-
quinolinolato)(4-phenylphenolato)aluminum(Ill)  (BAlq)
was then deposited on the light-emitting layer.

[0429] e) A 35 nm electron-transporting layer (ETL)
including compounds as indicated in Table 12, was then
deposited onto the hole-blocking layer.

[0430] {)Ontop ofthe ETL was deposited a 0.5 nm layer of
LiF.
[0431] g) On top of the LiF layer was deposited a 100 nm

layer of Al to form the cathode.

[0432] Theabove sequence completed the deposition of the
EL device. The device was then hermetically packaged in a
dry glove box for protection.

[0433] The cells thus formed were tested for luminous effi-
ciency and color at an operating current density of 20 mA/cm?
and the results are reported in Table 12 in the form of effi-
ciency (w/A), luminance yield (cd/A), and voltage (V).

TABLE 12

Device performance from Example 13.

Luminous Volt-

% First % Second Efficiency  Yield age
Device Compound ~ Compound (W/A) (Cd/A) W)
13-1 none 100 B-1 0.179 10.2 7.96
Comparison
13-2 none 100 An-1! 0.092 522 146
Comparison
13-3 100 A-16 none 0.148 8.38 134
Comparison
13-4 75 A-16 25 An-1 0.150 854 129
Comparison
13-5 50 A-16 50 An-1 0.144 819 129
Comparison
13-6 25A-16 75 An-1 0.130 740 134
Comparison
13-7 50 A-16 50 B-5 0.158 9.00 7.57
Tnvention
13-8 75 A-16 25B-5 0.180 10.2 7.23
Tnvention

!An-1 is 9-(1-naphthyl), 10-(2-naphthyl)anthracene.

[0434] Example 14 (devices 14-1to 14-8) was prepared and
tested as Example 13 except that the phosphorescent LEL of
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step ¢) was replaced with a different phosphorescent layer
consisting of 94% CBP and 6% Ir(ppy),. Results are shown in
Table 13.

TABLE 13

Device performance from Example 14.

Luminous Volt-

% First % Second Efficiency  Yield age
Device Compound ~ Compound (W/A) (Cd/A) V)
14-1 none 100 B-1 0.193 29.5 10.1
Comparison
14-2 none 100 An-1* 0.114 174 15.8
Comparison
14-3 100 A-16 none 0.157 23.8 13.9
Comparison
14-4 75A-16 25 An-1 0.163 24.7 13.9
Comparison
14-5 30 A-16 50 An-1 0.157 24.0 14.1
Comparison
14-6 25A-16 75 An-1 0.142 21.7 14.9
Comparison
14-7 30 A-16 50 B-5 0.189 28.8 9.20
Invention
14-8 75A-16 25B-5 0.192 29.3 .53
Invention

!An-1 is 9-(1-naphthyl), 10-(2-naphthyl)anthracene.

[0435] The results of devices 13-7, 13-8, 14-7 and 14-8 in
Tables 12 and 13 clearly show that devices with a phospho-
rescent LEL that use a mixed ETL composed of a tetracene of
formula'V and a low voltage ETM with a higher LUMO than
the tetracene give unexpected improvements in efficiency and
voltage. Devices with an ETL composed of a mixture of a
tetracene and a compound that is not a low voltage ETM as
shown in devices 13-4 to 13-6 and 14-4 to 14-6 do not show
any improvement in voltage. As an anthracene, An-1 is analo-
gous to A-10 in Table 2 and should not meet the requirements
of a low voltage ETM.

[0436] The invention has been described in detail with par-
ticular reference to certain preferred embodiments thereof,
butit will be understood that variations and modifications can
be effected within the spirit and scope of the invention. For
example, multiple second compounds can be used in said
further layer of the invention as long as they have the correct
LUMO values. In addition, the invention can be used in
devices emitting any colored light and said layer can be adja-
cent to other layers on either side, between the cathode and the
LEL.

[0437] The patents and other publications referred to are
incorporated herein in their entirety.

PARTS LIST
[0438] 100 OLED
[0439] 110 Substrate
[0440] 120 Anode
[0441] 130 Hole-Injecting layer (HIL)
[0442] 132 Hole-Transporting layer (HTL)
[0443] 134 Light-Emitting layer (LEL)
[0444] 135 Hole-Blocking Layer (HBL)
[0445] 136 Electron-Transporting layer (ETL)
[0446] 138 Electron-Injecting layer (EIL)
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[0447] 140 Cathode
[0448] 150 Voltage/Current Source
[0449] 160 Electrical Connectors

1. An OLED device comprising, in sequence, an anode, a
light-emitting layer that comprises a phosphorescent light-
emitting organometallic compound, a hole-blocking layer,
and a cathode, and between the hole-blocking layer and the
cathode, a further layer containing:

a) a first compound that has the lowest LUMO value of the
compounds in the layer, in an amount greater than or
equal to 10% by volume and less than 90% by volume of
the layer wherein the first compound is a compound
represented by Formula V:

Formula V
Rio Ry Rp R

R9 O O R2
Rg R
Ry R¢ Rs Ry

wherein:
R, R, Ry, Ry, Ry, R, Ry, R, R, Ry, Ry, and R, are
independently selected as hydrogen or substituents;
provided that any of the indicated substituents may join to
form further fused rings; and

b) at least one second compound that is a low voltage
electron transport material, exhibiting a higher LUMO
value than the first compound, the total amount of said
compound(s) being less than or equal to 90% by volume
and more than 10% by volume of the layer.

2. The OLED device of claim 1 wherein said further layer
is adjacent to an electron-injecting layer, which is adjacent to
the cathode.

3. The OLED device of claim 1 wherein said further layer
is adjacent to the cathode.

4. The OLED device of claim 1 comprising a first com-
pound and two second compounds.

5. The OLED device of claim 1 wherein said further layer
is a non-emitting layer.

6. The OLED device of claim 1 wherein the first compound
1s present in an amount of 40% to 90% by volume.

7. The OLED device of claim 1 wherein the first compound
is present in an amount of 50% to 80% by volume.

8. The OLED device of claim 1 wherein the first compound
has a LUMO value of -2.70 eV or lower.

9. The OLED device of claim 1 wherein R, R;, R,, R, R,
R,q represent hydrogen; R, and Ry represent hydrogen or
independently selected alkyl groups; R, R, R, and R,
represent independently selected aryl groups in the com-
pound of Formula V.
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10. The OLED device of claim 1 wherein the second com-
pound is represented by Formula I:

Formula I

| |

wherein
M represents a metal;
nis an integer of from 1 to 4; and
Z independently in each occurrence represents the atoms
completing a nucleus having at least two fused aromatic
rings.
11. The OLED device of claim 10 wherein the second
compound is tris(8-quinolinolato)aluminum (1II) (Alq).
12. The OLED device of claim 1 wherein the second com-
pound is represented by Formula II:

(R5-Q),-M-O-L Formula IT

wherein

M is a metal or non-metal;

Q in each occurrence represents a substituted 8-quinolino-
lato ligand,

R* represents an 8-quinolinolato ring substituent chosen to
block sterically the attachment of more than two substi-
tuted 8-quinolinolato ligands to M; and

L is a phenyl or aromatic fused ring moiety, which can be
substituted with hydrocarbon groups such that [ has
from 6 to 24 carbon atoms.

13. The OLED device of claim 1 wherein the second com-

pound is represented by Formula VII:

Formula VII

wherein
R, Ris Rigs Rogs Ry, Ry, Ry5 and R, are hydrogen or
substituents; and
provided that any of the indicated substituents may join to
form further fused rings.
14. The OLED device of claim 1 wherein the second com-
pound is an organometallic compound.
15. The OLED device of claim 1 wherein the phosphores-
cent light-emitting material comprises an organometallic
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complex comprising a metal and at least one ligand, wherein
the metal is selected from the group consisting of I, Rh, Ru,
Pt, and Pd.

16. The device of claim 15 wherein the metal is Ir.

17. The device of claim 15 wherein at least one ligand
comprises a 2-phenylpyridine group, a 1-phenylisoquinoline
group, a 3-phenylisoquinoline group, a 1-phenylimidazo[1,
2-alpyridine, a thiazole ring group that is fused with at least
onearomatic ring group, or an oxazolering group that is fused
with at least one aromatic ring group.

18. The device of claim 1 wherein the hole-blocking layer
comprises bathocuproine (BCP) or bis(2-methyl-8-quinoli-
nolato)(4-phenylphenolato)Aluminum(III) (Balq).

19. The OLED device of claim 1 wherein the further layer
contains a metal having a work function less than 4.2 eV.

20. The device of claim 19 wherein the metal is Li metal.

21. The device of claim 19 wherein the metal is present at
alevel of 1 to 5% of the layer.

22. The device of claim 1 wherein the first compound is
selected from the group consisting of:

A-13
Bu-t
Bu-t

A-14
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-continued
Ph

t-Bu

OOOO )
t-Bu

Ph

23. The device of claim 1 wherein the second compound is
selected from the group consisting of:

B-1

B-2

B-3




US 2008/0258615 Al

Oct. 23, 2008
41
-continued -continued
B4 B-8
H;C CHj
N
N N
% -O-0 /*%
N; — =
H;C CHj.
B-5

| 24. The device of claim 1 wherein the first compound is
; selected from the group consisting of:

Bu-t
=4 | CH;
) 9000
B-6
N N ; O
P |
N N Bu-t

U

h O
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-continued -continued

/

\

Ph

A

4

and the second compound is selected from the group consist-
ing of:

CH;
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-continued -continued

oodf
Q

* ok ok k¥



[ i (S RIR) A ()

RE(EFR)AGE)

HERB(ERR)AGE)

FRI&R BB A

RBA

H M2 TF S0k
S\EREERR

BEG®)

BEEREHEFERM BB} XOLED

US20080258615A1 NF(LE)R
US12/121859 BmiE A
M FIWILLIAMI

hatwar tukaram K
DEATON JOSEPHC
BROWN CHRISTOPHER
ANDRIEVSKY #5335
KONDAKOVA MARINAé

TAEFIWILLIAMI

hatwar tukaram K
DEATON JOSEPHC
BROWN CHRISTOPHERt
ANDRIEVSKY {#p3& 5%
KONDAKOVA MARINA&

MARFIWILLIAMI

hatwar tukaram K
DEATON JOSEPHG
BROWN CHRISTOPHER¢
ANDRIEVSKY {#p3& 3%
KONDAKOVA MARINA&

BEGLEY WILLIAM J
HATWAR TUKARAM K
DEATON JOSEPH C
BROWN CHRISTOPHER T
ANDRIEVSKY NATASHA
KONDAKOVA MARINA E

BEGLEY, WILLIAM J.
HATWAR, TUKARAM K.
DEATON, JOSEPH C.
BROWN, CHRISTOPHER T.
ANDRIEVSKY, NATASHA
KONDAKOVA, MARINA E.

HO1L51/50

2008-10-23

2008-05-16

patsnap

C09K11/06 CO09K2211/1007 C09K2211/1011 CO9K2211/1014 CO9K2211/1029 C09K2211/1044
C09K2211/1059 C09K2211/107 CO9K2211/1088 CO9K2211/186 CO9K2211/188 HO1L51/0052 HO1L51
/0053 HO1L51/0058 HO1L51/0081 HO1L51/0085 HO1L51/5016 HO1L51/5036 HO1L2251/308 HO5B33

/14 Y10S428/917
usS8057917

Espacenet USPTO

—FhOLEDZR/+ , R BEMN , SEBARABNERBLEY , EREMBENRROEKE  AREZ AR BN S

—BEERLEUNESR

, FTRE—LEMRZEFLEYWHLUMOERENHOKLEY  HEXTFRET10%ENTF

90% , E-LEMREEBFREMY  HRIHLEE(LEWESHLUMOE , HENTHETIO%E KT 10%,


https://share-analytics.zhihuiya.com/view/1c5c8173-5e1b-4467-aa31-dbc705766831
https://worldwide.espacenet.com/patent/search/family/037234807/publication/US2008258615A1?q=US2008258615A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220080258615%22.PGNR.&OS=DN/20080258615&RS=DN/20080258615

160

100

150

Cathode

Electron-injecting Layer
(EIL)

% @ »
8 8§ 8

Electron-Transporting
Layer {(ETL)

Hole-Blocking Layer
(HBL)

Voltage/
Current
Source

Light-Emitting Layer
(LEL)

-
W
IS

Hole-Transporting Layer
(HTL)

-
[}
N

Y
]
Q

Hole-Injecting Layer
(HIL)

ERERRR

Anode

160

Substrate

: -
N

- Q

iy

o]



