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7) ABSTRACT

The invention is directed to oxidized charge transport mate-
rials having hole transport capability in organic light emit-
ting device (OLEDs). A charge transport compound includ-
ing more than two triarylamine groups, or including at least
one triarylamine group and at least one fluorene group, is
partly complexed with an oxidant, such as a Lewis acid,
preferably present in an amount between 0.2 and 20 percent
by weight. The resulting charge transport materials exhibit
good hole transport characteristics and film forming prop-
erties.

2 Claims, 1 Drawing Sheet
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SEMICONDUCTING HOLE INJECTION
MATERIALS FOR ORGANIC LIGHT
EMITTING DEVICES

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to oxidized charge transport
materials which can form stable hole injection layers in
organic light emitting devices without utilizing a polymeric
binder.

2. Description of the Related Art

Organic light emitting devices (OLEDs) typically com-
prise a layer of emissive material between an anode and a
cathode. When a bias is applied across the electrodes,
positive charges (holes) and negative charges (electrons) are
respectively injected from the anode and cathode into the
emissive layer. The holes and the electrons form excitons in
the emissive layer to emit light.

Electrodes are chosen to facilitate charge injection. An
indium-tin-oxide (ITO) anode has a relatively high work
function and is therefore suitable for use as a hole injection
electrode, while low work function metals such as Al, Mg
and Ca are suitable for injection of electrons.

To improve the power efficiency of an OLED, it is
frequently desirable to enhance charge injection at the
electrode interface. Recently it has been found that hole
injection at the anode interface can be facilitated by using an
oxidized charge transport (OCT) polymer as a hole injection
layer in an OLED.

Addition of an oxidant to a charge transport polymer
(such as polyvinyl carbazole) to give a semiconducting
charge transfer polymer was first demonstrated in the 1960s.
Thin films of these materials have been referred to as
“oxidized transport layers” (OTLs). Conventional OTLs
typically comprise a three-component coating: a charge
transport molecule, an oxidized charge transport molecule,
and a polymer binder. Different oxidant and charge transport
molecule/polymer combinations have been developed and
investigated for a wide range of applications. For example,
U.S. Pat. No. 5,853,906, which is incorporated by reference
herein, discloses conductive polymer compositions compris-
ing an oxidized oligomer salt (including oxidized
arylamines), a charge transport component and a polymeric
binder, primarily for use in electrophotographic applica-
tions. Recently, OTLs have been investigated as a contact
modification layer on the anode in OLED applications.

Organic EL devices with a hole injection layer formed
from N,N'-diphenyl-N,N'-bis(3-methylphenyl)-1,1'-
biphenyl-4,4'-diamine (TPD) doped with oxidizing reagents
such as I,, FeCl,, SbCly and tris(4-bromophenyl)aminium
hexachloroantimonate (TBAHA) have also been disclosed.

A drawback of the known OTL systems is that they are
unstable and cannot readily be incorporated into a device
without utilizing a polymeric binder.

The most stable OTL known today is based on the cation
radical salts of N,N,N',N'-tetra-p-tolyl-4,4'-biphenyldiamine
(TM-TPD.SbFy) having the structure:
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There continues to be a need in the art for hole injection
materials exhibiting enhanced stability. There is a need in
the art for OTLs fabricated with a variety of it triarylamine
charge carriers. There is also a continued need for OTLs
which can be formulated without a polymeric binder to form
thicker and more robust hole injection layers which can be
deposited by solvent processes such as spin coating.

SUMMARY OF THE INVENTION

In one aspect, the invention is an oxidized transport
material formed substantially without a polymeric binder
suitable for use as a hole injection layer in an OLED,
comprising a charge transport compound having more than
two triarylamine It groups, or having at least one triary-
lamine group and at least one fluorene group; and an oxidant
complexed with said charge transport compound, wherein a
portion of said charge transport compound is not complexed
to the oxidant.

Advantageously, oxidant is present in the oxidized charge
transport material in an amount between 0.2 and 20 percent
by weight.

The oxidized transport material comprising the specified
charge transport compounds is preferably fabricated as a
thin layer in an organic light emitting device by solution
processing, such as spin coating, without using a polymeric
binder. Such layer generally has a thickness of about 50
Angstroms to about 50,000 Angstroms, preferably about 100
Angstroms to about 2,000 Angstroms. It is believed that the
high molecular weight of the oligomeric charge transport
compounds according to the invention provides these com-
pounds with good film forming properties such that no
polymeric binder is needed.

In another aspect, the invention is an organic light emit-
ting device comprising an anode and a cathode with an
emissive layer interposed between them, and between the
anode and the emissive layer, a hole injection layer consist-
ing essentially of charge transport compound having more
than two triarylamine groups, or having at least one triary-
lamine group and at least one fluorene group; complexed
with an oxidant, wherein a portion of said charge transport
compound is not complexed with said

This brief summary has been provided so that the nature
of the invention may be understood quickly. A more com-
plete understanding of the invention can be obtained by
reference to the following detailed description of the pre-
ferred embodiment thereof in connection with the attached
drawings.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 11s a schematic cross-sectional view of an EL device
according to the invention.
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DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Devices according to the invention find use in display
applications such as television screens, computer screens
and image bar components for digital copiers and printers,
although the invention is not limited to these uses.

FIG. 1 schematically depicts an OLED, including trans-
parent substrate 1, anode 2 adjacent the substrate, a hole
injection layer 3 comprising an OTL according to the
invention adjacent the anode, emissive layer 4, optional
electron transport layer 5 adjacent the emissive layer, and
cathode 6. Each of these layers may itself comprise multiple
layers of material having similar composition or function.
Charge blocking layers (not shown) may also be used as
known in the art. Functional layers may also be combined.
For example, an emissive layer may be adapted to exhibit
electron transport properties. Optional functional layers can
be interposed between any two functional layers 1 through
6 without departing from the scope of the invention. For
example, a buffer layer can be provided between the elec-
trodes and the adjacent charge F transfer layers to suppress
leakage currents.

OLEDs according to the invention may have a driving
voltage between 0.1 V and 100 V, preferably between 1 V
and 15 V, producing a current density at the anode/hole
injection layer interface in a range of about 0.01 mA/cm? to
about 1000 mA/cm®.

Suitable materials for substrate 1 include glass, quartz and
the like, and polymers (including, without limitation,
polyesters, polycarbonates, polyacrylates,
polymethacrylates, and polysulfones). The thickness of the
substrate is not critical and can range, for example, from
about 25 to over 1,000 microns, depending on the structural
demands of the device.

The anode adjacent the substrate can be comprised of a
metal, an alloy, an electroconducting compound, or mixtures
thereof, with a work function equal to or greater than about
4.0 electron volts. Specific examples of anodes include hole
injecting electrodes such as indium tin oxide (ITO), tin
oxide, zinc oxide, gold, platinum, electrically conductive
carbon, and conjugated polymers such as polyaniline,
polypyrrole, and the like. ITO is preferred, as it has good
transparency in visible light. The thickness of the anode can
range anywhere from about 10 nanometers to 1 micron.

An OTL can be deposited adjacent the anode by vacuum
deposition or solvent processing such as spin coating. The
preferred method is spin coating. Accordingly, preferred
charge transport compounds have good film forming prop-
erties so that they can be spin coated to the desired thickness.

A charge transport compound can be selected from tri-
arylamine charge transport compounds. Preferred triary-
lamine compounds are oligomeric, incorporating at least
three triarylamine groups, as in Figure (I):
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Alternatively, oligomeric triarylamine charge transport
compounds may incorporate one or more fluorene groups,
and may be selected from Formulas (II) and (II), without
limitation:
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In still other preferred embodiments, between 2 and 8
hole-transporting aromatic amine groups may be incorpo-
rated onto a polyhedral silsesquioxane core moiety. Formu-
las (IV) and (V) below are exemplary of such an embodi-
ment:
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Still other charge transport compounds within the scope oligo-tetraselenotetracenes and oligometallocenes. Other
of the invention are selected from compounds which can be suitable charge transport compounds which may be oxidized
formed into a thin film in an OLED and which possess hole 65 to form the thin-layer oxidized charge transport materials of
transport properties, including: oligothiophenes, the invention can be selected from those disclosed in the
tetraselenotetracenes, mono- and oligo-tetrathiafulvalenes, aforementioned U.S. Pat. No. 5,853,906.
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To the charge transport compound is added an oxidant
which complexes with the charge transport compound to
form an oxidized charge transport compound.

Broadly speaking, any suitable oxidant may be used,
including without limitation, I,, FeCl,, TBAHA,
perfluoroacids, organic sulfonic acids, and Lewis acids.
Lewis acids are preferred. In the more preferred embodi-
ments the oxidant is selected from M, X,, where M is a
metal selected from As, Sb, Au, Bi and P, and X is a halogen
selected from F, Cl, and Br, and m and n are integers
consistent with the valencies of the respective metal and
halogen. The most preferred oxidant species are SbF;,
AuCl,”, and AsF,".

Oxidant, as used herein, includes both the oxidizing
species, such as the Lewis acid used to oxidize the charge
transport compound, and the charged species complexed
with the charge transport compound.

The weight percentage ratio of oxidant in the charge
transport material is generally about 0.2 percent by weight
to about 20 percent by weight (wt/wt) with respect to the
charge transport material, and preferably between about 0.5
percent by weight and about 10.0 percent by weight.

An advantage of the present invention is that suitably
thick and robust hole injection layers can be fabricated
without a polymeric binder. The thickness of the OTL ranges
from about 50 Angstroms to about 50,000 Angstroms,
preferably from about 100 Angstroms to about 2,000 Ang-
stroms. Very thin film hole injection layers, less than about
50 Angstroms, have been used to lower device driving
voltages. However, these very thin films can develop
pinholes, leading to device instability. On the other hand,
films that are too thick may lead to high driving voltages.

Any type of emissive layer conventionally used in OLEDs
may be employed with the novel OTLs according to the
invention. Suitable luminescent materials for use in an
OLED according to the invention include those formed of a
conjugated organic host material, such as naphthalene,
anthracene, phenanthrene, pyrene, benzopyrene, chrysene,
picene, carbazole, fluorene, biphenyl, terphenyls,
quarterphenyls, triphenylene oxide, dihalobiphenyl, trans-
stilbene, and 1,4-diphenylbutadiene combined with a con-
jugated organic activating agent having condensed benzene
rings, such as anthracene, tetracene, and pentacene. Com-
bined electron transport/luminescent layers, such as tet-
raphenylbutadiene in polystyrene, and 4,4'-bis(5,7-di-t-
pentyl-2-benzoxazolyl)-stilbene may also be used as a
luminescent layer in an OLED according to the present
invention. The reaction product of poly(N-vinyl carbazole)
(PVCz) with a strong oxidizing agent, such as SbCl; and the
like, have also been demonstrated to exhibit luminescent and
semiconducting characteristics and may be formed into a
film and used in an OLED according to the invention. Other
known materials suitable for use as emissive layers in
OLEDs include tris(8-hydroxyquinolate) aluminum (AlQ,)
complexes. Other metal complexes with heteroaromatic
ligands, such as those disclosed in U.S. Pat. No. 5,925,472
(herein incorporated by reference), may also be used to form
a luminescent layer in an OLED according to the invention.
This list of potential luminescent layers is not exhaustive
and many other alternative luminescent layers, hole-
transport/luminescent layers, and electron-transport/
luminescent layers, both currently available and being
developed, can be used in an OLED according to the
invention, as would be appreciated by those of skill in the
art. It
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As used herein “emissive” is meant radiation emitting and
“luminescent” means visible light emitting, whether due to
an applied bias or otherwise. In the context of an OLED, an
emissive layer and luminescent layer are used interchange-
ably. Accordingly an emissive layer is understood to include
a hole transport/emissive layer and an electron transport/
emissive layer.

Any electron injecting, electron transport, and electron
transport/luminescent, hole transport/luminescent, charge
blocking, or buffer layer known to be useful in OLED
manufacture may be employed in an OLED according to the
invention.

An important aspect of the invention is that thin films of
hole injection material, suitable for use in an OLED can be
made substantially without polymeric binder. By “substan-
tially without polymeric binder” is meant that a stable, thin
film layer can be formed without use of an inert, non-
conductive polymer. Examples of polymeric resins used to
facilitate formation of thin films in OLEDs are disclosed in
U.S. Pat. No. 4,338,222, herein incorporated by reference.
Examples of such inert, non-conductive resins include
polycarbonates, polystyrene, polyolefins, polyesters,
polyamides, polyacrylates, and polymethacrylates. “Sub-
stantially without” does not exclude small amounts of the
foregoing inert, nonconductive polymers in a hole injection
layer. “Substantially without” simply means that there is less
than an amount necessary to impart film forming properties
to a material that otherwise could not be deposited in a stable
thin film in an OLED.

In preferred embodiments, the hole injection layer does
not include any polymer (or any compound having more
than 10 repeat units) at all. However, other layers in the
OLED may include polymers.

EXAMPLE 1

To prepare an OTL material, 1 kg of a compound having
the structure shown in Formula II, having fluorene units
incorporated into a TPD structure (DF-TPD), and 50 g
AgSbF, were dissolved in 1L dichloromethane and stirred
for 2 hours. The black solution was filtered to remove the Ag
particles. The filtrate was then dried under reduced pressure
to form the black powder, DF-TPD*SbF, with a yield of
95%.

EXAMPLE 2

To prepare an OTL material based on the polyhedral
silsesquioxane (“star-cube™) core, a star-cube charge trans-
port compound having the structure shown in Formula (V)
(1 kg) and AgSbF, (50 g) were dissolved in dichloromethane
(1L) and stirred for 4 hours. The black solution was filtered
to remove the Ag particles. The filtrate was then dried under
reduced pressure to form the black powder, star-cube*SbF,
with a yield of 92%.

EXAMPLE 3

A device was prepared using the above star-cubesSbF
material by dissolving 200 mg of star-cubesSbF, in 1,2-
dichlorobenzene (20 ml) to form a solution which is then
filtered with a filter having a pore size less than 1.0 um. The
solution is spin-coated on a clean ITO glass substrate with
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a spin speed of 4,000 rpm to obtain a thin OTL coating of
50 nm. An emissive layer of AlQ3 (thickness of 80 nm) is
then evaporated on top of the OTL layer. On top of the A1Q3
emissive layer is deposited a thin layer of Li (5 nm) and then
an Al layer (180 nm) as a cathode. The device shows bright
green electroluminescence under a bias voltage of 3.0 V. The
device manufactured according to this process has lowered
turn-on voltage than an otherwise similar device using a
star-cube hole transport layer without SbF, as the oxidizing
dopant, which exhibits a turn-on voltage of 4.5 V.

The foregoing examples are for illustration purposes and
are not to be considered limiting of the invention, which is
defined by the following claims.

We claim:

1. An oxidized charge transport material formed substan-
tially without a polymeric binder, having hole transport
capability in an organic light emitting device, comprising

a charge transport compound including more than two

triarylamine groups, or including at least one triary-
lamine group and at least one fluorene group, and

an oxidant complexed with said charge transport

compound, wherein

a portion of said charge transport compound is not com-

plexed with said oxidant; and

wherein said charge transport compound has the follow-

ing formula IV or V:
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-continued
V)

H;0
CH,0

;

2. An organic light emitting device comprising an anode,
a cathode and an emissive layer between the anode and the
cathode, and between the anode and the emissive layer, a
hole injection layer formed without a polymeric binder and
comprising a charge transport compound including more
than two triarylamine groups. or including at least one
triarylamine group and at least one fluorene group, com-
plexed with an oxidant, wherein a portion of said charge
transport compound is not complexed with said oxidant; and

wherein said charge transport compound in the hole
injection layer is:
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