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(57) ABSTRACT

The present invention relates to a an organic light-emitting
diode (OLED) (100) comprising an emission layer and an
electron transport layer stack of at least two electron trans-
port layers (160/161), wherein a first electron transport layer
(161) and a second electron transport layer (162) comprises
at least one matrix compound and in addition, —the first
electron transport layer (161) comprises a first lithium halide
or a first lithium organic complex; and—the second electron
transport layer (162) comprises a second lithium halide or a
second lithium organic complex, wherein the first lithium
organic complex is not the same as the second lithium
organic complex; and wherein the first lithium halide is not
the same as the second lithium halide.
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ORGANIC LIGHT-EMITTING DIODE
(OLED) INCLUDING AN ELECTRON
TRANSPORT LAYER STACK COMPRISING
DIFFERENT LITHIUM COMPOUNDS

[0001] The present invention relates to an organic light-
emitting diode (OLED) including an electron transport layer
stack, and a method of manufacturing the same.

DESCRIPTION OF THE RELATED ART

[0002] Organic light-emitting diodes (OLEDs), which are
self-emitting devices, have a wide viewing angle, excellent
contrast, quick response, high brightness, excellent driving
voltage characteristics, and color reproduction. A typical
OLED includes an anode, a hole transport layer (HTL), an
emission layer (EML), an electron transport layer (ETL),
and a cathode, which are sequentially stacked on a substrate.
In this regard, the HTL, the EML, and the ETL are thin films
formed from organic compounds.

[0003] When a voltage is applied to the anode and the
cathode, holes injected from the anode move to the EML, via
the HTL, and electrons injected from the cathode move to
the EML, via the ETL. The holes and electrons recombine
in the EML to generate excitons. When the excitons drop
from an excited state to a ground state, light is emitted. The
injection and flow of holes and electrons should be balanced,
so that an OLED having the above-described structure has
excellent efficiency and/or a long lifetime.

SUMMARY

[0004] Aspects of the present invention provide a method
of increasing the efficiency, in particular the efficiency,
measured in cd/A, divided by CIE-y, especially for blue
emitting OLEDs, and/or the lifetime, for top and/or bottom
emission organic light-emitting diodes (OLED). The inven-
tion relates to an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack (ETL) as well as a method of manufacturing the same.
[0005] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0006] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0007] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex.
[0008] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises the same matrix compound and in addition,
[0009] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0010] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex.
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[0011] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0012] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0013] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound is free of an anthracene based
compound and free of a hetero substituted anthracene based
compound.
[0014] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises the same matrix compound and in addition,
[0015] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0016] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound is free of an anthracene based
compound and free of a hetero substituted anthracene based
compound.
[0017] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0018] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0019] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound of the first electron transport
layer and the second electron transport layer is a phosphine
oxide based compound and/or a substituted phenanthroline
compound.
[0020] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0021] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0022] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound of the first electron transport
layer and the second electron transport layer is the same
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phosphine oxide based compound and/or the same substi-
tuted phenanthroline compound.
[0023] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0024] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0025] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound of the first electron transport
layer and the second electron transport layer is a phosphine
oxide based compound.
[0026] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0027] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0028] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound of the first electron transport
layer and the second electron transport layer is the same
phosphine oxide based compound.
[0029] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comptises at least one matrix compound and in addition,
[0030] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0031] the second electron transport layer comptises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
wherein the matrix compound of the first electron transport
layer and the second electron transport layer is a substituted
phenanthroline compound.
[0032] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0033] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0034] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium halide or lithium
organic complex is not the same as the second lithium
halide or lithium organic complex;
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wherein the matrix compound of the first electron transport
layer and the second electron transport layer is the same
substituted phenanthroline compound.
[0035] According to an aspect of the present invention,
there is provided an organic light-emitting diode (OLED)
comprising an emission layer and an electron transport layer
stack of at least two electron transport layers, wherein a first
electron transport layer and a second electron transport layer
comprises at least one matrix compound and in addition,
[0036] the first electron transport layer comprises a first
lithium halide or first lithium organic complex; and
[0037] the second electron transport layer comprises a
second lithium halide or second lithium organic com-
plex; wherein the first lithium organic complex is not
the same as the second lithium organic complex and
wherein the first lithium halide is not the same as the
second lithium halide.
[0038] According to various embodiments of the present
invention, there is provided an organic light-emitting diode
(OLED) comprising an emission layer and an electron
transport layer stack of at least two electron transport layers,
wherein a first electron transport layer and a second electron
transport layer comprises at least one matrix compound and
in addition,
[0039] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and
[0040] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium organic complex is
not the same as the second lithium organic complex and
wherein the first lithium halide is not the same as the
second lithium halide;
wherein the first electron transport layer is arranged closest
to an emission layer and the second electron transport layer
is arranged closest to a cathode.
[0041] According to various embodiments of the present
invention, there is provided an organic light-emitting diode
(OLED) comprising an emission layer and an electron
transport layer stack of at least two electron transport layers,
wherein a first electron transport layer and a second electron
transport layer comprises at least one matrix compound and
in addition,
[0042] the first electron transport layer comprises a first
lithium organic complex; and
[0043] the second electron transport layer comprises a
second lithium organic complex;
wherein the first lithium organic complex is not the same as
the second lithium organic complex; and wherein the first
electron transport layer is arranged closest to an emission
layer and the second electron transport layer is arranged
closest to a cathode.
[0044] The organic light-emitting diode (OLED) can be a
bottom emission OLED or a top emission OLED.
[0045] For the following defined terms, these definitions
shall be applied, unless a different definition is given in the
claims or elsewhere in this specification.
[0046] The color space is described by coordinates CIE-x
and CIE-y (International Commission on Illumination
1931). For blue emission the CIE-y is of particular impor-
tance. A smaller CIE-y denotes a deeper blue color. The
efficiency of OLEDs is recorded in cd/A. Candela is a SI
base unit of luminous intensity and describes the power
emitted by a light source in a particular direction, weighted
by the luminosity function (a standardized model of the
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sensitivity of the human eye to different wavelengths). The
human eye is particularly insensitive to deep blue and deep
red colors. Therefore, the efliciency measured in cd/A is
corrected for the emission color, in the case of blue emission,
the CIE-y. For example, a deeper blue OLED would have a
lower cd/A eficiency even if the quantum efficiency (pho-
tons in compared to photons out) is the same. By dividing
the efficiency measured in cd/A by the CIE-y, the efficiency
of OLEDs with slightly different shades of blue can be
compared.

[0047] The efficiency, also named Eff., is measured in
Candela per Ampere (cd/A) and divided by the CIE-y.

[0048] The term “not the same as” with respect to the
lithium organic complex means that the first electron trans-
port layer comprises a first lithium halide or a first lithium
organic complex having a different chemical structure to the
second lithium organic complex of the second electron
transport layer. Thus the first electron transport layer and the
second electron transport layer differs in at least in the
chemical structure of their respective lithium organic com-
plex.

[0049] The term “OLED” and “organic light-emitting
diode” is simultaneously used and having the same meaning.

[0050] As used herein, “weight percent”, “wt.-%”, “per-
cent by weight”, “% by weight”, and variations thereof refer
to a composition, component, substance or agent as the
weight of that composition, component, substance or agent
of the respective electron transport layer divided by the total
weight of the composition thereof and multiplied by 100. It
is understood that the total weight percent amount of all
components, substances or agents of the respective electron
transport layer are selected such that it does not exceed 100
wt.-%.

[0051] All numeric values are herein assumed to be modi-
fied by the term “about”, whether or not explicitly indicated.
As used herein, the term “about” refers to variation in the
numerical quantity that can occur. Whether or not, modified
by the term “about”, the claims include equivalents to the

quantities.
[0052] It should be noted that, as used in this specification
and the appended claims, the singular forms “a”, “an”, and
“the” include plural referents unless the content clearly

dictates otherwise.

[0053] The term “free of”, “does not contain”, “does not
comprise” does not exclude impurities. Impurities have no
technical effect with respect to the object achieved by the
present invention.

[0054] The term “alkyl” refers to straight-chain or
branched alkyl groups. The term ““1 to 20 carbon atoms” as
used herein refers to straight-chain or branched alkyl groups
having 1 to 20 carbon atoms. The alkyl groups can be
selected from the group comprising methyl, ethyl and the
isomers of propyl. butyl or pentyl, such as isopropyl, isobu-
tyl, tert.-butyl, sec.-butyl and/or isopentyl. The term “aryl”
refers to aromatic groups for example phenyl or naphthyl.

[0055] Herein, when a first element is referred to as being
formed or disposed “on” a second element, the first element
can be disposed directly on the second element or one or
more other elements may be disposed there between. When
a first element is referred to as being formed or disposed
“directly on” a second element, no other elements are
disposed there between.
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[0056] According to various embodiments of the OLED
the electron transport layer stack comprising the first elec-
tron transport layer and second electron transport layer may
be free of a lithium halide.

[0057] According to various embodiments of the OLED
the electron transport layer stack comprising the first elec-
tron transport layer and second electron transport layer may
be free of a lithium inorganic salt.

[0058] According to various embodiments of the OLED
the electron transport layer stack comprising the first elec-
tron transport layer and second electron transport layer may
contains as a lithium compound a lithium organic complex
only.

[0059] According to various embodiments of the OLED
the first electron transport layer comprises about =10 wt.-%
to about =70 wt.-%, preferably about =20 wt.-% to about
=65 wt.-% and also preferred about =250 wt.-% to about <60
wt.-% of a first lithium halide or a first lithium organic
complex; and the second electron transport layer comprises
about =10 wt.-% to about <70 wt.-%, preferably about =20
wt.-% to about =65 wt.-% and also preferred about =50
wt.-% to about =60 wt.-% of a second lithium halide or a
second lithium organic complex; wherein the weight percent
of the a first lithium halide or a first lithium organic complex
is based on the total weight of the corresponding first
electron transport layer and the weight percent of the a
second lithium halide and a second lithium organic complex
is based on the total weight of the corresponding second
electron transport layer.

[0060] According to various embodiments of the OLED of
the present invention the first lithium halide or second
lithium halide can be selected from the group comprising
LiF, LiCl, LiBr and LiJ, wherein the wherein the first lithium
halide is not the same as the second lithium halide. However,
most preferred is LiF.

[0061] According to various embodiments of the OLED of
the present invention the organic ligand of the lithium
organic complex can be a quinolate. Preferably the lithium
organic complex is a lithium organic complex of formula I,
1T or 11I:

O

a
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-continued

(1)

[0062] wherein

[0063] Al to A6 are same or independently selected
from CH, CR, N, O;

[0064] R is same or independently selected from hydro-
gen, halogen, alkyl or aryl or heteroaryl with 1 to 20 carbon
atoms; and more preferred Al to A6 are CH.

[0065] Quinolates that can be suitable used are disclosed
in WO 2013079217 Al and incorporated by reference.

[0066] According to various embodiments of the OLED of
the present invention the organic ligand of the lithium
organic complex can be a borate based organic ligand,
Preferably the lithium organic complex is a lithium tetra
(1H-pyrazol-1-yl)borate. Borate based organic ligands that
can be suitable used are disclosed in WO 2013079676 Al
and incorporated by reference.

[0067] According to various embodiments of the OLED of
the present invention the organic ligand of the lithium
organic complex can be a phenolate ligand, Preferably the
lithium organic complex is a lithium 2-(diphenylphospho-
ryl)phenolate. Phenolate ligands that can be suitable used
are disclosed in WO 2013079678 Al and incorporated by
reference.

[0068] Further, phenolate ligands can be selected from the
group of pyridinolate, preferably 2-(diphenylphosphoryl)
pyridin-3-olate. Pyridine phenolate ligands that can be suit-
able used are disclosed in JP 2008195623 and incorporated
by reference.

[0069] In addition, phenolate ligands can be selected from
the group of imidazol phenolates, preferably 2-(1-phenyl-
1H-benzo[d]imidazol-2-yl)phenolate. Imidazol phenolate
ligands that can be suitable used are disclosed in IP
2001291593 and incorporated by reference.

[0070] Also, phenolate ligands can be selected from the
group of oxazol phenolates, preferably 2-(benzo[d]oxazol-
2-yl)phenolate. Oxazol phenolate ligands that can be suit-
able used are disclosed in US 20030165711 and incorpo-
rated by reference.

[0071] Lithium Schiff base organic complexes can be use.
Lithium Schiff base organic complexes that can be suitable
used having the structure 100, 101, 102 or 103:

100
Li—0O
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-continued
101
Li—O

AN

CH,

102
Li—O

A

103

jife

[0072] According to various embodiments of the OLED of
the present invention the organic ligand of the lithium
organic complex is a quinolate, a borate, a phenolate, a
pyridinolate or a Schiff base ligand,

[0073] preferably the lithium quinolate complex has the
formula I, II or III:

)

a

am

wherein

[0074] Al to A6 are same or independently selected
from CH, CR, N, O;
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[0075] R is same or independently selected from hydro-
gen, halogen, alkyl or aryl or heteroaryl with 1 to 20
carbon atoms; and more preferred Al to A6 are CH;

[0076] preferably the borate based organic ligand is a
tetra(1H-pyrazol-1-yl)borate;

[0077] preferably the phenolate is a 2-(pyridin-2-yl)
phenolate, a 2-(diphenylphosphoryl)phenolate, an imi-
dazol phenolates, or 2-(pyridin-2-yl)phenolate and
more preferred 2-(1-phenyl-1H-benzo[d]imidazol-2-
yl)phenolate;

[0078] preferably the pyridinolate is a 2-(diphenylphos-
phoryl)pyridin-3-olate,

[0079] preferably the lithium Schiff base has the struc-
ture 100, 101, 102 or 103:

100
L\i—O
O/N\
101
L\i—O: :
C{N\
CH,
102
L\i—O
; PAIN I j
CH;
103

o

[0080] According to various embodiments of the OLED of
the present invention the first electron transport layer and the
second electron transport layer may comprises at least one
matrix compound.

[0081] According to various embodiments of the OLED of
the present invention the first electron transport layer and the
second electron transport layer comprises at least one matrix
compound, whereby the matrix compound class of the first
electron transport layer and the second electron transport
layer are selected same or different, preferably the same
[0082] According to various embodiments of the OLED of
the present invention the first electron transport layer and the
second electron transport layer comprises at least one matrix
compound, whereby the matrix compound of the first elec-
tron transport layer and the second electron transport layer
are selected same or different, preferably the same.

&

HC
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[0083] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer, preferably the matrix
compound of the first and second electron transport layer
can be same, may be selected from:

[0084] an anthracene based compound or a hetero sub-
stituted anthracene based compound, preferably 2-(4-
(9,10-di(naphthalen-2-yl)anthracene-2-yl)phenyl)-1-
phenyl-1H-benzo[d]imidazole — and/or ~ N4,N4"-di
(naphthalen-1-y1)-N4,N4"-diphenyl-[1,1":4',1"-
terphenyl]-4,4"-diamine;

[0085] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide and/or phenyl bis(3-(pyren-1-yl)phenyl)
phosphine oxide and/or 3-Phenyl-3H-benzo[b]dinaph-
tho[2,1-d:1',2'-f]phosphepine-3-oxide; or
[0086] a substituted phenanthroline compound, pref-

erably 2,4,7 9-tetraphenyl-1,10-phenanthroline, 4,7-
diphenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-
di(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline;
or
wherein the first electron transport layer and the second
electron transport layer comprises at least one matrix com-
pound, wherein the matrix compound is selected from:

[0087] a phosphine oxide based compound, preferably
(3-(dibenzo[ ¢, h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; or

[0088] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and

[0089] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.

[0090] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer may be selected from:

[0091] a phosphine oxide based compound, preferably
(3-(dibenzo[¢,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yl)phenyl)phosphine oxide; or

[0092] a substituted phenanthroline compound, prefer-
ably 2,4,79-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-v1)-4,7-diphenyl-1,10-phenanthroline; and

[0093] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.

[0094] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer may be selected from:

[0095] a phosphine oxide based compound, preferably
(3-(dibenzo[ c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; and

[0096] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.

[0097] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer may be selected from:

[0098] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
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phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and
[0099] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.
[0100] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer are the same and may be
selected from:

[0101] a phosphine oxide based compound, preferably
(3-(dibenzo[ c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1',
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; or

[0102] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and

[0103] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.

[0104] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer are the same and may be
selected from:

[0105] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1",
2'-f]lphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; and

[0106] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.

[0107] According to various embodiments of the OLED
the matrix compound of the first electron transport layer and
the second electron transport layer are the same and may be
selected from:

[0108] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and

[0109] free of an anthracene based compound and free
of a hetero substituted anthracene based compound.

[0110] According to various embodiments of the OLED of
the present invention the thicknesses of the first electron
transport layer and the second electron transport layer may
be the same or may be each independently in the range of
about 0.5 nm to about <95 nm, preferably of about 23 nm
to about <80 nm, further preferred of about =25 nm to about
=60 nm, also preferred of about =6 nm to about =40 nm, in
addition preferred about =8 nm to about <20 nm and more
preferred of about 210 nm to about <18 nm.

[0111] According to various embodiments of the OLED of
the present invention the electron transport layer stack the
thicknesses of the electron transport layer stack can be in the
range of about =25 nm to about =100 nm, preferably of
about =30 nm to about <80 nm, further preferred of about
=35 nm to about <60 nm, and more preferred of about =36
nm to about <40 nm.

[0112] According to various embodiments of the OLED of
the present invention the electron transport layer stack has 2
to 4 electron transport layers and more preferred 2 electron
transport layers.

[0113] According to various embodiments of the OLED of
the present invention the second electron transport layer can
be formed directly on the first electron transport layer.
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[0114] According to various embodiments of the OLED of
the present invention:
[0115]
[0116] a) about =10 wt.-% to about <70 wt.-%, prefer-
ably about 220 wt.-% to about =65 wt-% and also
preferred about =50 wt.-% to about <60 wt.-% of a
lithium halide or an lithium organic complex of a
lithium quinolate, a lithium borate, a lithium phenolate
and/or a lithium Schiff base, preferably of a lithium
quinolate complex has the formula I, II or I1I:

the first electron transport layer comprises:

O

an

(i

[0117] wherein

[0118] Al to A6 are same or independently selected
from CH, CR, N, O,

[0119] R is same or independently selected from
hydrogen, halogen, alkyl or aryl or heteroaryl with 1
to 20 carbon atoms, and more preferred of a lithium
8-hydroxyquinolate;

[0120] D) about =90 wt.-% to about 230 wt.-%, prefer-
ably about =80 wt.-% to about =35 wt.-% and also
preferred about <50 wt.-% to about 240 wt.-% of a
matrix compound of:

[0121] an anthracene based compound or a hetero
substituted anthracene based compound, preferably
2-(4-(9,10-di(naphthalen-2-yl)anthracene-2-yl)phe-
nyl)-1-phenyl-1H-benzo[d]imidazole and/or
N4,N4"-di(naphthalen-1-y1)-N4,N4"-diphenyl-[1,1"
4' 1"-terphenyl]-4,4"-diamine; or

[0122] a phosphine oxide based compound, prefer-
ably (3-(dibenzo[c,hlacridin-7-yl)phenyl)diphenyl-
phosphine oxide and/or phenyl bis(3-(pyren-1-yl)
phenyl)phosphine oxide and/or 3-Phenyl-3H-benzo
[b]dinaphtho[2,1-d:1',2'-f|phosphepine-3-oxide; or

[0123] a substituted phenanthroline compound, pref-
erably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-
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diphenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-
di(biphenyl-4-yl1)-4,7-diphenyl-1,10-phenanthroline;
whereby

[0124] more preferred is a phosphine oxide based com-
pound and most preferred is (3-(dibenzo[c,h]acridin-7-
yl)phenyl)diphenylphosphine oxide;

[0125] the second electron transport layer comprises:

[0126] c) about =10 wt.-% to about <70 wt.-%, prefer-
ably about 220 wt.-% to about <65 wt-% and also
preferred about =50 wt.-% to about <60 wt.-% of a
lithium halide or an lithium organic complex of a
lithium quinolate, preferably of a lithium quinolate
having the formula I, II or III, a lithium borate, a
lithium phenolate and/or a lithium Schiff base, more
preferred of a lithium borate based organic ligand and
most preferred of a lithium tetra(1H-pyrazol-1-yl)bo-
rate;

[0127] d) about =90 wt.-% to about =30 wt.-%, prefer-
ably about <80 wt.-% to about 235 wt.-% and also
preferred about <50 wt.-% to about 240 wt.-% of a
matrix compound of:

[0128] an anthracene based compound or a hetero
substituted anthracene based compound, preferably
2-(4-(9,10-di(naphthalen-2-yl)anthracene-2-yl)phe-
nyl)-1-phenyl-1H-benzo[d]imidazole and/or
N4,N4"-di(naphthalen-1-y1)-N4,N4"-diphenyl-[1,1"
4',1"-terphenyl]-4,4"-diamine; or

[0129] a phosphine oxide based compound, prefer-
ably (3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenyl-
phosphine oxide, 3-phenyl-3H-benzo[b]dinaphtho
[2,1-d:1",2-f]phosphepine-3-oxide and/or phenyl bis
(3-(pyren-1-yl)phenyl)phosphine oxide; or

[0130] a substituted phenanthroline compound, pref-
erably 2,4.7 9-tetraphenyl-1,10-phenanthroline, 4,7-
diphenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-
di(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline;
whereby

[0131] more preferred is a phosphine oxide based com-
pound and most preferred is (3-(dibenzo[c,h]acridin-7-
yl)phenyl)diphenylphosphine oxide; whereby

the lithium organic complex a) of the first electron transport
layer is not the same as the lithium organic complex ¢) of the
second electron transport layer; and the lithium halide a) of
the first electron transport layer is not the same as the lithium
halide ¢) of the second electron transport layer; and the
wt.-% of the components of the first electron transport layer
are selected such that the total wt.-% amount does not
exceed 100 wt.-% and the wt.-% of the components of the
second electron transport layer are selected such that the
total wt.-% amount does not exceed 100 wt.-%, and the
wt.-% of the components of the first electron transport layer
are based on the total weight of the first electron transport
layer and the wt.-% of the components of the second
electron transport layer are based on the total weight of the
second electron transport layer.

[0132] According to one embodiment of the OLED, the
first electron transport layer comprises of about =50 wt.-%
to about =60 wt.-% of a first lithium halide or a first lithium
organic complex and about <50 wt.-% to about 240 wt.-%
of a matrix compound of:

[0133] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1',
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2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; or

[0134] a substituted phenanthroline compound, prefer-
ably 2,4,79-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-v1)-4,7-diphenyl-1,10-phenanthroline; and

the second electron transport layer comprises of about =10
wt.-% to about =30 wt.-% of a second lithium halide or a
second lithium organic complex and about =90 wt-% to
about =70 wt.-% of a matrix compound of:

[0135] a phosphine oxide based compound, preferably
(3-(dibenzo[ c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; or

[0136] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline.

[0137] According to one embodiment of the OLED, the
first electron transport layer comprises of about =50 wt.-%
to about =60 wt.-% of a first lithium halide or a first lithium
organic complex and about <50 wt.-% to about =40 wt.-%
of a matrix compound of:

[0138] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; or

[0139] a substituted phenanthroline compound, prefer-
ably 2,4,79-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and

the second electron transport layer comprises of about =10
wt.-% to about =30 wt.-% of a second lithium halide or a
second lithium organic complex and about <90 wt-% to
about =70 wt.-% of a matrix compound of:

[0140] a phosphine oxide based compound, preferably
(3-(dibenzo[ ¢, h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; or

[0141] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline;

wherein the matrix compound of the first and second elec-
tron transport layer are the same.

[0142] According to one embodiment of the OLED, the
first electron transport layer comprises of about =50 wt.-%
to about =60 wt.-% of a first lithium halide or a first lithium
organic complex and about <50 wt.-% to about =40 wt.-%
of a matrix compound of:

[0143] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; and

the second electron transport layer comprises of about =10
wt.-% to about =30 wt.-% of a second lithium halide or a
second lithium organic complex and about =90 wt.-% to
about =70 wt.-% of a matrix compound of:

[0144] a phosphine oxide based compound, preferably
(3-(dibenzo[ ¢, h]acridin-7-yl)phenyl)diphenylphos-
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phine oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide.
[0145] According to one embodiment of the OLED, the
first electron transport layer comprises of about =50 wt.-%
to about <60 wt.-% of a first lithium halide or a first lithium
organic complex and about =50 wt.-% to about =40 wt.-%
of a matrix compound of:

[0146] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and

the second electron transport layer comprises of about =10
wt.-% to about =30 wt.-% of a second lithium halide or a
second lithium organic complex and about <90 wt.-% to
about =70 wt.-% of a matrix compound of:

[0147] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline.

[0148] According to one embodiment of the OLED, the
first electron transport layer comprises of about =50 wt.-%
to about <60 wt.-% of a first lithium halide or a first lithium
organic complex and about <50 wt.-% to about =40 wt.-%
of a matrix compound of:

[0149] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo|[b]dinaphtho[2,1-d:1",
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide; and

the second electron transport layer comprises of about =210
wt.-% to about =30 wt.-% of a second lithium halide or a
second lithium organic complex and about <90 wt.-% to
about =70 wt.-% of a matrix compound of:

[0150] a phosphine oxide based compound, preferably
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide, 3-phenyl-3H-benzo|[b]dinaphtho[2,1-d:1',
2'-flphosphepine-3-oxide and/or phenyl bis(3-(pyren-
1-yD)phenyl)phosphine oxide;

wherein the matrix compound of the first and second elec-
tron transport layer are the same.

[0151] According to one embodiment of the OLED, the
first electron transport layer comprises of about =50 wt.-%
to about <60 wt.-% of a first lithium halide or a first lithium
organic complex and about <50 wt.-% to about =40 wt.-%
of a matrix compound of:

[0152] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline; and

the second electron transport layer comprises of about =10
wt.-% to about <30 wt.-% of a second lithium halide or a
second lithium organic complex and about <90 wt.-% to
about 270 wt.-% of a matrix compound of:

[0153] a substituted phenanthroline compound, prefer-
ably 2,4,7,9-tetraphenyl-1,10-phenanthroline, 4,7-di-
phenyl-2,9-di-p-tolyl-1,10-phenanthroline, or 2,9-di
(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline;

wherein the matrix compound of the first and second elec-
tron transport layer are the same.

[0154] According to various embodiments of the OLED of
the present invention:

[0155] the first electron transport layer comprises of
about =50 wt.-% to about =60 wt.-% of a lithium
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8-hydroxyquinolate and about =50 wt.-% to about =40
wt.-% of a (3-(dibenzo[c,h]acridin-7-yl)phenyl)diphe-
nylphosphine oxide; and
[0156] the second electron transport layer comprises of
about =10 wt.-% to about =30 wt.-% of a lithium
tetra(1H-pyrazol-1-yl)borate and about =90 wt.-% to
about 270 wt-% of a (3-(dibenzo[c,hJacridin-7-yI)
phenyl)diphenylphosphine oxide.
[0157] The light-emitting diode (OLED) comprises at
least two electrodes, a first anode electrode and a second
cathode electrode.
[0158] The electron transport layer/s or electron transport
layer stack is not an electrode. The electron transport layer/s
or electron transport layer are sandwiched between two
electrodes, namely sandwiched between a first anode and a
second cathode.
[0159] According to another aspect of the present inven-
tion, there is provided an organic light-emitting diode
(OLED) comprising: a substrate; a first anode electrode
formed on the substrate; a second cathode electrode; and an
electron transport layer stack formed between the first anode
electrode and the second cathode electrode, wherein the
electron transport layer stack comprises or consists of at
least two electron transport layers.
[0160] According to various embodiments, the OLED
may further include at least one layer selected from the
group consisting of a hole injection layer, a hole transport
layer, an emission layer, and a hole blocking layer, formed
between the first anode electrode and the electron transport
layer.
[0161] According to another aspect of the present inven-
tion, there is provided an organic light-emitting diode
(OLED) comprising: at least one layer selected from the
group consisting of a hole injection layer, a hole transport
layer, an emission layer, and a hole blocking layer, formed
between the first anode electrode and the electron transport
layer stack.
[0162] According to various embodiments of the present
invention, there is provided an organic light-emitting diode
(OLED) further comprising an electron injection layer
formed between the electron transport layer and the second
cathode electrode.
[0163] According to various embodiments of the OLED of
the present invention, the OLED may not comprises an
electron injection layer.
[0164] According to another aspect of the present inven-
tion, there is provided a method of manufacturing an organic
light-emitting diode (OLED), the method using:
[0165] at least one deposition source, preferably two
deposition sources and more preferred at least three
deposition sources; and/or

[0166] deposition via vacuum thermal evaporation; and/
or
[0167] deposition via solution processing, preferably

the processing is selected from spin-coating, printing,
casting and/or slot-die coating.
[0168] According to various embodiments of the present
invention, there is provided a method using:
[0169] a first deposition source to release the matrix
compound, and
[0170] asecond deposition source to release the lithium
halide or lithium organic complex;
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the method comprising the steps of forming the electron
transport layer stack;
[0171] whereby for an organic light-emitting diode

(OLED)

[0172] the first electron transport layer is formed by
releasing the matrix compound from the first depo-
sition source and the first lithium halide or lithium
organic complex from the second deposition source;

[0173] onto the first electron transport layer the sec-
ond electron transport layer is formed by releasing
the matrix compound from a third deposition source
and the second lithium halide or second lithium
organic complex from the forth deposition source;

[0174] whereby the first lithium organic complex is not
the same as the second lithium organic complex; and
whereby the first lithium halide is not the same as the
second lithium halide, and in case the matrix compound
of the first electron transport layer is the same of the
second electron transport layer the deposition source is
preferably the same.

[0175] According to various embodiments of the present
invention, the method may further include forming on the
first anode electrode an emission layer and at least one layer
selected from the group consisting of forming a hole injec-
tion layer, forming a hole transport layer, or forming a hole
blocking layer, between the first anode electrode and the
electron transport layer stack.

[0176] According to various embodiments of the present
invention, the method may further include the steps for
forming an organic light-emitting diode (OLED), wherein

[0177] on a substrate a first anode electrode is formed,

[0178] on the first anode electrode an emission layer is
formed,

[0179] on the emission layer an electron transport layer

stack is formed, preferably the first electron transport
layer is formed on the emission layer and the second
electron transport layer is formed directly on the first
electron transport layer,

[0180] on the electron transport layer stack a second
cathode electrode is formed,

[0181] optional a hole injection layer, a hole transport
layer, and a hole blocking layer, formed in that order
between the first anode electrode and the emission
layer,

[0182] optional an electron injection layer is formed
between the electron transport layer and the second
cathode electrode.

[0183] According to various embodiments of the present
invention, the method may further include forming an elec-
tron injection layer on the electron transport layer stack.
However, according to various embodiments of the OLED
of the present invention, the OLED may not comprise an
electron injection layer.

[0184] Additional aspects and/or advantages of the inven-
tion will be set forth in part in the description which follows
and, in part, will be obvious from the description, or may be
learned by practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0185] These and/or other aspects and advantages of the
present invention will become apparent and more readily
appreciated from the following description of the exemplary
embodiments, taken in conjunction with the accompanying
drawings, of which:
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[0186] FIG. 1 is a schematic sectional view of an organic
light-emitting diode (OLED), according to an exemplary
embodiment of the present invention;

[0187] FIG. 2 is a schematic sectional view of an OLED,
according to an exemplary embodiment of the present
invention.

[0188] FIG. 3 is a schematic sectional view of an OLED,
according to an exemplary embodiment of the present
invention having no electron injection layer (EIL).

DETAILED DESCRIPTION

[0189] Reference will now be made in detail to the exem-
plary embodiments of the present invention, examples of
which are illustrated in the accompanying drawings,
wherein like reference numerals refer to the like elements
throughout. The exemplary embodiments are described
below, in order to explain the aspects of the present inven-
tion, by referring to the figures.

[0190] Herein, when a first element is referred to as being
formed or disposed “on” a second element, the first element
can be disposed directly on the second element, or one or
more other elements may be disposed there between. When
a first element is referred to as being formed or disposed
“directly on” a second element, no other elements are
disposed there between.

[0191] FIG. 1 is a schematic sectional view of an organic
light-emitting diode (OLED) 100, according to an exem-
plary embodiment of the present invention. The OLED 100
includes an emission layer 150 and an electron transport
layer stack (ETL) 160 comprising a first electron transport
layer 161 and a second electron transport layer 162, whereby
the second electron transport layer 162 is disposed directly
on the first electron transport layer 161.

[0192] FIG. 2 is a schematic sectional view of an organic
light-emitting diode (OLED) 100, according to an exem-
plary embodiment of the present invention. The OLED 100
includes a substrate 110, a first electrode 120, a hole injec-
tion layer (HIL) 130, a hole transport layer (HTL) 140, an
emission layer (EML) 150, an electron transport layer (ETL)
160, an electron injection layer (EIL) 180, and a second
electrode 190. The electron transport layer (ETL) 160
includes a first electron transport layer 161 including a
matrix material and a first lithium halide or a first lithium
organic complex and a second electron transport layer 162
including a matrix material and a second lithium halide or a
second lithium organic complex, wherein the second lithium
halide or the second lithium organic complex is not the same
as the first lithium halide or the first lithium organic com-
plex. The second electron transport layer 162 is directly
formed on the first electron transport layer 161. The first
layer 161 may be formed directly on the EML 150.

[0193] The substrate 110 may be any substrate that is
commonly used in manufacturing of organic light-emitting
diodes. If light is emitted through the substrate, the substrate
110 may be a transparent material, for example a glass
substrate or a transparent plastic substrate, having excellent
mechanical strength, thermal stability, transparency, surface
smoothness, ease of handling, and waterproofness. If light is
emitted through the top surface, the substrate 110 may be a
transparent or non-transparent material, for example a glass
substrate, a plastic substrate, a metal substrate or a silicon
substrate.

[0194] The first anode electrode 120 may be formed by
depositing or sputtering a compound that is used to form the
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first anode electrode 120. The compound used to form the
first anode electrode 120 may be a high work-function
compound, so as to facilitate hole injection. If a p-doped HIL
is used, the anode material may also be selected from a low
work function material (i.e. Aluminum). The first anode
electrode 120 may be a transparent or reflective electrode.
Transparent conductive compounds, such as indium tin
oxide (ITO), indium zinc oxide (IZ0), tin-dioxide (SnQ,),
and zinc oxide (ZnO), may be used to form the first anode
electrode 120. The first anode electrode 120 may also be
formed using magnesium (Mg), aluminum (Al), aluminum-
lithium (Al—Li), calcium (Ca), magnesium-indium (Mg—
In), magnesium-silver (Mg—Ag), silver (Ag), gold (Au), or
the like.

[0195] The HIL 130 may be formed on the first anode
electrode 120 by vacuum deposition, spin coating, printing,
casting, slot-die coating, Langmuir-Blodgett (LB) deposi-
tion, or the like. When the HIL 130 is formed using vacuum
deposition, the deposition conditions may vary according to
the compound that is used to form the HIL 130, and the
desired structure and thermal properties of the HIL 130. In
general, however, conditions for vacuum deposition may
include a deposition temperature of 100° C. to 500° C., a
pressure of 107% to 1072 torr (1 ton equals 133.322 Pa), and
a deposition rate of 0.1 to 10 nm/sec.

[0196] When the HIL 130 is formed using spin coating,
printing, coating conditions may vary according to a com-
pound that is used to form the HIL 130, and the desired
structure and thermal properties of the HIL 130. For
example, the coating conditions may include a coating speed
of about 2000 rpm to about 5000 rpm, and a thermal
treatment temperature of about 80° C. to about 200° C.
Thermal treatment removes a solvent after the coating is
performed.

[0197] The HIL 130 may be formed of any compound that
is commonly used to form an HIL. Examples of compounds
that may be used to form the HIL 130 include a phthalo-
cyanine compound, such as copper phthalocyanine (CuPc),
4.4'4"tris  (3-methylphenylphenylamino) triphenylamine
(m-MTDATA), TDATA, 2T-NATA, polyaniline/dodecyl-
benzenesulfonic acid (Pani/DBSA), poly(3,4-ethylenedi-
oxythiophene)/poly(4-styrenesulfonate) (PEDOT/PSS),
polyaniline/camphor sulfonicacid (Pani/CSA), and polyani-
line)/poly(4-styrenesulfonate (PANI/PSS).

[0198] The HIL 130 may be a pure layer of p-dopant or
may be selected from a hole-transporting matrix compound
doped with a p-dopant. Typical examples of known redox
doped hole transport materials are: copper phthalocyanine
(CuPc), which HOMO level is approximately -5.2 eV,
doped  with tetrafluoro-tetracyanoquinonedimethane
(FATCNQ), which LUMO level is about =5.2 eV, zinc
phthalocyanine (ZnPc) (HOMO=-5.2 eV) doped with
F4TCNQ; o-NPD (N, N'-Bis(naphthalen-1-y1)-N,N-bis(phe-
nyl)-benzidine) doped with FATCNQ. c.-NPD doped with
2,2'-(perfluoronaphthalene-2,6-diylidene)  dimalononitrile
(PD1). a-NPD doped with 2,2'2"-(cyclopropane-1,2,3-tri-
ylidene)tris(2-(p-cyanotetrafluorophenyl)acetonitrile)
(PD2). Dopant concentrations can be selected from 1 to 20
wt.-%, more preferably from 3 wt.-% to 10 wt.-%.

[0199] The thickness of the HIL, 130 may be in the range
of about 1 nm to about 100 nm, and for example, about 1 nm
to about 25 nm. When the thickness of the HIL 130 is within
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this range, the HIL 130 may have excellent hole injecting
characteristics, without a substantial increase in driving
voltage.

[0200] The hole transport layer (HTL) 140 may be formed
on the HIL 130 by vacuum deposition, spin coating, slot-die
coating, printing, casting, Langmuir-Blodgett (LB) deposi-
tion, or the like. When the HTL 140 is formed by vacuum
deposition or spin coating, the conditions for deposition and
coating may be similar to those for the formation of the HIL
130. However, the conditions for the vacuum or solution
deposition may vary, according to the compound that is used
to form the HTL 140.

[0201] The HTL 140 may be formed of any compound that
is commonly used to form a HTL. Compound that can be
suitably used is disclosed for example in Yasuhiko Shirota
and Hiroshi Kageyama, Chem. Rev. 2007, 107, 953-1010 an
incorporated by reference. Examples of the compound that
may be used to form the HTL 140 are: a carbazole deriva-
tive, such as N-phenylcarbazole or polyvinylcarbazole; an
amine derivative having an aromatic condensation ring, such
as N,N'-bis(3-methylphenyl)-N,N-diphenyl-[1,1-biphenyl]-
4 4-diamine (TPD), or N,N'-di(naphthalene-1-y1)-N,N'-di-
phenyl benzydine (alpha-NPD); and a triphenylamine-based
compound, such as 4,4' 4"-tris(N-carbazolyl)triphenylamine
(TCTA). Among these compounds, TCTA can transport
holes and inhibit excitons from being diffused into the EML.
[0202] The thickness of the HTL. 140 may be in the range
of about 5 nm to about 250 nm, preferably, about 10 nm to
about 200 nm, further about 20 nm to about 190 nm, further
about 40 nm to about 180 nm, further about 60 nm to about
170 nm, further about 80 nm to about 160 nm, further about
100 nm to about 160 nm, further about 120 nm to about 140
nm. A preferred thickness of the HTL 140 may be 170 nm
to 200 nm.

[0203] When the thickness of the HTL 140 is within this
range, the HTL 140 may have excellent hole transporting
characteristics, without a substantial increase in driving
voltage.

[0204] The EML 150 may be formed on the HTL 140 by
vacuum deposition, spin coating, slot-die coating, printing,
casting, LB, or the like. When the EML 150 is formed using
vacuum deposition or spin coating, the conditions for depo-
sition and coating may be similar to those for the formation
of the HIL 130. However, the conditions for deposition and
coating may vary, according to the compound that is used to
form the EML 150.

[0205] The emission layer (EML) 150 may be formed of
a combination of a host and a dopant. Example of the host
are Alq3, 4,4'-N,N'-dicarbazole-biphenyl (CBP), poly(n-vi-
nylcarbazole) (PVK), 9,10-di(naphthalene-2-yl)anthracenee
(ADN), TCTA, 1,3,5-tris(N-phenylbenzimidazole-2-yl)ben-
zene (TPBI), 3-tert-butyl-9,10-di-2-naphthylanthracenee
(TBADN), distyrylarylene (DSA), Bis(2-(2-hydroxyphenyl)
benzothiazolate)zinc (Zn(BTZ) 2), E3 below, AND, Com-
pound 1 below, and Compound 2 below.

OO0
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Compound 2

[0206]
emitter. Phosphorescent emitters are preferred due to their

The dopant may be a phosphorescent or fluorescent

higher efficiency

[0207] Examples of a red dopant are PtOEP, Ir(piq) 3, and
Btp 2Ir(acac), but are not limited thereto. These compounds
are phosphorescent emitters, however, fluorescent red dop-

ants could also be used.

Jun. 15,2017

Ir(piq);
Btp,Ir(acac)

[0208] Examples of a phosphorescent green dopant are
Ir(ppy) 3 (ppy=phenylpyridine), Ir(ppy) 2(acac), Ir(mpyp) 3
are shown below. Compound 3 is an example of a fluores-
cent green emitter and the structure is shown below.

— -2

Ir(ppy )2(acac)
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Compound 3

[0209] Examples of a phosphorescent blue dopant are
F,Irpic, (F,ppy),Ir(tmd) and Ir(dfppz) 3, ter-fluorene, the
structures are shown below. 4.4'-bis(4-diphenyl amiostyryl)
biphenyl (DPAVBI), 2,5,8,11-tetra-tert-butyl perylene
(TBPe), and Compound 4 below are examples of fluorescent
blue dopants.

F

—2
(F2ppy);lr(tmd)

12
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F
\, Ir

N -

O
— =3
Ir(dfppz)3
Compound 4

O‘QQ

[0210] The amount of the dopant may be in the range of
about 0.01 to about 50 parts by weight, based on 100 parts
by weight of the host. The EML 150 may have a thickness
of about 10 nm to about 100 nm, for example, about 20 nm
to about 60 nm. When the thickness of the EML 150 is
within this range, the EML 150 may have excellent light
emission, without a substantial increase in driving voltage.
[0211] When the EML 150 comprises a phosphorescent
dopant, a hole blocking layer (HBL) (not shown) may be
formed on the EML 150, by using vacuum deposition, spin
coating, slot-die coating, printing, casting, L.B deposition, or
the like, in order to prevent the diffusion of triplet excitons
or holes into the ETL 160. When the HBL is formed using
vacuum deposition or spin coating, the conditions for depo-
sition and coating may be similar to those for the formation
of the HIL 130. However, the conditions for deposition and
coating may vary, according to the compound that is used to
form the HBL. Any compound that is commonly used to
form a HBL may be used. Examples of compounds for
forming the HBL include an oxadiazole derivative, a triazole
derivative, and a phenanthroline derivative.

[0212] The HBL may have a thickness of about 5 nm to
about 100 nm, for example, about 10 nm to about 30 nm.
When the thickness of the HBL is within this range, the HBL
may have excellent hole-blocking properties, without a
substantial increase in driving voltage.

[0213] The ETL 160 may be formed on the EML 150 or
on the HBL if the HBL is formed. The ETL 160 includes a
first layer 161 including a first lithium halide or a first
lithium organic complex; and a second electron transport
layer 162 including a second lithium halide or a second
lithium organic complex, wherein the first lithium organic
complex is not the same as the second lithium organic
complex and wherein the first lithium halide is not the same
as the second lithium halide.

[0214] The ETL 160 has a stacked structure, preferably of
two ETL-layers (161/162), so that injection and transport of
electrons may be balanced and holes may be efficiently
blocked. In a conventional OLED, since the amounts of
electrons and holes vary with time, after driving is initiated,
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the number of excitons generated in an emission area may be
reduced. As a result, a carrier balance may not be main-
tained, so as to reduce the lifetime of the OLED.

[0215] However, in the ETL 160, the first layer 161 and
the second layer 162 have similar or identical energy levels,
so that the carrier balance may be uniformly maintained,
while controlling the electron-transfer rate. Thus, the life-
time characteristics of the OLED 100 are improved.

[0216] In general the matrix compound for the first elec-
tron layer 161 and second electron layer can be identical or
different.

[0217] Matrix compound for the first electron layer 161
and second electron layer that can be suitable used are
selected from the group comprising anthracen compounds,
preferably  2-(4-(9,10-di(naphthalen-2-yl)anthracen-2-y1)
phenyl)-1-phenyl-1H-benzo[d]imidazole

[0218] Anthracene compounds that can be used as matrix
materials are disclosed in U.S. Pat. No. 6,878,469 B and
incorporated by reference.

[0219] Other matrix compounds that can be used are
diphenylphosphine oxide, preferably (3-(dibenzo[c,h]acri-
din-7-yl)phenyl)diphenylphosphine oxide, phenylbis(3-
(pyren-1-yl)phenyl)phosphine oxide, 3-phenyl-3H-benzo[b]
dinaphtho[2,1-d:1',2'-f]phosphepine-3-oxide, phenyldi
(pyren-1-yl)phosphine oxide.

[0220] Diphenylphosphine oxide compounds that can be
used as matrix materials are disclosed in EP 2395571 Al,
W02013079217 Al, EP 13187905, EP13199361 and
JP2002063989 Al, incorporated by reference.

[0221] Other suitable matrix compounds that can be used
are phenanthroline compounds, preferably selected from the
group comprising of 2,4,7,9-tetraphenyl-1,10-phenanthro-
line, 4,7-diphenyl-2,9-di-p-tolyl-1,10-phenanthroline, and
2,9-di(biphenyl-4-y1)-4,7-diphenyl-1,10-phenanthroline.
Phenanthroline compounds that can be used as matrix mate-
rials are disclosed in EP 1786050 Al and incorporated by
reference.

[0222] The matrix compound of the first electron layer 161
and/or second electron transport layer may be a compound
that efficiently transports electrons, such as an anthracene-
based compound, diphenylphosphine oxide based com-
pound, or a phenanthroline based compound, preferably a
matrix compound mentioned in Table 1. For example, the
matrix compound of the first electron layer 161 and/or
second electron transport layer may be selected from the
group consisting of Compound 5, a compound represented
by Formula 2, and a compound represented by Formula 3
below:

Compound 5
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Formula 2
R, R,
N Rs
Qs Q Q /
Q (L1 N\ Ry
Rs
Q Qo
Q¢ Q7 Qs
Formula 3
Ry
R¢ /N Ry
Qs Q Q
Q4 La N R;
Rs R4
Qs Qo
Qs Q7 Qs

[0223] In Formulae 2 and 3, R, to R are each indepen-
dently a hydrogen atom, a halogen atom, a hydroxy group,
a cyano group, a substituted or unsubstituted C,-C;,, alkyl
group, a substituted or unsubstituted C,-C,, alkoxy group, a
substituted or unsubstituted C,-C;, acyl group, a substituted
or unsubstituted C,-C,, alkenyl group, a substituted or
unsubstituted C,-C,, alkynyl group, a substituted or unsub-
stituted C4-Cs, aryl group, or a substituted or unsubstituted
C,-C,, heteroaryl group. At least two adjacent R, to Ry
groups are optionally bonded to each other, to form a
saturated or unsaturated ring. L, is a bond, a substituted or
unsubstituted C,-C,, alkylene group, a substituted or unsub-
stituted C4-C,, arylene group, or a substituted or unsubsti-
tuted C5-C,,, hetero arylene group. Q, through Q, are each
independently a hydrogen atom, a substituted or unsubsti-
tuted C4-C;, aryl group, or a substituted or unsubstituted
C;-Cs, hetero aryl group, and “a” is an integer from 1 to 10.

[0224] For example, R, to R may be each independently
selected from the group consisting of a hydrogen atom, a
halogen atom, a hydroxy group, a cyano group, a methyl
group, an ethyl group, a propvl group, a butyl group, a
methoxy group, an ethoxy group, a propoxy group, a butoxy
group, a pheny! group, a naphthyl group, an anthryl group,
a pyridinyl group, and a pyrazinyl group.

[0225] In particular, in Formula 2 and/or 3, R, to R, may
each be a hydrogen atom, R may be selected from the group
consisting of a halogen atom, a hydroxy group, a cyano
group, a methyl group, an ethyl group, a propyl group, a
butyl group, a methoxy group, an ethoxy group, a propoxy
group, a butoxy group, a phenyl group, a naphthyl group, an
anthryl group, a pyridinyl group, and a pyrazinyl group. In
addition, in Formula 3, R, to R4 may each be a hydrogen
atom.

[0226] For example, in Formula 2 and/or 3, Q, to Q, are
each independently a hydrogen atom, a phenyl group, a
naphthyl group, an anthryl group, a pyridinyl group, and a
pyrazinyl group. In particular, in Formulae 2 and/or 3, Q,,
Q;-Q,, Qg and Q, are hydrogen atoms, and Q, and Q, may
be each independently selected from the group consisting of
a phenyl group, a naphthyl group. an anthryl group, a
pyridinyl group, and a pyrazinyl group.
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[0227] For example, L,, in Formula 2 and/or 3, may be _continued

selected from the group consisting of a phenylene group, a

naphthylene group, an anthrylene group, a pyridinylene Compound 7
group, and a pyrazinylene group. In particular, L., may be a
phenylene group or a pyridinylene group. For example, “a”
may be 1, 2, or, 3.

[0228] The matrix compound may be further selected from
Compound 5, 6, or 7 below:

Compound 6

TABLE 1

Chemical structures of matrix materials that can be suitable used

Internal name TUPAC name Structure Reference
MX 1 2-(4-(9,10-di(naphthalen-2- U.S. Pat. No.
yl)anthracen-2-yl)phenyl)-1- 6,878,469 B2.
phenyl-1H-
benzo[d]imidazole
N
[
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TABLE 1-continued

Jun. 15,2017

Chemical structures of matrix materials that can be suitable used

Internal name TUPAC name Structure Reference
MX 2 (3-(dibenzo[c,h]acridin-7- EP 2395571B1,
yl)phenyl)diphenylphosphine WO02013079217A1
oxide
N,
S

I

P
MX 3 Phenylbis(3-(pyren-1- EP13187905.8

vl)phenyl)phosphine oxide

MX 4 3-Phenyl-3H- EP13199361.0
benzo[b]dinaphtho[2,1-
d:1",2"-f]phosphepine-3-

oxide
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Chemical structures of matrix materials that can be suitable used

Internal name TUPAC name Structure Reference
MX 5 Phenyldi(pyren-1-yl) JP4876333
phosphine oxide ’
P
o
MX 6 2,4,7,9-tetraphenyl-1,10- EP1786050
phenanthroline
MX 8 2,9-di{biphenyl-4-yl)-4,7- EP1786050

diphenyl-1,10-
phenanthroline
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Chemical structures of matrix materials that can be suitable used

Internal name TUPAC name Structure Reference
MX 9 4,7-diphenyl-2,9-di-p-tolyl- EP1786050
1,10-phenanthroline
LC CH;
[0229] The first and second lithium halide and first and or the second electron transport layer are disclosed, and

second lithium organic complex may inject electrons and
block holes. The first electron transport layer 161 comprises
a first lithium halide or a first lithium organic complex; and
the second electron transport layer 162 comprises a second
lithium halide or a second lithium organic complex, wherein
the first lithium organic complex is not the same as the
second lithium organic complex and wherein the first
lithium halide is not the same as the second lithium halide.
[0230] Suitable organic ligands to form a lithium organic
complex that can be used for the first electron transport layer

incorporated by reference, for example in US 2014/0048792
and Kathirgamanathan, Poopathy; Arkley, Vincent; Suren-
drakumar, Sivagnanasundram; Chan, Yun F.; Ravichandran,
Seenivasagam; Ganeshamurugan, Subramaniam; Kumara-
verl, Muttulingam; Antipan-Lara, Juan; Paramaswara,
Gnanamolly; Reddy, Vanga R., Digest of Technical
Papers—Society for Information Display International Sym-
posium (2010), 41(Bk. 1), 465-468.

TABLE 2

Lithium organic complex that can be suitable used

TUPAC name

Structure Reference

LiQ

Li-1

Li-2

lithium 8-hydroxyquinolate

lithium tetra(1H-pyrazol-1-
yl)borate

lithium 2-(diphenyl-
phosphoryl)phenolate

WO 2013079217 Al

WO 2013079676 Al

WO 2013079678A1

0
|
P
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TABLE 2-continued
Lithium organic complex that can be suitable used

TUPAC name Structure Reference
Li-3  lithium 2-(pyridin-2- JP2 008195623

ylphenolate
Li-4  lithium 2-(1-phenyl-1H- JP 2001291593,

benzo[d]imidazol-2- - Li
yl)phenolate 0

Li-5 lithium 2-(benzo[d]oxazol-2-
yl)phenolate

Li—0O

O/Lio
N N
0

Li-6 lithium 2-(diphenyl-

phosphoryl)pyridin-3-olate

©:N US 20030165711
] :

EP 2724388

[0231] The organic ligand of the lithium organic complex
of the first electron transport layer 161 and/or second
electron transport layer 162 may be selected from the group
comprising a quinolate, a borate, a phenolate, a pyridinolate
or a Schiff base ligand, or Table 2, wherein the lithium
organic complex of the first electron transport layer 161 is
not the same as the lithium organic complex of the second
electron transport layer 162;

[0232] preferably the lithium quinolate complex has the

formula I:

)

[0233] wherein
[0234] Al to A6 are same or independently selected
from CH, CR, N, O;
[0235] R is same or independently selected from hydro-
gen, halogen, alkyl or aryl or heteroaryl with 1 to 20
carbon atoms; and more preferred Al to A6 are CH;

[0236] preferably the borate based organic ligand is a
tetra(1H-pyrazol-1-yl)borate;

[0237] preferably the phenolate is a 2-(pyridin-2-yl)
phenolate or a 2-(diphenylphosphoryl)phenolate;

[0238] preferably the lithium Schiff base has the struc-
ture 100, 101, 102 or 103:

100
Li—O
AN
101
Li—O
AN
CH;
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102
Li—O
AN
CH;
103
Li—O
A

HC

[0239] more preferred the lithium organic complex is
selected from a compound of Table 2. The lithium
halide of the first electron transport layer 161 and/or
second electron transport layer 162 may be selected
from the group comprising a LiF, LiCl, LiBr or LiJ, and
preferably LiF.

[0240] The ETL layer stack thickness can be adjusted such
that the light out coupling is maximized. Further ETL layer
stack thickness can be adjusted for the desired color tuning,
for example to achieve a deeper shade of blue. i.e. smaller
CIEy.

[0241] The thicknesses of the first electron transport layer
161 and/or second electron transport layer 162 may be the
same or each independently in the in the range of about 20.5
nm to about <95 nm, preferably of about =3 nm to about <80
nm, further preferred of about =5 nm to about =60 nm, also
preferred of about =6 nm to about =40 nm, in addition
preferred about =8 nm to about <20 nm and more preferred
of about 210 nm to about <18 nm.

[0242] When the thicknesses of the first electron transport
layer 161 and second electron transport layer 162 within this
range, preferably of about 210 nm to about <18 nm, the
electron transport layer 160 may effectively inject and
transport electrons, without a substantial increase in driving
voltage.

[0243] Forblue emitting OLEDs, the thickness of the ETL
layer stack is 10 to 50 nm, preferably 30 to 40 nm. For red
and green emitting OLEDs, the thickness of ETLs is 20 to
100 nm, preferably 20-100 nm and more preferably 30-80
nm. The thickness is selected so as to maximize efficiency of
light emission.

[0244] The amount of the lithium organic complex in the
first electron transport layer 161 may be in the range of about
=10 wt.-% to about <70 wt.-%, preferably about =20 wt.-%
to about <65 wt.-% and also preferred about 250 wt.-% to
about =60 wt.-%, by weight of the first electron transport
layer 161.

[0245] The amount of the lithium organic complex in the
second electron transport layer 162 may be in the range of
about =210 wt.-% to about <70 wt.-%, preferably about =20
wt.-% to about =65 wt.-% and also preferred about =50
wt.-% to about =60 wt.-%, by weight of the second electron
transport layer 162.

[0246] The amount of the lithium halide or lithium organic
complex in the first electron transport layer 161 may be in
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the range of about =10 mol-% to about =95 mol-%, prefer-
ably about =15 mol-% to about <90 mol-% and also pre-
ferred about =20 mol-% to about =80 mol-%, by weight of
the first electron transport layer 161.

[0247] The amount of the lithium halide or lithium organic
complex in the second electron transport layer 162 may be
in the range of about 210 mol-% to about =95 mol-%,
preferably about =15 mol-% to about <90 mol-% and also
preferred about =20 mol-% to about =80 mol-%, by weight
of the second electron transport layer 162.

TABLE 3

A comparison of mol-% and wt.-% is shown in the table below

Compound wt.-% mol-%
MX 2:LiQ 20 48
MX 2:LiQ 40 71
MX 2:LiQ 50 79
MX 2:LiQ 65 87
MX 2:Li-2 20 32
MX 2:Li-2 40 55
MX 2:Li-2 50 65
MX 2:Li-2 65 77
MX 2:Li-1 10 18
MX 2:Li-1 20 33
MX 2:Li-1 30 45
MX 2:LiF 20 84
MX 2:LiF 40 93
MX 2:LiF 50 96
MX 2:LiF 65 98
MX 1:LiF 20 87
MX 1:LiF 40 95
MX 1:LiF 50 96
MX 1:LiF 65 98
MX 1:LiQ 20 54
MX 1:LiQ 40 76
MX 1:LiQ 50 2
MX 1:LiQ 65 90
MX 4:Li-2 20 27
MX 4:Li-2 40 50
MX 4:Li-2 50 60
MX 4:Li-2 60 69
MX 4:LiQ 20 43
MX 4:LiQ 40 67
MX 4:LiQ 50 75
MX 4:LiQ 65 85
MX 4:Li-1 10 15
MX 4:Li-1 20 28
MX 4:Li-1 30 40

[0248] The ETL 160 may be formed on the EML 150 by
vacuum deposition, spin coating, slot-die coating, printing,
casting, or the like. When the ETL 160 is formed by vacuum
deposition or spin coating, the deposition and coating con-
ditions may be similar to those for formation of the HIL, 130.
However, the deposition and coating conditions may vary,
according to a compound that is used to form the ETL 160.
[0249] Using vacuum deposition, the first electron trans-
port layer 161 of the ETL 160 may be formed using a first
deposition source to deposit a matrix compound, and a
second deposition source to deposit a lithium halide or
lithium organic complex. The first deposition source and the
second deposition source are positioned relative to one
another, such that that a mixed deposition region of the first
electron transport layer 161 is formed directly on the EML
150.

[0250] The second electron transport layer 162 of the ETL
160 may be formed using a first or a third deposition source,
for example if the matrix material is different to the ETL
161, and a third or fourth deposition source to deposit a
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lithium halide or lithium organic complex, whereby the
lithium organic complex of the first electron transport layer
161 is not the same as the lithium organic complex of the
second electron transport layer 162, and wherein the lithium
halide of the first electron transport layer 161 is not the same
as the lithium halide of the second electron transport layer
162. The deposition sources are positioned relative to one
another, such that a mixed deposition region of the second
electron transport layer 162 is formed directly on the first
electron transport layer 161.

[0251] The stacking process is more simply and quickly
performed, as compared to prior methods. In particular,
since a plurality of ETL layers may be almost simultane-
ously deposited in a single chamber, the chamber may not be
required to be exhausted after the formation of each layer.
[0252] The EIL 180, which facilitates injection of elec-
trons from the cathode, may be formed on the ETL 160,
preferably directly on the second electron transport layer
162. Examples of materials for forming the EIL 180 include
LiF, NaCl, CsF, Li20, BaO, Ca, Ba, Yb, Mg which are
known in the art. Deposition and coating conditions for
forming the EIL 180 are similar to those for formation of the
HIL 130, although the deposition and coating conditions
may vary, according to a material that is used to form the
FIL 180.

[0253] The thickness of the EIL 180 may be in the range
of about 0.1 nm to 10 nm, for example, in the range of 0.5
nm to 9 nm. When the thickness of the EIL 180 is within this
range, the EIL 180 may have satisfactory electron-injecting
properties, without a substantial increase in driving voltage.
[0254] The second cathode electrode 190 is formed on the
EIL 180 if present. The second cathode electrode 190 may
be a cathode, which is an electron-injecting electrode. The
second electrode 190 may be formed of a metal, an alloy, an
electrically conductive compound, or a mixture thereof. The
second electrode 190 may have a low work function. For
example, the second electrode 190 may be formed of lithium
(L1), magnesium (Mg), aluminum (Al), aluminum (Al)-
lithium (Li), calcium (Ca), barium (Ba), ytterbium (Yb),
magnesium (Mg)-indium (In), magnesium (Mg)-silver (Ag),
or the like. In addition, the second electrode 190 may be
formed of a transparent conductive material, such as ITO or
170.

[0255] The thickness of the cathode electrode 190 may be
in the range of about 5 nm to 1000 nm, for example, in the
range of 10 nm to 100 nm. When the cathode electrode 190
is in the range of 5 nm to 50 nm, the electrode will
transparent even if a metal or metal alloy is used.

[0256] Since the layers of the ETL 160 have similar or
identical energy levels, the injection and transport of the
electrons may be controlled, and the holes may be efficiently
blocked. Thus, the OLED 100 may have long lifetime.
[0257] FIG. 3 is a schematic sectional view of an OLED
200, according to another exemplary embodiment of the
present invention. FIG. 3 differs from FIG. 2 in that the
OLED 100 of FIG. 3 has no electron injection layer (EIL)
180

[0258] Referring to FIG. 3 the OLED 200 includes a
substrate 110, a first electrode 120, a HIL 130, a HTL 140,
an EML 150, an ETL 160, and a second electrode 190. The
ETL stack 160 includes a first ETL layer 161 and a second
ETL layer 162.

[0259] The electron transport layer stack 160 of at least
two electron transport layers 161 and 162, wherein a first
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electron transport layer 161 and a second electron transport
layer 162 comprises at least one matrix compound and in
addition,

[0260] the first electron transport layer comprises a first
lithium halide or a first lithium organic complex; and

[0261] the second electron transport layer comprises a
second lithium halide or a second lithium organic
complex; wherein the first lithium organic complex is
not the same as the second lithium organic complex and
wherein the first lithium halide is not the same as the
second lithium halide; wherein the first electron trans-
port layer is arranged closest to an anode and the
second electron transport layer is arranged closest to a
cathode.

[0262] The layers of the ETL 161 and 162 have similar or
identical energy levels, so that the injection and transport of
the electrons may be controlled, and the holes may be
efficiently blocked. Thus, the OLED 200 may have long
lifetime.

[0263] The substrate 110, the first electrode 120, the hole
injection layer 130, the hole transport layer 140, the emis-
sion layer 150, and the electron transport layer 161 and 162
of the OLED 200 are similar to corresponding elements
described with reference to FIG. 2. Even though the struc-
ture of the OLED 200 and the method of manufacturing the
OLED 200 are described with reference to FIG. 2, other
method known in the art can be used. For example, the ETL
stack 160 may include three or more ETL layers but two
ETL layers of ETL 161 and 162 are preferred.

[0264] Inthe description above the method of manufacture
an OLED of the present invention is started with a substrate
110 onto which a first anode electrode 120 is formed, on the
first anode electrode 120 an emission layer 150 is formed.
An electron transport layer stack 160 is formed on the
emission layer 150, wherein the first electron transport layer
161 is formed on the emission layer 150 and the second
electron transport layer 162 is formed directly on the first
electron transport layer 162, on the electron transport layer
stack 160, in this case on the second electron transport layer
162 a second cathode electrode 190 is formed, optional a
hole injection layer 130, and a hole transport layer 140, are
formed in that order between the first anode electrode 120
and the electron transport layer 160, an optional hole block-
ing layer is formed between the emission layer and the ETL
layer stack, and optionally an electron injection layer 180 is
formed between the electron transport layer 160 and the
second cathode electrode 190. However, the OLED of the
present invention can be manufactured also the other way
around, starting with the second cathode electrode 190 onto
which optionally an electron injection layer 180 is formed.
On the second cathode electrode 190 or on the electron
injection layer 180, if present, the second electron transport
layer 162 is formed and directly on the second electron
transport layer 162 the first electron transport layer 161 is
formed and so on.

[0265] While not shown in FIGS. 2 and 3, a sealing layer
may further be formed on the second electrodes 190, in order
to seal the OLEDs 100, 200. In addition, various other
modifications may be applied thereto.

[0266] Hereinafter, one or more exemplary embodiments
of the present invention will be described in detail with,
reference to the following examples. However, these
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examples are not intended to limit the purpose and scope of
the one or more exemplary embodiments of the present
invention.

EXAMPLES

General Procedure

[0267] For bottom emission devices, a 15 Q/cm® glass
substrate (available from Corning Co.) with 90 nm ITO was
cut to a size of 50 mmx50 mmx0.7 mm, ultrasonically
washed with isopropyl alcohol for 5 minutes and then with
pure water for 5 minutes, and washed again with UV ozone
for 30 minutes, to prepare a first electrode. For top emission
devices, the anode electrode was formed from 100 nm silver
on glass which was prepared by the same methods as
described above.

[0268] Then, 92 wt.-% of N4,N4"-di(naphthalen-1-yI)-
N4,N4"-diphenyl-[1,1":4',1"-terphenyl]-4,4"-diamine and 8
wt.-% of 2,2'2"-(cyclopropane-1,2,3-triylidene)tris(2-(p-
cyanotetrafluorophenyl)acetonitrile) was vacuum deposited
on the ITO electrode, to form a HIL having a thickness of 10
nm. Then N4,N4"-di(naphthalen-1-y1)-N4,N4"-diphenyl-[1,
1":4',1"-terphenyl]-4,4"-diamine was vacuum deposited on
the HIL, to form a HTL having a thickness of 130 nm. 97
wt.-% of ABH113 (Sun Fine Chemicals) as a host and 3
wt.-% of NUBD370 (Sun Fine Chemicals) as a dopant were
deposited on the HTL, to form a blue-emitting EML with a
thickness of 20 nm.

[0269] Then the ETL-layer stack is formed by depositing
the first electron transport layer (ETL 1) including a matrix
compound according to Example 1 to Example 39 by
deposing the matrix compound from a first deposition source
and the lithium organic complex or lithium halide of from a
second deposition source directly on the EML.

[0270] Then the second electron transport layer (ETL 2)
including a matrix compound according to Example 1 to
Example 39 is formed by deposing the matrix compound
from a first deposition source, if the same matrix compound
is used as in the first electron transport layer, or a third
deposition source, if the matrix compound is different from
the matrix compound used in the first electron transport
layer, and the lithium organic complex or lithium halide
from a third or fourth deposition source directly on the first
electron transport layer (ETL 1).

[0271] For the comparative examples 1 to 12 only one
electron transport layer is formed, either an ETL 1 or an ETL
2.

[0272] The wt.-% of the lithium organic complex for the
ETL1 as well as for the ETL 2 can be taken from Tables 4
to 7, whereby the wt.-% amount of the matrix compound is
added to 100 wt.-% respectively. That means, that the matrix
compound of ETL 1 are added in a wt.-% amount such that
the given wt.-% of the lithium organic complex for the ETL1
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and the matrix compound of the ETL 1 are in total 100
wt.-%, based on the weight of the ETL 1; and, the matrix
compound of ETL 2 are added in a wt.-% amount such that
the given wt.-% of the lithium organic complex for the ETT.2
and the matrix compound of the ETL 2 are in total 100
wt.-%, based on the weight of the ETL 2. Further, the
thickness d (in nm) of the ETL 1 and ETL 2 can be taken
from Tables 4 to 7. The cathode was evaporated at ultra-high
vacuum of 1077 bar. Therefore, a thermal single co-evapo-
ration of one or several metals was performed with a rate of
0, 1 to 10 nm/s (0.01 to 1 A/s) in order to generate a
homogeneous cathode with a thickness of 5 to 1000 nm. For
top emission devices, the cathode electrode was formed
from 13 nm magnesium (90 vol.-%)-silver (10 vol.-%) alloy.
For bottom emission devices, the cathode electrode was
formed from 100 nm aluminium.

[0273] The OLED stack is protected from ambient condi-
tions by encapsulation of the device with a glass slide.
Thereby, a cavity is formed, which includes a getter material
for further protection.

[0274] To assess the performance of the inventive
examples compared to the prior art, the current efficiency is
measured under ambient conditions (20° C.). Current volt-
age measurements are performed using a Keithley 2400
sourcemeter, and recorded in V. At 15 mA/cm?, a calibrated
spectrometer CAS140 from Instrument Systems is used for
measurement of CIE coordinates and brightness in Candela.
Lifetime LT of the device is measured at ambient conditions
(20° C.) and 15 mA/cm?, using a Keithley 2400 sourcem-
eter, and recorded in hours. The brightness of the device is
measured using a calibrated photo diode. The lifetime LT is
defined as the time till the brightness of the device is reduced
to 97% of its initial value.

[0275] In top emission devices, the emission is forward
directed, non-Lambertian and also highly dependent on the
mirco-cavity. In order to mimimize the effect of the micro-
cavity and thus of the emission color on the device perfor-
mance, the efficiency Eff. is measured in Candela per
Ampere (cd/A) and divided by the CIE-y. These values are
recorded in the Tables below. The efficiency of the bottom
emission devices was calculated in the same way.

TECHNICAL EFFECT OF THE INVENTION

Top Emission Devices

[0276] a) Efficiency Improvement with Two Electron
Transport Layers (ETL1 and ETL 2)

[0277] 1In Table 4 results are shown for top emission
devices with two different matrix compounds in the ETL-
stack of first electron transport layer (ETL1) and second
electron transport layer (ETL 2). An efficiency improvement
is observed compared to the emission device with one
electron transport layer only—see Table 4.

TABLE 4

Efficiency improvement Eff/CIE-y in top emission OLED with two electron transport layer

WL-% wt.-%
lithium lithium
organic  d(ETL1)/ organic  d(ETL1y Vatl5 Eft/ LT
ETL1 complex*! nm  ETL2 complex*? nm mA/em®/V CIE-y CIEy (RT)/h
Comparative MX 2:LiQ 50 36 50 0 4.71 90 0.051 4145
example 1
Example 1  MX 5:LiQ 50 10 MX 2:Li-1 50 26 4.22 99 0.056 32

#1= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL1
*2= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL2
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Efficiency improvement in top emission OLED with two ET layers of ETL | and ETL 2 compared to one ET layer

wt.-% wt.-%

lithium lithium

organic  d(ETL1)/ organic  d(ETL2) Vatl5 Eff/ LT

ETL1 complex*! nm  ETL2 complex*? nm mA/em?*V  CIE-y CIE-y (RT)/h

Comparative MX 2:LiQ 50 36 0 0 4.50 99 0.043 178
example 2
Example 2 MX 2:Li-2 50 3 MX 2:LiQ 50 33 4.60 106 0.047 156
Example 3 MX 2:Li-2 50 5 MX 2:LiQ 50 31 4.62 108 0.047 160
Example 4  MX 2:Li-2 50 11 MX 2:LiQ 50 25 4.81 107 0.048 160
Example 5 MX 2:Li-2 50 19 MX 2:LiQ 50 17 4.92 111 0.048 160
Comparative MX 2:LiQ 50 36 0 0 4.50 99 0.043 178
example 3
Example 6  MX 2:Li-1 20 3 MX 2:LiQ 50 33 471 107 0.045 75
Example 7 MX 2:Li-1 20 5 MX 2:LiQ 50 31 4.84 113 0.045 70
Example 8 MX 2:Li-1 20 10 MX 2:LiQ 50 26 5.06 109 0.0515 47
Example 9 MX 2:Li-1 20 18 MX 2:LiQ 50 18 5.16 117 0.051 25
Comparative MX 2:LiQ 50 36 0 0 4.63 102 0.047 140
Example 4
Comparative MX 2:Li-2 50 36 0 0 4.77 115 0.049 70
example 6
Example 10 MX 2:Li-1 20 9 MX 2:Li-2 50 27 5.06 125 0.049 44
Example 11 MX 2:Li-1 20 18 MX 2:Li-2 50 18 5.17 134 0.049 27
Comparative MX 2:LiQ 50 36 0 0 4,97 99 0.038 217
example 7
Comparative MX4:Li-2 60 36 0 0 5.30 95  0.036 259
example 8
Example 12 MX4:Li-2 60 11 MZX4:Li-1 20 26 451 132 0.041 38
Example 13 MX4:Li-2 60 14 MX4:Li-l 20 23 4.54 126 0.039 97
Example 14 MX4:Li-2 60 16 MX4:Li-1 20 20 4.69 115 0.038 94
Example 15 MX4:.Li-2 60 20 MX4:Li-1 20 16 484 114 0.041 116
Example 16 MX4:Li-2 60 23 MX4:Li-1 20 14 493 107 0.038 116
Example 17 MX4:.Li-2 60 26 MZX4:Li-1 20 11 4.98 108 0.038 180
Comparative MX 2:LiQ 50 36 0 0 4.74 93 0.051 166
example 9
Comparative MX 1:LiQ 50 36 0 0 401 86 0.057 60
example 10
Comparative MX 1:Li-2 50 36 0 0 403 98 0.054 31
example 11
Example 18 MX 1:Li-2 50 9 MX 1:LiQ 50 27 3.97 108 0.044 32
Example 19 MX 1:Li-2 50 18 MX L:LIQ 50 18 3.99 110 0.044 25

*1= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL1
*2= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL2

[0278] Table 5 above shows an efficiency improvement for
an OLED with two electron transport layers according to the
invention compared with the same OLED with one ET layer
only.

[0279] This beneficial effect is already noticeable even for
very thin second ETL2, see Example 2 and Example 3 in
Table 5 above. The largest increased in efficiency is typically
observed for a thickness of 15 nm to 20 nm for the first
electron transport layer ETL 1, see Examples 5, 9, 11. The
positive effect on efficiency is observed for a wide percent-
age of lithium organic complexes, for example when using
20 wt.-% of lithium organic complex, while in other
examples 50 or 60 wt.-% was used.

[0280] Thehighest efficiency in absolute terms is achieved
for matrix compounds containing phosphine oxides, in pat-
ticular  (3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide and 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1',
2'-flphosphepine-3-oxide with lithium organic complexes of
lithium 8-hydroxyquinolate, lithium tetra(1H-pyrazol-1-yl)
borate and lithium 2-(diphenylphosphoryl)phenolate,
respectively Examples 11 and 12.

[0281] In case where matrix compounds were used which
contain at least one phosphine oxide group an increase in
efficiency can also be seen for a hetero substituted anthra-
cene based matrix compound, respectively Examples 18 and
19 in Table 5.

[0282] At comparable LT, devices comprising phosphine
oxide matrix compounds show higher efliciency Eff/CIE-y
compared to hetero substituted anthracene based matrix
compound, Examples 9 and 11, and 18 and 19, respectively.

[0283] Compared to Table 4 above, the beneficial effect on
increasing the efficiency can be achieved by using for ETL
1 and ETL 2 the same matrix compound. This is of particular
interest in manufacturing, as fewer deposition sources are
required.

[0284] Lifetime improvement for OLEDs with two ET
layers is further shown in Table 6. The lifetime is improved
even with a very thin second ET layer, see Example 20. The
best lifetime in absolute terms is achieved for (3-(dibenzo
[c,h]acridin-7-yl)phenyl)diphenylphosphine  oxide and
lithium organic complexes lithium 8-hydroxyquinolate and
lithium tetra(1H-pyrazol-1-yl)borate (Example 25).
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Lifetime improvement in top emission OLED with two ET layers

wt.-% wt.-%

lithium lithium

organic  d(ETL1)/ organic  d(ETL2) Vatl5 Eff/ LT

ETL1 complex*! nm  ETL2 complex*? nm mA/em?*V  CIE-y CIE-y (RT)/h

Example 20 MX 2:LiQ 50 3 MX 2:Li-2 50 33 4.61 105 0.043 105
Example 21 MX 2:LiQ 50 6 MX 2:Li-2 50 30 4.60 106 0.043 110
Example 22 MX 2:LiQ 50 10 MX 2:Li-2 50 26 4.68 106 0.041 110
Example 23 MX 2:LiQ 50 18 MX 2:Li-2 50 18 4.65 104 0.041 105
Example 24 MX 2:LiQ 50 18 MX 2:Li-1 20 18 4.20 106 0.042 95
Example 25 MX 2:LiQ 50 26 MX 2:Li-1 20 10 4.45 101 0.042 150
Example 26 MX 2:Li-2 50 10 MX 2:Li-1 20 27 4.08 129 0.048 33
Example 26 MX 2:Li-2 50 19 MX 2:Li-1 20 17 4.21 125 0.048 44
Example 27 MX 2:Li-3 50 9 MX 2:Li-2 50 27 4.72 108 0.049 91
Example 28 MX 2:Li-3 50 18 MX 2:Li-2 50 18 4.69 106 0.049 109

#1= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL1
*2= the Wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL2

Bottom Emission Devices

[0285] In Table 7 below efliciency data are summarized
for bottom emission devices with one matrix compound.
Examples 29 and 30 have higher efficiency than the bottom
emission OLED of Comparative Example 12. Improved
efficiency is observed independent of the direction of light
output.

In Example 31 to 33, different Li organic complexes are
tested in phenanthroline matrix compound MX 9. Even for
this matrix compound, which has very different chemical
structure compared phosphine oxide compounds MX 2 and
MX 4, improved Eff/CIE-y is observed for a range of
different Li organic complexes in ETL1 and ETL2. The
beneficial effect is observed for a wide range of matrix
compounds, see Table 1, and Li organic complexes, see
Table 2.

TABLE 7

examples, the concentration of lithium fluoride in the matrix
material is between 10 and 50 wt.-%

[0288] The double ETL of a first electron transport layer
and of a second electron transport layer could also be
employed for other emission colors, for example green, red,
and white-light emitting devices.

[0289] Another aspect is directed to a device comprising at
least one organic light-emitting diode (OLED). A device
comprising organic light-emitting diodes (OLED) is for
example a display.

[0290] From the foregoing detailed description and
examples, it will be evident that modifications and variations
can be made to the compositions and methods of the
invention without departing from the spirit and scope of the
invention. Therefore, it is intended that all modifications

Efficiency improvement in bottom emission devices with one matrix compound

wt.-% wt.-%

lithium lithium

organic  d(ETL1)/ organic  d(ETL2)/ Vatl5 Eff/ LT

ETL1 complex*! nm  ETL2 complex®>  nm  mA/em?V CIE-y CIEy (RT)h

Comparative MX 2:LiQ 50 36 0 0 0 5.00 S5 0.092 200
example 12
Example 29 MX 2:Li-6 50 10 MX 2:LiQ 50 26 5.35 60 0.093 125
Example 30 MX 2:Li-6 50 10 MX 2:Li-3 50 26 5.24 60 0.093 100
Example 31 MX 9:Li-2 50 10 MX 9:Li-1 30 26 5.09 81 0.094 8
Example 32 MX 9:Li-1 30 10 MX 9:Li-2 50 26 5.43 69 0.093 37
Example 33 MX 9:Li-2 30 10 MX 9:LiQ 50 26 571 67 0.095 13

*1= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL1
*’= the wt.-% of the matrix compound and the wt.-% of the lithium organic complex are in total 100 wt.-% based on weight of the ETL2

[0286] In the same way as described above, a first electron
transport layer 161 comprising a matrix compound and
lithium fluoride (LiF) may be deposited on the emission
layer 150, followed by deposition of a second electron
transport layer 162 comprising a matrix compound and a
lithium organic complex.

[0287] Similarly, a first electron transport layer 161 com-
prising a matrix compound and a lithium organic complex
may be deposited on the emission layer 150, followed be
deposition of a second electron transport layer comprising
matrix compound and lithium fluoride (LiF). In both device

made to the invention without departing from the spirit and
scope of the invention come within the scope of the
appended claims.

1. An organic light-emitting diode (OLED) comprising an
emission layer and an electron transport layer stack of at
least two electron transport layers, wherein a first electron
transport layer and a second electron transport layer com-
prises at least one matrix compound and in addition,

the first electron transport layer comprises a first lithium
halide or a first lithium organic complex; and
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the second electron transport layer comprises a second
lithium halide or a second lithium organic complex,
wherein the first lithium organic complex is not the
same as the second lithium organic complex and
wherein the first lithium halide is not the same as the
second lithium halide.

2. The OLED comprising the electron transport layer
stack according to claim 1, wherein the first electron trans-
port layer and the second electron transport layer comprises
at least one matrix compound, whereby the matrix com-
pound of the first electron transport layer and the second
electron transport layer are selected same.

3. The OLED comprising the electron transport layer
stack according to claim 2, wherein the matrix compound of
the first electron transport layer and the second electron
transport layer is a phosphine oxide based compound and/or
a substituted phenanthroline compound.

4. The OLED comprising the electron transport layer
stack according to claim 1, wherein

the first electron transport layer comprises about =10

wt.-% to about =70 wt.-% of the first lithium halide or
the first lithium organic complex; and

the second electron transport layer comprises about =10

wt.-% to about <70 wt.-% of the second lithium halide
or the second lithium organic complex;

wherein the weight percent of the first lithium halide and

the first lithium organic complex is based on the total
weight of the corresponding first electron transport
layer and the weight percent of the second lithium
halide and he second lithium organic complex is based
on the total weight of the corresponding second elec-
tron transport layer.

5. The OLED comprising the electron transport layer
stack according to claim 1, wherein

the amount of the lithium halide or lithium organic

complex in the first electron transport layer is in the
range of about =10 mol-% to about <95 mol-%, by
weight of the first electron transport layer; and/or

the amount of the lithium halide or lithium organic

complex in the second electron transport layer is in the
range of about =10 mol-% to about <95 mol-%, by
weight of the second electron transport layer.

6. The OLED comprising the electron transport layer
stack according to claim 1, wherein the lithium halide, is a
LiF, LiCl, LiBr or LiJ, and an organic ligand of the lithium
organic complex is a quinolate, a borate, a phenolate, a
pyridinolate or a Schiff base ligand.

7. The OLED comprising the electron transport layer
stack according to claim 1, wherein the first electron trans-
port layer and the second electron transport layer comprises
at least one matrix compound, wherein the electron matrix
compound is selected from:

an anthracene based compound or a hetero substituted

anthracene based compound;

a phosphine oxide based compound; or

a substituted phenanthroline compound; or
wherein the first electron transport layer and the second
electron transport layer comprises at least one matrix com-
pound, wherein the electron matrix compound is selected
from:

a phosphine oxide based compound; or

a substituted phenanthroline compound; and

free of an anthracene based compound and free of a hetero

substituted anthracene based compound.
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8. The OLED comprising the electron transport layer
stack according to claim 1, wherein the electron transport
layer stack has two to four electron transport layers.

9. The OLED comprising the electron transport layer
stack according to claim 1, wherein the second electron
transport layer is arranged directly on the first electron
transport layer.

10. The OLED comprising the electron transport layer
stack according to claim 1, wherein the electron transport
layer stack is arranged between two electrodes, namely a
first anode electrode and a second cathode electrode.

11. The OLED comprising the electron transport layer
stack according to claim 1, wherein

the first electron transport layer comprises:

a) about 210 wt.-% to about <70 wt. % of the lithium
halide, selected from the group comprising a LiF, LiCl,
LiBr or Lil, or of the lithium organic complex of a
lithium quinolate, a borate, a phenolate, a pyridinolate
or a Schiff base ligand;

b) about <90 wt.-% to about =30 wt. % of the matrix
compound of:
an anthracene based compound or a hetero substituted

anthracene based compound; or
a phosphine oxide based compound; or
a substituted phenanthroline compound;

the second electron transport layer comprises:

¢) about 210 wt.-% to about <70 wt. % of the lithium
halide, selected from the group comprising a LiF, LiCl,
LiBr or Lil, or of the lithium organic complex of a
lithium quinolate, a borate, a phenolate, a phenolate, a
pyridinolate or a Schiff base ligand;

d) about =90 wt.-% to about 230 wt. % of the matrix
compound of:
an anthracene based compound or a hetero substituted

anthracene based compound; or
a phosphine oxide based compound; or
a substituted phenanthroline compound,

whereby
the lithium organic complex a) of the first electron transport
layer is not the same as the lithium organic complex ¢) of the
second electron transport layer; and the wt.-% of the com-
ponents of the first electron transport layer are selected such
that the total wt.-% amount does not exceed 100 wt.-% and
the wt.-% of the components of the second electron transport
layer are selected such that the total wt.-% amount does not
exceed 100 wt.-%, and the wt.-% of the components of the
first electron transport layer are based on the total weight of
the first electron transport layer and the wt.-% of the
components of the second electron transport layer are based
on the total weight of the second electron transport layer.

12. The OLED comprising the electron transport layer
stack according to claim 1, wherein

the first electron transport layer comprises about =50
wt.-% to about <60 wt.-% of the first lithium halide or
the first lithium organic complex and about <50 wt.-%
to about 240 wt.-% of:

a phosphine oxide based compound; or

a substituted phenanthroline compound; and
the second electron transport layer comprises about =10
wt.-% to about <30 wt.-% of the second lithium halide or the
second lithium organic complex and about <90 wt-% to
about =70 wt.-% of:

a phosphine oxide based compound; or

a substituted phenanthroline compound.
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13. The OLED comprising the electron transport layer
stack according to claim 1, wherein

the first electron transport layer comprises about =50

wt.-% to about =60 wt.-% of a lithium 8-hydroxyqui-
nolate and about =50 wt.-% to about =40 wt.-% of a
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphos-
phine oxide; and

the second electron transport layer comprises about =10

wt.-% to about =30 wt.-% of a lithium tetra(1H-pyra-
7ol-1-yl)borate and about <90 wt.-% to about =70
wt.-% of a (3-(dibenzo[c,h]acridin-7-yl)phenyl)diphe-
nylphosphine oxide.

14. The OLED according to claim 1 comprising: a sub-
strate; a first anode electrode, which is arranged on the
substrate; a second cathode electrode; and the electron
transport layer stack, which is arranged between the first
anode electrode and the second cathode electrode, wherein
the electron transport layer stack comprises or consists of the
at least two electron transport layers.

15. The OLED according to claim 14, further comprising
at least one layer selected from the group consisting of'a hole
injection layer, a hole transport layer, and a hole blocking
layer, arranged between the first anode electrode and the
electron transport layer.

16. The OLED according to claim 14, further comprising
an electron injection layer arranged between the electron
transport layer and the second cathode electrode.

17. A method of manufacturing an organic light-emitting
diode (OLED) according to claim 1, the method comprising:

at least three deposition sources; and/or

deposition via vacuum thermal evaporation; and/or

deposition via solution processing.

18. A method of manufacturing an organic light-emitting
diode (OLED) according to claim 17, the method compris-
ing:

a first deposition source to release the matrix compound,

and

a second deposition source to release lithium halide or

lithium organic complex;
the method comprising the steps of forming the electron
transport layer stack;

whereby the first electron transport layer is formed by

releasing the matrix compound from the first deposition
source and the first lithium halide or lithium organic
complex from the second deposition source;
onto the first electron transport layer the second elec-
tron transport layer is formed by releasing the matrix
compound from a third deposition source and the
second lithium halide or lithium organic complex
from the forth deposition source;
whereby the first lithium organic complex is not the same as
the second lithium organic complex; and whereby the first
lithium halide is not the same as the second lithium halide.

19. The method of claim 17, comprising the steps for an
organic light-emitting diode (OLED), wherein

on a substrate a first anode electrode is formed,

on the first anode electrode an electron transport layer

stack is formed,

on the electron transport layer stack a second cathode

electrode is formed,

optional a hole injection layer, a hole transport layer, an

emission layer, and a hole blocking layer, formed in
that order between the first anode electrode and the
electron transport layer,
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optional an electron injection layer is formed between the
electron transport layer and the second cathode elec-
trode.

20. A device comprising at least one organic light-emit-
ting diode (OLED) of claim 1.

21. The OLED comprising the electron transport layer
stack according to claim 6, wherein the organic ligand of the
lithium organic complex is the quinolate, and the lithium
organic complex has the formula 1, 11, or III:

)

(1

iy

wherein

Al to A6 are same or independently selected from CH,
CR, N, O

R is same or independently selected from hydrogen,
halogen, alkyl or aryl or heteroaryl with 1 to 20 carbon
atoms.

22. The OLED comprising the electron transport layer
stack according to claim 21, wherein Al to A6 are CH.

23. The OLED comprising the electron transport layer
stack according to claim 6, wherein the borate based organic
ligand is a tetra(1H-pyrazol-1-yl)borate.

24. The OLED comprising the electron transport layer
stack according to claim 6, wherein the phenolate is a
2-(pyridin-2-yl)phenolate, a 2-(diphenylphosphoryl)pheno-
late, an imidazol phenolates, or 2-(pyridin-2-yl)phenolate.

25. The OLED comprising the electron transport layer
stack according to claim 11, wherein the phosphine oxide
based compound of the first electron transport layer is
(3-(dibenzo[ ¢, h]acridin-7-yl)phenyl)diphenylphosphine
oxide, 3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1',2'-f]phos-
phepine-3-oxide and/or phenyl bis(3-(pyren-1-yl)phenyl)
phosphine oxide.

26. The OLED comprising the electron transport layer
stack according to claim 11, wherein the phosphine oxide
based compound of the first electron transport layer is
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphosphine
oxide.
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27. The OLED comprising the electron transport layer
stack according to claim 11, wherein the phosphine oxide
compound of the second electron transport layer is (3-
(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphosphine oxide,
3-phenyl-3H-benzo[b]dinaphtho[2,1-d:1',2'-f]phosphepine-
3-oxide and/or phenyl bis(3-(pyren-1-yl)phenyl)phosphine
oxide.

28. The OLED comprising the electron transport layer
stack according to claim 11, wherein the phosphine oxide
compound of the second electron transport layer is (3-
(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphosphine oxide.

29. The OLED comprising the electron transport layer
stack according to claim 12, wherein the phosphine oxide
based compound of the first electron transport layer is
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphosphine
oxide, 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1',2'-f]phos-
phepine-3-oxide, and/or phenyl bis(3-(pyren-1-yl)phenyl)
phosphine oxide.

30. The OLED comprising the electron transport layer
stack according to claim 12, wherein the phosphine oxide
based compound of the second electron transport layer is
(3-(dibenzo[c,h]acridin-7-yl)phenyl)diphenylphosphine
oxide, 3-phenyl-3H-benzo|b]dinaphtho[2,1-d:1',2'-f]phos-
phepine-3-oxide and/or phenyl bis(3-(pyren-1-yl)phenyl)
phosphine oxide.
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