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1
RADIATION EMITTING DEVICE AND
METHOD FOR THE PRODUCTION
THEREOF

RELATED APPLICATIONS

This is a U.S. national stage of application No. PCT/
EP2008/062864, filed on Sep. 25, 2008,

This application claims the priority or German application
no. 10 2007 045 0753.9 filed Sep. 25, 2007 and 10 2007 058
005.5 filed Dec. 3, 2007, the entire content of both which is
hereby incorporated by reference.

FIELD OF THE INVENTION

The invention relates to a radiation-emitting device with at
least a first emission layer and a second emission layer.

SUMMARY OF THE INVENTION

One object of the invention is to provide an efficient, long-
life radiation-emitting device, whose colour of emission is
easily adjustable and exhibits only slight variations. Such a
radiation-emitting device exhibits improved charge transport,
which contributes to improving power efficiency and service
life.

According to one embodiment of the invention, a radiation-
emitting device comprises a first electrode, which emits
charge carriers of a first charge when in operation, a first
emission layer, which comprises a first emitter material and is
arranged on the first electrode, a second emission layer, which
comprises a second emitter material and is arranged on the
first emission layer, and a second electrode, which emits
charge carriers of a second charge when in operation and is
arranged on the second emission layer. The first and/or sec-
ond emitter material is here phosphorescent and the first
emitter material emits radiation at a different wavelength as
the second emitter material. Such a radiation-emitting device
exhibits efficient emission of radiation combined with a good
to very good service life. Furthermore, the colour of emission
changes only slightly over the service life.

Furthermore, the radiation-emitting device may comprise
a first charge-transporting layer, which is arranged between
the first emission layer and the second emission layer. The
first charge-transporting layer may transport charge carriers
of'the first charge and charge carriers of the second charge. By
means of the first charge-transporting layer, charge carrier
transport between the first emission layer and the second
emission layer may be improved.

Furthermore, the first charge-transporting layer may com-
prise a matrix, which comprises a matrix material which
transports charge carriers of the first and second charge, or a
first matrix material, which transports charge carriers of the
first charge, and a second matrix material, which transports
charge carriers of the second charge. Thus, the property of the
charge-transporting layer of transporting charge carriers of
the first and second charge may be achieved. To this end,
either a single matrix material, which may transport both
charge carriers, is used or a mixture of two matrix materials,
which may in each case transport different types of charge
carrier, is used. The charge carrier balance in the device and
transport of the charge carriers to the individual emission
layers may be individually adapted to the individual emission
layers by way of the mixing ratio of the matrix materials.
Furthermore, the charge-transporting layer serves to separate
the individual emission layers from one another and thus to
suppress quenching and energy transfer processes. The dis-
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tance between the emission layers and other layers may addi-
tionally be adjusted by the thickness of the first charge-trans-
porting layer. As a result of the ambipolar nature of the first
charge-transporting layer, it is possible, despite the possibly
enlarged layer thickness or the total thickness of the device, to
keep the operating voltage low and to minimize any accumu-
lation of charge carriers at interfaces between the individual
layers. This also reduces possible quenching of polarons with
excitons.

The radiation-emitting device may furthermore comprise a
third emission layer, which comprises a third emitter material
and is arranged between the second emission layer and the
second electrode. The third emitter material may here emit
radiation at a different wavelength from the first and second
emitter materials. By using three different emitter materials,
which emit radiation at different wavelengths, a total emis-
sion may be produced which is composed of the three emitted
radiations and for example comprises white light. In this way,
such radiation-emitting devices are also suitable for illumi-
nation purposes.

Furthermore, the third emission layer may transport charge
carriers of the second charge, the first emission layer may
transport charge carriers of the first charge and the second
emission layer may transport charge carriers of the second
charge. It is also possible for the first and/or second and/or
third emission layers to transport charge carriers of the first
charge and charge carriers of the second charge. To this end,
the first and/or second and/or third emission layers may com-
prise a matrix. The matrix may comprise a matrix material
which transports charge carriers of the first and second
charge, or it may comprise a first matrix material which
transports charge carriers of the first charge and a second
matrix material which transports charge carriers of the second
charge. The emitter materials may accordingly be situated in
different matrix materials, which are arranged one above the
other. In this way, charge carrier transport in the emission
layers through the layers may be optimised and charge carrier
transport via the emitter materials may be avoided, so result-
ing in an increased service life. Purposeful use of a matrix of
a first and second matrix material, of which in each case one
matrix material preferably transports one charge carrier type,
makes it possible to use the emitter materials in relatively low
concentration and thus to minimise triplet-triplet annihila-
tion. If just one matrix material were used or just one charge
carrier type were preferably transported, the in each case
other charge carrier type would have to be guided over the
frontier orbitals of the emitter material, so making a high
concentration of the emitter material necessary in the matrix.
This would lead to decreased emission efficiency of the emit-
ter material and quenching between adjacent emitter mol-
ecules. The concentration of matrix materials is adjusted in
such a way that the charge carriers are efficiently passed on to
the emitter materials in the other emission layers. The adjust-
able mixing ratio of the matrix materials allows sensitive
adjustment of the ratio of the charge carrier types and thus
good emission colour tunability over a wide range, without
new materials having to be used. Even distribution of the two
charge carrier types and of the emitter material over the entire
emission layer leads furthermore to a broadened recombina-
tion zone, this being accompanied by greater efficiency and a
broader emission spectrum. Thus, the radiation-emitting
device is particularly suitable for illumination applications.

The device may furthermore comprise a second charge-
transporting layer, which is arranged between the second and
third emission layers. The second charge-transporting layer
may transport charge carriers of the first charge and charge
carriers of the second charge. In this case, the second charge-
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transporting layer comprises a matrix. The matrix may com-
prise a matrix material which transports charge carriers of the
first and second charge, or a mixture of a first matrix material,
which transports charge carriers of the first charge, and a
second matrix material, which transports charge carriers of
the second charge. The second charge-transporting layer
exhibits the same properties as have been mentioned above
for the first charge-transporting layer, and inter alia contrib-
utes to the third emission layer also being separated from the
other emission layers and being at a suitable distance from the
other layers.

Furthermore, the device may comprise a first electrode,
which is reflective for the radiation emitted by the first and/or
second emitter material. The first electrode may also be
reflective for the radiation emitted by the first and/or second
and/or third emitter material. As the distance between the
emission layers and the reflective electrode increases, so the
respective emitter materials may emit radiation of a greater
wavelength. For example, a blue-emitting emission layer may
be located closest to the reflective electrode, while a red-
emitting emission layer is furthest away from the reflective
electrode. Thus, the radiance of the individual colours is
increased in a forwards direction, since negative interference
may be avoided by the adjustable distance between the emis-
sion layers and the reflective electrode. The first, reflective
electrode may be a cathode.

The second electrode may be transparent to the radiation
emitted by the first and/or second emitter material. It may
furthermore be transparent to the radiation emitted by the first
and/or second and/or third emitter material. The transparent
electrode may be an anode. The radiation emitted by the first,
second and third emission layer may thus be coupled out of
the radiation-emitting device though the transparent elec-
trode.

Charge carrier supply may be assisted by further layers
present between the first and second electrodes. A first doped
transport layer may be present between the first electrode and
the first emission layer, which transport layer transports the
charge carriers of the first charge. In this respect, the first
electrode may comprise a cathode and the first doped trans-
port layer may be n-doped. In this case, the charge carriers of
the first charge comprise electrons and the first doped trans-
port layer comprises an electron transport layer. Thus, the
electrons produced by the cathode may be particularly effec-
tively transported to the emission layers. Between the first
doped transport layer and the first emission layer a first block-
ing layer may additionally be present, which blocks charge
carriers of the second charge and transports charge carriers of
the first charge. Thus, if the first electrode comprises a cath-
ode and the first doped transport layer comprises an electron
transport layer, the electrons may be transported to the emis-
sion layers, while hole transport is prevented.

Furthermore, between the second electrode and the emis-
sion layer situated closest to the second electrode, there may
be a second doped transport layer which transports charge
carriers of the second charge. Between the second doped
transport layer and the emission layer situated closest to the
second electrode, there may also be a second blocking layer
which blocks charge carriers of the first charge and transports
charge carriers of the second charge. The second electrode
may comprise an anode and the second doped transport layer
may be p-doped. In this case, the charge carriers of the second
charge may comprise holes and the second doped transport
layer may comprise a hole transport layer. Thus, the holes
supplied by the anode may be particularly readily conveyed to
the emission layers, while electron transport is blocked. The
series resistance of these first and second doped transport
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layers is virtually independent of the layer thickness thereof.
Thus, the layer thickness, and therefore the distance between
the emission layers and the electrodes may be adjusted and
optimised without changing the electrical properties of the
component.

The first and/or second and/or third emission layer may in
each case exhibit an average distance from the reflective
electrode which corresponds to a quarter of the wavelength of
the emission of the respective emission layer. However,
deviations from this average distance value are also possible.
Thus, the radiation-emitting device comprises a cavitatively
optimised layer sequence, since the radiance of the individual
colours is increased in a forwards direction. As a result of the
adjustable layer thicknesses of the charge-transporting lay-
ers, the emission layers exhibit an improved distance from the
reflective electrode, such that negative interference can be
avoided.

Furthermore, the surfaces of the first and/or second elec-
trode facing the emission layers may exhibit unevennesses of
a specific height. Such unevennesses may remain behind on
these surfaces despite substrate cleaning. Such unevennesses
may comprise particles with a thickness of less than 100 nm,
which cannot be removed using conventional cleaning steps.
The particles may also have athickness of several jum and thus
constitute massive unevennesses on the first or second elec-
trode. Furthermore, the materials from which the first and/or
second electrode are made have a tendency to develop spikes
when deposited, which likewise form unevennesses. These
spikes may be over 10 nm in height. Such unevennesses may
result in the development of a local electrical short-circuit,
which occurs either immediately or only after several hun-
dred hours of operation. This would lead to total failure of the
device.

The first and/or second electrode may comprise adjacent
layers with a layer thickness which is greater than the height
of the unevennesses. For example, such layer thicknesses
may amount to more than 100 nm. In this way, the uneven-
nesses may be enclosed in the surfaces of the respective
electrode, so preventing severe electrical field overshoots
from leading to electrical short-circuits. Enveloping of the
unevennesses by increasing the thickness of the layers adjoin-
ing the electrodes may be performed from an electrical stand-
point when these layers exhibit high levels of transparency
together with high conductivity. Thus, the optical quality of
the device is not influenced by the increase in layer thickness
and no electrical losses are suffered. It is furthermore favour-
able for the unevennesses to exhibit good wettability, such
that the enveloping provided by the layer material of the
layers adjoining the electrodes covers the unevennesses well.
The layer adjoining the first electrode may comprise the first
doped transport layer, and the layer adjoining the second
electrode may comprise the second doped transport layer. The
first doped transport layer may for example comprise an
electron transport layer and the second doped transport layer
may comprise a hole transport layer.

The first and/or second doped transport layer may com-
prise doping gradients. To this end, the first and/or second
doped transport layer may be subdivided into three sublayers,
the first sublayer constituting the region closest to the first
electrode, the third sublayer the region situated closest to the
second electrode and the second sublayer constituting the
region between the first and the third sublayers. Mutually
independently, the concentration of the dopant in the first
and/or second doped transport layer may be on average higher
in the first sublayer than in the second sublayer and higher in
the second sublayer than in the third sublayer. Furthermore,
the concentration of the dopant may be higher on average in
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the third transport layer than in the second sublayer and
higher in the second sublayer than in the third sublayer. It is
furthermore possible for the doping concentration in the sec-
ond sublayer to be on average lower or higher than in the first
and third sublayers. The concentration in the first and third
sublayers may then in each case rise or fall in the direction of
the second sublayer. The doping gradients of the transport
layers may prevent charge carrier accumulation effects and
prevent band bending. Furthermore, the gradients may pre-
vent changes in emission zones and the service life of the
device may be increased.

The first emitter material may be fluorescent and the sec-
ond emitter material phosphorescent. Furthermore, the first
material may be fluorescent and the second and third emitter
materials phosphorescent. Thus, highly efficient phosphores-
cent emitter materials are combined together with less effi-
cient fluorescent emitter materials, which, together with the
matrix materials used in the conductivity-doped transport
layer and blocking layers, allow efficient emission at the same
time as a long service life.

The radiation-emitting device may comprise an organic
light-emitting diode (OLED). The OLED may comprise a
first and second emission layer or a first, second and third
emission layer, which comprise organic materials. Light may
be emitted by the OLED which is generated by mixing the
emission of radiation by the first emission layer and the sec-
ond emission layer or by mixing the emission of radiation by
the first emission layer, the second emission layer and the
third emission layer. This mixture may comprise white light,
wherein for example in each case one of the emission layers
emits red radiation, blue radiation or green radiation.

Thus, by using charge-transporting layers, which transport
charge carriers of the first and second charges, with optimised
combinations of emitter materials and matrix materials and
adapted blocking layers and doped transport layers in a cavi-
tatively optimised structure, loss channels are purposefully
turned off and the emissions of the individual emitter mate-
rials are improved. This results in good efficiency accompa-
nied by a long service life and low colour location variation
over a broad brightness range. The combination of ambipolar
matrix materials, which are present in the emission layers and
charge-transporting layers, with cavitatively optimised layer
thicknesses, adapted charge carrier blocking layers and con-
ductivity-doped charge carrier transport layers serves in the
simultaneous optimisation of service life and efficiency with
adjustable emission colour. In this case, the ambipolar matrix
materials lead to the suppression of polaron quenching with
excitons at the boundary surfaces, and to the prevention of
energy transfer between different emitter materials. Thus the
device is particularly suitable for white LEDs, which may be
used for illumination applications.

A method is additionally provided for producing a radia-
tion-emitting device having the above-stated properties. The
method comprises the following method steps:

A) providing a first emitter material and a second emitter
material for producing a first emission layer and a second
emission layer, and

B) producing the first emission layer on a first electrode, the
second emission layer on the first emission layer, and a
second electrode on the second emission layer.
Furthermore, in method step A) a third emitter material

may additionally be provided for producing a third emission

layer and in method step B) the third emission layer may be
arranged between the second emission layer and the second
electrode.

In a method step Al) before method step A) the first emitter
material may be mixed with a matrix which transports charge
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carriers of a first charge and/or charge carriers of a second
charge, and the second emitter material may be mixed with a
matrix which transports charge carriers of a first charge and/
or a second charge. In method step Al) the third emitter
material may furthermore be mixed with a matrix which
transports charge carriers of a first charge and/or a second
charge. In this respect, the charge carriers of the first charge
may for example comprise electrons and the charge carriers
of the second charge may for example comprise holes.

The matrix may comprise a matrix material which trans-
ports charge carriers of the first and second charge. It may
additionally comprise a first matrix material which transports
charge carriers of the first charge and a second matrix material
which transports charge carriers of the second charge.

In a method step B1) following method step A), a first
charge-transporting material, which transports charge carri-
ers of a first charge and charge carriers of a second charge,
may moreover be provided for producing a first charge-trans-
porting layer. In method step B1), a second charge-transport-
ing material, which transports charge carriers of a first charge
and charge carriers of a second charge, may moreover addi-
tionally be provided for producing a second charge-transport-
ing layer. The first and second charge-transporting materials
may comprise a matrix which comprises a matrix material
which transports charge carriers of the first and second
charges, or a first matrix material, which transports charge
carriers of the first charge, and a second matrix material,
which transports charge carriers of the second charge.

In method step B) the first charge-transporting layer may
be arranged between the first emission layer and the second
emission layer and/or the second charge-transporting layer
may be arranged between the second and the third emission
layer.

In method step A) further layers may be provided, which
are selected from a group comprising a first blocking layer, a
second blocking layer, a first doped transport layer and a
second doped transport layer. Furthermore, in method step B)
the first doped transport layer may be arranged on the first
electrode and the first blocking layer may be arranged on the
first doped transport layer and/or the second blocking layer
may be arranged between the emission layer closest to the
second electrode and the second electrode, and the second
doped transport layer may be arranged between the second
blocking layer and the second electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows the schematic side view of an embodiment of
a layer sequence of the radiation-emitting device.

FIG. 2 shows a) an emission spectrum of a radiation-emit-
ting device before and after ageing and b) the position of the
colour of emission in the 1931 CIE diagram.

FIG. 3 shows an energy diagram cross-section through a
radiation-emitting device.

FIG. 4 shows emission spectra of radiation-emitting
devices with a first and a second matrix material in one
emission layer.

FIG. 5 shows emission spectra of a radiation-emitting
device without charge carrier transport layer and with charge
carrier transport layer.

FIG. 6 shows emission spectra of radiation-emitting
devices without charge carrier transport layer and with charge
carrier transport layer (FIG. 6a), the ratios of the matrix
materials in the charge-transporting layer varying (FIG. 65).

FIG. 7 shows the emission spectrum of a radiation-emitting
device at various luminance values.
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FIG. 8 shows photographs of radiation-emitting devices
for various thicknesses (FIGS. 8a and 85) of the second doped
transport layer.

FIG. 9 shows simulated spectra of the luminance for vari-
ous layer thicknesses of the electrode (FIGS. 9a and 95).

DETAILED DESCRIPTION OF THE DRAWINGS

An exemplary layer sequence for a radiation-emitting
device will be illustrated with reference to FIG. 1. The device
comprises a first electrode 100, a first doped transport layer
200, a first blocking layer 300, a first emission layer 400, a
first charge-transporting layer 500, a second emission layer
410, a second charge-transporting layer 510, a third emission
layer 420, a second blocking layer 310, a second doped trans-
port layer 210 and a second electrode 110. The layer thick-
nesses d of the first blocking layer 300, the second blocking
layer 310 and the first charge-transporting layer 500 amount
in each case to 5 to 15 nm, preferably 5 to 10 nm, wherein the
first blocking layer 300 may also have a thickness of 10 to 400
nm. The layer thicknesses of the second charge-transporting
layer 510 amount to up to 15 nm, preferably up to 5 nm, the
first and second emission layer 400, 410 to in each case Sto 15
nm, the third emission layer 420 to in each case 5 to 10 nm.
The first and second doped transport layers 200, 210 comprise
layer thicknesses of 5 to 400 nm, preferably of 100 to 400 nm.
The first electrode 100 has a thickness of 40 to 200 nm,
preferably of 100 to 200 nm, the second electrode 110 has a
thickness of approx. 120 nm.

The radiation-emitting device taken as basis below is one
in which the first electrode 100 is a reflective cathode, for
example an Ag layer, and the second electrode 110 is a trans-
parent anode, for example an ITO layer (indium-tin oxide).
The first emission layer 400 constitutes a fluorescent blue
emission layer, the second emission layer 410 a phosphores-
cent green emission layer and the third emission layer 420 a
phosphorescent red emission layer. The electrodes and emis-
sion layers are, of course, also in each case interchangeable. It
is additionally assumed that the blue emission layer com-
prises a fluorescent emitter material in an electron-conduct-
ing matrix, the phosphorescent green emission layer com-
prises emitter materials in a hole- and electron-conducting
matrix and the phosphorescent red emission layer comprises
emitter material in a hole-transporting matrix. These matrix
compositions in the individual emission layers may also be
varied as desired. The two charge-transporting layers 500,
510 in each case comprise a matrix which is hole- and elec-
tron-conducting, this likewise being variable.

Examples of materials are stated below which may be used
for the respective layers. The list is not exhaustive, however,
the use of further materials not mentioned here being con-
ceivable. The materials of the other layers may be selected
and varied in accordance with desired efficiency, colour of
emission and service life.

In the exemplary embodiment the second electrode 110 is
a transparent anode, for example an ITO anode (indium-tin
oxide anode). The first electrode 100 comprises a reflective
cathode, for example of silver or aluminium.

The second doped transport layer 210 may be p-doped and
comprise a hole transport layer. Examples of materials which
may be used as hole transport materials are 1-TNATA (4,4',
4"-tris-(N-(naphth-1-yl1)-N-phenylamino ))triphenylamine),
which is shown in formula 1:

20

25

30

35

40

45

50

55

60

65

Formula 1

A further example is MTDATA (4,4',4"-tris-(N-3-meth-
ylphenyl-N-phenylamino)triphenylamine), as illustrated in

7ok
sacVene

Formula 2

\@/ N\Q
Further examples are 2-TNATA (4,4',4"-tris-(N-(naphth-2-
y1)-N-phenylamino)triphenylamine),

a-NPB  (N,N'-bis-(naphthalen-1-y1)-N,N'-bis-(phenyl)
benzidine),

p-NPB  (N,N'-bis-(naphthalen-2-y1)-N,N'-bis-(phenyl)-
benzidine),

TPD (N,N'-bis-(3-methylphenyl)-N,N'-bis-(phenyl)-ben-
zidine),

spTAD (2,2',7,7'-diphenylaminospiro-9,9'-bifluorene),

Cu—PC (phthalocyanine copper complexes),

further phthalocyanine metal complexes,

pentacene and TAPC (1,1-bis-[ (4-phenyl-)-bis-(4',4"-me-
thylphenyl)-amino]-cyclohexane).

These materials comprise a HOMO (Highest Occupied
Molecular Orbital) of -5.2+0.4 eV and a LUMO (Lowest
Unoccupied Molecular Orbital) of -2.2+0.4 eV. Hole mobil-
ity amounts to around 10~ cm?/Vs and the conductivity of a
doped layer at 2 to 10 vol. % ofthe dopant amounts to approx.
107 S/em.
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An example of a dopant in a hole transport layer is
F,-TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquin-
odimethane), which is shown in formula 3:

Formula 3
N F F

A

N

Vi

N\

N

V4

N F F

Further dopants are for example molybdenum oxide and
rhenium oxide.

The second blocking layer 310, which serves as an electron
blocking layer, may comprise a.-NPD (N,N'-di-1-naphthyl-
N,N'-diphenyl-4,4'-diaminobiphenyl), as shown in formula
4:

Formula 4

This material has a HOMO of -5+0.4 eV and a LUMO of
more than -2.2 €V. Hole mobility amounts to around 10~*
cm?/Vs.

If the third emission layer 420 is a red, phosphorescent
emission layer, Ir(DBQ),acac (iridium(IIl) bis-(2-meth-
yldibenzo-[fh]quinoxaline) (acetylacetonate)), as shown in
formula 5, serves as the phosphorescent, red emitter material:

Formula 5

This emitter material has a main emission wavelength of
over 600 nm, and in the 1931 CIE diagram an x value of >0.6
and a y value of <0.36.

A red emission layer may comprise a matrix which trans-
ports holes. A suitable matrix material is a-NPD (N,N'-di-1-
naphthyl-N,N'-diphenyl-4,4'-diaminobiphenyl), as shown in
formula 4. The material has a HOMO of -5.5+0.4 eV and a
LUMO of -2.120.4 eV. Hole mobility amounts to around
10~ cm?/ Vs and the triplet position T1 is over 1.8 eV.

Between the third 420 and the second emission layer 410
there may be a second charge-transporting layer 510 which
comprises a first and second matrix material.
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The first matrix material of the second charge-transporting
layer 510 may comprise a hole-transporting matrix material,
which may for example be 1-TNATA or a.-NPD. These mate-
rials have a HOMO of -5.5+0.6 eV anda LUMO of -2.1+0.4
eV. Hole mobility amounts to around 10~* cm*/Vs and the
triplet position T1 is >1.8 eV.

An electron-conducting, second matrix material in the sec-
ond charge-transporting layer 510 may for example be BCP
(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline), which is
shown in formula 6:

Formula 6

A further example is Bphen (4,7-diphenyl-1,10-phenan-
throline), which is shown in formula 7:

Formula 7

These materials have the property that the HOMO amounts
to —6.4to =5.7 ¢V and the LUMO amounts to -2.3 to —=1.8 €V,
T1is >2.5 eV, and electron mobility is around 107% cm?/Vss.

The second emission layer 410 is a green phosphorescent
emission layer, which comprises a green emitter material in a
first and second matrix material. Irppy (fac-tris-(2-phenylpy-
ridyl)-iridium), which is shown in formula 8, may for
example be used as the green emitter material:

Formula 8

The material has a main emission wavelength of 500 to 570
nm and inthe 1931 CIE diagram an x value of around 0.37 and
a 'y value of around 0.6.

Pictiva EX2036

Samsung v Pictiva

PR2024-00855



US 8,441,004 B2

11

A hole-transporting, first matrix material in the second
emission layer 410 may for example be TCTA (4,4',4"-tris-
(carbazol-9-y)triphenylamine), which is shown in formula 9:

Formula 9

CL
Or it may be CBP (4,4'-bis-(carbazol-9-yl)biphenyl, which
is shown in formula 10:

Formula 10

These materials have a HOMO of -6.0 to -5.3 eV and a
LUMO of -2.3%0.1 eV, a T1 of over 2.5 eV and a hole
mobility of around 10~* cm?/Vs.

An electron-conducting, second matrix material in the sec-
ond emission layer 410 is for example BCP or Bphen with the
above-stated properties, wherein electron mobility should be
greater than 107> cm?/ Vs, preferably 107* cm?/Vs.

The first charge-transporting layer 500, which is composed
of a first and a second matrix material, is located between the
green, second emission layer 410 and the first emission layer
400, which may be a fluorescent, blue emission layer. The
first matrix material may be a hole-transporting matrix mate-
rial, which may be TCTA or CBP with the above-stated prop-
erties. The electron-conducting matrix material may be BCP
or Bphen with the above-stated properties.

The blue, third emission layer 400 may be a fluorescent
emission layer, with the blue fluorescent emitter material
DPVBi  (4,4'-bis-(2,2-diphenylethen-1-yl)-diphenyl),
shown in formula 11:
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Formula 11

This material has a main emission wavelength of 450 to
770 nm, a half-value width of approx. 60 nm and in the 1931
CIE diagram x values of 0.14 to 0.22 and y values 0of 0.11 to
0.20.

The blue emitter material may be present in an electron-
conducting matrix, which may comprise as its material
TBADN (2-tert.-butyl-9,10-di(2-naphthyl)anthracene, as
shown in formula 12:

Formula 12

This material hasa HOMO of -5.8to -5.3 eV anda LUMO
of' -2.5 to 1.8 eV. The band gap amounts to more than 3 eV
and electron mobility is greater than 10~° cm?*/Vs, preferably
greater than 107> cm?/Vs.

The first blocking layer 300 comprises a hole-blocking
layer, which comprises as its material BCP or Bphen with the
above-stated properties. An important factor here is the elec-
tron mobility of more than 10~ cm?/V's, preferably more than
10~ ecm?/Vs, alongside very slight to absolutely no hole
mobility.

The first doped transport layer 200 may be an n-doped
electron transport layer, which comprises as its electron-con-
ducting matrix material Bphen (formula 7),

Alg; (tris-(8-hydroxiquinoline)aluminium),

BAlg,  (bis-[2-methyl-8-quinolinato]-[4-phenylpheno-
lato]-aluminium(II1)),

BCP (formula 6),

TPB1 (1,3,5-tris-(1-phenyl-1H-benzimidazol-2-yl)-ben-
zene),

TAZ (3-(4-biphenyl)-4-phenyl-5-(4-tert-butylphenyl)-1,2,
4-triazole),

TAZ2 (3,5-diphenyl-4-naphth-1-yl-1,2,4-triazole),

t-Bu-PBD (2-(4-biphenylyl)-5-(4-tert-butylphenyl)-1,3,4-
oxadiazole),

triazine or triazine derivatives. The matrix material has a
HOMO of -6.4t0 =6.0 eV, a LUMO of -2.3to -1.8 €V, an
electron mobility of more than 1075 cm*/Vs, preferably more
than 10> ¢cm?/V's and a conductivity in a doped layer (at 6 to
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50 vol. % of dopant) of 107> S/cm. Lithium, caesium or
calcium may be used as dopant.

Other matrix materials, dopants or emitter materials are of
course also possible for all the layers, as well as other com-
positions of the mixed matrix materials. Further materials for
emitter materials, transport materials and dopants are pos-
sible and may be exchanged at any time.

FIG. 2a shows an emission spectrum of a radiation-emit-
ting device before and after ageing. The device in this
example comprises three directly successive emission layers
400, 410 and 420, whose emitter materials are in each case
present in a conductive matrix. The second, green emission
layer 410 and the third, red emission layer 420 in each case
comprise a mixture of the first and second matrix materials,
i.e. a hole- and electron-transporting matrix. The blue, first
emission layer 400 comprises a predominantly electron-con-
ducting matrix. Ageing is defined in this case in such a way
that the device was operated at 1000 cd/m?® until half lumi-
nance was reached. The emission spectra Al (before ageing)
and A2 (after ageing) were measured before and after opera-
tion of the device. In the emission spectrum in which norma-
lised intensity I, is plotted in arbitrary units against wave-
length A in nm, it is clear that the device has a colour of
emission which changes only slightly over its service life,
since the two emission spectra are almost congruent. The
same effect is visible in FIG. 24, in the 1931 CIE diagram, in
which the colours of emission before ageing Al and after
ageing A2 have barely changed in colour location and thus
have very similar x and y values. It may thus be demonstrated
that the hole- and electron-conducting matrix present in the
emission layers in the green and red emission layers and the
electron-conducting matrix in the blue emission layer also
has scarcely any negative influence on the colour of emission
of'the device after an ageing process. A device constructed in
this way is thus colour-stable over its service life.

It has been possible to demonstrate that devices which
comprise charge-transporting layers between the first and
second emission layer are also colour-stable. Such devices
comprise charge-transporting layers which are free of triary-
lamines.

FIG. 3 shows an energy diagram cross-section through a
radiation-emitting device, which comprises a third emission
layer 420, which emits red and comprises a hole-conducting
matrix material 421, a first emission layer 400, which emits
blue and comprises an electron-conducting matrix material
401, and a second emission layer 410, which emits green and
comprises both a hole-conducting matrix material 412 and an
electron-conducting matrix material 411, the three emission
layers succeeding one another directly. The three emission
layers, whose respective HOMO-LUMO energy gap 2 is like-
wise indicated schematically in FIG. 3 as double-headed
arrows, are located between two doped transport layers 200,
210, the second doped transport layer 210 being a hole trans-
port layer and the first doped transport layer 200 being an
electron transport layer. The red, third emission layer 420
comprises a red emitter material and a hole-conducting
matrix material 421, which comprises a HOMO 421q and a
LUMO 4215. Likewise, the first emission layer 400, the blue
emission layer, comprises a matrix material, which conducts
electrons and comprises a HOMO 401a and a LUMO 40154.
The green, second emission layer 410 comprises a hole-
conducting matrix material 412, with a HOMO 412a and a
LUMO 4125 and an electron-conducting matrix material
with a HOMO 411a and a LUMO 41154. This sequence of
emission colours results in good radiance in the forwards
direction.
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The phosphorescent red emitter material is preferably
embedded in a hole-conducting matrix material 421, such that
the holes may travel easily from the anode to the middle,
green, second emission layer 410 and thus likewise be avail-
able to the other emission layers (hole transport 15).

The green, second emission layer 410 has a green emitter
material, which is embedded both in an electron-conducting
411 and a hole-conducting matrix material 412. In this way,
only a small concentration of green emitter material is nec-
essary, such that quenching, such as for example in the form
of triplet annihilation, is reduced. Hole transport 15 through
the green, second emission layer 410 to the blue, first emis-
sion layer 400 is guaranteed. When two matrix materials are
used, care must be taken to ensure that the position of the
HOMO and LUMO values of the two matrix materials are
conformed to one another. For instance, the LUMO of the
electron-conducting matrix material should be lower than the
LUMO of the hole-conducting matrix material and the
HOMO of the electron-conducting matrix material should be
lower than the HOMO of the hole-conducting matrix mate-
rial. Attention should also be paid to the triplet layers T1 of the
matrix materials used, which have to be energetically higher
for both matrix materials than the triplet position T1 of the
emitter material used. Otherwise, an electron transfer to the
T1 level of the matrix material may proceed with subsequent
non-radiative decay of the exciton.

Hole transport 15 may thus take place in the device via the
HOMO of the additional hole-conducting matrix material
412 of the green, second emission layer 410, such that it is
possible to reduce the concentration of the green emitter
material to concentrations of 1 to 10%. At low concentration
the green emitter material then acts merely as a hole trap, thus
developing its maximum quantum efficiency and contribut-
ing only very slightly to hole transport. The layer thickness of
the green, second emission layer 410 may be reduced due to
the increased efficiency. Operating voltage is reduced as a
result. Improved charge carrier transport leads, moreover, to a
reduced potential drop over the green, second emission layer
410. Hole transport 15 and electron transport la may be
regulated in the layer sequence by means of the mixing ratio
of preferably hole- and electron-conducting matrix materials
411, 412, the colour of emission thereby being adjusted.

If the proportion of the preferably hole-conducting matrix
material 412 is increased, the overall emission spectrum of
the device shifts in favour of blue. Conversely, the spectrum
shifts in favour of red and green if the proportion of the
preferably electron-conducting matrix material 411 is
increased. For example, a ratio of 30% hole-conducting
matrix material 412, 60% electron-conducting matrix mate-
rial 411 and 10% green emitter material is suitable for warm
white (0.4/0.4 in the 1931 CIE diagram). A ratio with an
increased concentration of the hole-conducting matrix mate-
rial 412, such as for example 45% hole-conducting matrix
material 412, 45% electron-conducting matrix material 411
and 10% green emitter, is suitable for increasing the blue
proportion of the spectrum and thus establishing a cooler
white (CIE: 0.33/0.33).

By using a hole-transporting matrix material 421 in the red,
third emission layer 420, the injected electrons accumulate at
the boundary surface with the green, second emission layer
410. The predominant number of excitons form at this bound-
ary surface. Because the thickness of the red, third emission
layer 420 does not have any influence on the intensity of red
emission, it may be demonstrated that recombination of the
excitons proceeds almost exclusively at the boundary surface
with the green, second emission layer 410. The high concen-
tration of excited states (excitons) at this boundary surface
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results in extinction processes, such as triplet-triplet annihi-
lation and exciton-polaron quenching.

To avoid these loss mechanisms and thus improve the char-
acteristics of the layer sequence, a mixture of two matrix
materials was introduced into the red, third emission layer
420. By introducing an electron-conducting matrix into the
red emission layer, the recombination zone may be broad-
ened. In this case, the other colours are not influenced nega-
tively, but red emission is instead merely intensified. The
overall efficiency of the device is thus increased. This can be
seen for example in FIG. 4. This shows emission spectra for
radiation-emitting devices with a mixed matrix comprising
two matrix materials in the red, third emission layer 420.
Intensity I is plotted against wavelength A in nm. Emission
from four devices was measured, the red emission layers in
each case comprising different mixing ratios of the matrix
materials. The spectrum 405 shows the emission of a device
with a mixing ratio of the matrix materials in the red emission
layer of 45% hole-conducting matrix material and 45% elec-
tron-conducting matrix material. The spectrum 406 shows the
emission with a mixing ratio of 55% hole-conducting matrix
material and 35% electron-conducting matrix material in the
red emission layer. The spectra 407 and 408 show the emis-
sions from devices with mixing ratios in the red emission
layer of 65% hole-conducting matrix material to 25% elec-
tron-conducting matrix material (spectrum 407) or 75% hole-
conducting matrix material and 15% electron-conducting
matrix material (spectrum 408). It is clear that, with an
elevated proportion of electron-conducting matrix material,
emission in the red range (approx. 600 nm) is increased, while
emissions in the green (approx. 520 nm) and blue (approx.
450 nm) ranges remain almost constant. It may thus be dem-
onstrated that the red emission intensity may be varied by
varying the mixing ratio of the matrix materials, without the
other colours being negatively influenced.

If a radiation-emitting device is present, in which there is
no charge-transporting layer between the blue, first emission
layer 400 and green, second emission layer 410, the green
phosphorescent emission layer directly adjoins the fluores-
cent blue emission layer. Should the triplet energy of the
fluorescent blue emitter material or of the matrix material for
the blue emitter be below the triplet energy of the green
phosphorescent emitter material, exciton transfer will take
place by means of Forster transfer from green to blue. Since in
the case of fluorescent blue emitter material or of the matrix
material, only the singlet excitons decay radiatively to this
end, the triplet excitons, which have been transferred from
green to blue, are thus lost, since they do not recombine
radiatively. In order in such a case to suppress this transfer, an
interlayer, which is a first charge-transporting layer 500, with
a specific thickness may be inserted between the green phos-
phorescent emission layer and the fluorescent blue emission
layer. The triplet energy of this charge-transporting layer
should in this case always be higher than the triplet energy of
the green phosphorescent emitter. By introducing a charge-
transporting layer with just one type of matrix material, this
transfer is prevented, but the charge carrier equilibrium of the
layer sequence is changed completely. If, for example, an
electron-conducting charge-transporting layer is inserted,
predominantly red and green emission is obtained, since more
holes are accumulated in the green, second emission layer
410 and thus fewer holes reach the blue, first emission layer
400.

This is shown for example in FIG. 5, which shows emission
spectra for a device without charge-transporting layer B, and
emission spectra for devices with a charge-transporting layer
between the blue and green emission layer of 5 nm thickness
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Bs and 10 nm thickness B,,. Normalised radiance R, in
W/(srm®nm) is plotted against wavelength A in nm. The
device without charge-transporting layer exhibits white emis-
sion with peak maxima at blue emission (approx. 450 nm),
green emission (approx. 520 nm) and red emission (approx.
600 nm). The spectra B5 and B, exhibit emission in which
only red and green radiation are still present, the blue emis-
sion having disappeared. This is irrespective of how thick said
charge-transporting layer between the blue and green emis-
sion layers is, since the spectra B and B, , have a very similar
distribution. In general, however, a charge-transporting layer
between the blue and green emission layers should have a
thickness of at least 5 nm. If a purely hole-conducting charge-
transporting layer were inserted between the blue and green
emission layers, predominantly blue emission would be
obtained, since more electrons accumulate in the blue emis-
sion layer and thus fewer electrons reach the red and green
emission layer (not shown here).

To improve emission in the layer sequence and to impair
neither hole nor electron transport, a first charge-transporting
layer 500 may be inserted between the green, phosphores-
cent, second emission layer and the blue, fluorescent, first
emission layer, comprising a mixture of matrix materials.
This charge-transporting layer consists of a hole-conducting
matrix material and an electron-conducting matrix material.
In this case, the LUMO of the electron-conducting matrix
material should be lower than the LUMO of the hole-con-
ducting matrix material and the HOMO of the electron-con-
ducting matrix material should be lower than the HOMO of
the hole-conducting matrix material. This charge-transport-
ing layer can then transport both charge carrier types, but the
transfer of green triplet excitons to the blue emission layer is
prevented. The overall efficiency of the device is thus
increased. The optimum thickness of this charge-transporting
layer is the decisive factor here. If the thickness is too small,
transfer is insufficiently suppressed and if the thickness is too
great, the voltage drops too much thereover. Through the
mixing ratio of hole- and electron-conducting matrix mate-
rial, hole and electron transport in the device may be regulated
and the overall emission colour adjusted. A suitable material
combination comprises T1 levels which lie above the T1 level
of the green emitter material, such that outflow of triplet
excitons to the first charge-transporting layer 500 is sup-
pressed. If the proportion of hole-conducting matrix is
increased, the spectrum shifts in favour of blue. Conversely,
the spectrum shifts in favour of red and green if the proportion
of the electron-conducting matrix material is increased.

FIGS. 6a and 65 show two emissions spectra (intensity [
against wavelength A in nm). The spectra were measured by
devices which comprise charge-transporting layers between
the fluorescent blue emission layer and the phosphorescent
green emission layer, the charge-transporting layers contain-
ing different mixing ratios of the matrix materials. Spectrum
B, in FIG. 6a shows a device without charge-transporting
layer 500 between the blue, first emission layer 400 and the
green, second emission layer 410, while spectrum B, shows a
device with a charge-transporting layer 500 between the two
emission layers with a ratio of the two matrix materials of
50/50. It is clear that introducing the charge-transporting
layer leads to an increase in the maximum in emission spec-
trum B, particularly in the red and green range (peaks
between 500 and 700 nm), while in the blue range (approx.
450 nm) no difference is visible between spectrum B, and
spectrum B, of the device without charge-transporting layer.

The emission spectrum B, in FIG. 65 shows the emission
of'a device with a charge-transporting layer, in which the ratio
of hole-transporting matrix material to electron-transporting
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matrix material amounts to 70/30. Compared to the emission
of device By, it is clear here that the peak in the blue range
(approx. 450 nm) is raised, while the red and green emission
(the range between 500 and 700 nm) falls in intensity. It can
thus be demonstrated that it is possible, by varying the mixing
ratios of the matrix materials in the charge-transporting layer,
purposefully to adjust the overall emission colour.

A further improvement may be achieved by introducing a
second charge-transporting layer 510 with two matrix mate-
rials between the green, second emission layer 410 and the
red, third emission layer 420. In this way, the transfer of
excitons from the green to the red emitter is suppressed. The
emission efficiency of the green emitter rises, while at the
same time the intensity of red emission falls slightly, which
may be readily compensated by using a mixed matrix in the
red emission layer. The ambipolar nature of the charge trans-
port material once again ensures uniform charge carrier trans-
port of both charge carrier types through all the layers. The
overall efficiency of the device increases, since higher energy
green excitons are not transferred into low energy red exci-
tons with a release of energy (in the form of heat). Such a
second charge-transporting layer 510 increases the overall
efficiency of the component by 20% relative to a device
without this charge-transporting layer, the proportion of
green emission increasing by 40% while red emission falls by
10%. A further advantage of the second charge-transporting
layer 510 with two matrix materials consists in the possibility
of optimising radiance in the forwards direction for the indi-
vidual emission layers independently of one another and
without greatly influencing the colour of emission at the
device, since the distances between the emission layers 400,
410 and 420 and the reflective first electrode 100 may be
adjusted by means of the layer thicknesses of the charge-
transporting layers 500, 510.

FIG. 7 shows the emission spectrum (radiance R plotted in
W/srm®nm against wavelength A in nm) of a device with a
first charge-transporting layer 500 with two matrix materials
between the green, second emission layer 410 and the blue,
first emission layer 400 and a green emission layer, which
likewise comprises two matrix materials. This device was
operated at various luminance values, the spectra accordingly
being designated E,,, (operated at 2000 cd/m?), E, ) (oper-
ated at 1000 cd/m?) and E, (operated at 500 cd/m?). It may
be seen that, by increasing luminance, a colour shift towards
red takes place (elevated peak maximum at approx. 600 nm),
which leads however only to a change in colour temperature,
the colour appearance of the overall emission remaining
white.

FIG. 8 shows photographs of a device in which a voltage of
4 V was applied in the reverse direction. FIG. 8a shows a
device with a doped transport layer 210, in this case a hole
transport layer, the thickness of which amounts to 20 nm,
while in FIG. 8b the thickness of the hole transport layer
amounts to 400 nm. The white spots in the lefi-hand figure
show that, when the voltage is applied, short circuits D occur,
such that the function of the device is turned off. When the
layer thickness is increased, as is visible in FIG. 8b, any
unevennesses on the anode, which lies below the hole trans-
port layer, are covered over, such that the function of the
radiation-emitting device is retained.

FIGS. 94 and 95 show simulation data for the radiance and
the emission colours for the device as a function of layer
thickness of the doped transport layer. In this exemplary
embodiment the layer thickness of the hole transport layer is
varied. FIG. 9a relates to a device with a 115 nm thick ITO
anode on which the hole transport layer is arranged, while
FIG. 95 relates to a device with a 160 nm thick ITO anode, on
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which the hole transport layer is arranged. In the spectra 1),
radiance R is in each case plotted in W/(srm”nm ) against layer
thickness d in nm. The simulated radiance F, is made up of the
parallel and perpendicular electrical fields, so corresponding
to overall emission. The simulated radiance F, which com-
prises only one direction, the s-polarised fraction of the elec-
trical field, provides the same information. In the spectra ii)
the x and y values of the 1931 CIE diagram, CIE, and CIE,,
are plotted against layer thickness d in nm. Both spectra i) and
i1) show in each case a reference layer thickness d, of 20 nm
and optimised layer thicknesses d,, and d,,; .

FIG. 9a shows a simulation in which an optimised layer
thickness d,, 0f 222 nm was calculated. At this layer thickness
a maximum is present in the simulated radiance I, or F_,
while quantum efficiency falls by only 5% as a result of the
greater layer thickness. At the same time the CIE, and CIE,
values shift by only +0.02 or —0.03 as a result of the change in
layer thickness. Thus, the layer thickness of the hole transport
layer may be increased, in order to envelope the unevennesses
on the electrode, without the efficiency or colour location of
the radiation-emitting device being substantially changed.

As in FIG. 9a, FIG. 95 shows two optimised layer thick-
nesses d, and d,,; of 189 and 382 nm respectively at a maxi-
mum simulated radiance F, and F, respectively. Quantum
efficiency falls by 1% if the layer thickness is changed from
20 nm to 189 nm and by 3% if the layer thickness if changed
from 20 nm to 384 nm. The CIE, value changes simulta-
neously by +0.003 or 0.01 and the CIE, value by -0.03 or
+0.02.

The simulations shown in FIGS. 9a and 95 likewise show
that the total thickness of electrode and transport layer plays
a part with regard to quantum efficiency and colour location
of the overall emission.

The scope of protection of the invention is not limited to the
examples given hereinabove. The invention is embodied in
each novel characteristic and each combination of character-
istics, which includes every combination of any features
which are stated in the claims, even if this feature or combi-
nation of features is not explicitly stated in the examples.

The invention claimed:

1. A radiation-emitting device, comprising:

a first electrode to emit charge carriers of a first charge
when in operation;

a first doped transport layer on the first electrode to trans-
port the charge carriers of the first charge, the first doped
transport layer having a doping gradient;

afirst emission layer comprising a first emitter material, the
first emission layer being arranged on the first doped
transport layer;

a second emission layer comprising a second emitter mate-

rial, the second emission layer being arranged on the first

emission layer; and

second electrode to emit charge carriers of a second

charge when in operation, the second electrode being

arranged on the second emission layer;

wherein the first and/or second emitter material is phos-

phorescent and the first emitter material emits radiation
at a different wavelength from the second emitter mate-
rial.

2. The device according to claim 1, wherein a first charge-
transporting layer is arranged between the first emission layer
and the second emission layer.

3. The device according to claim 2, wherein the first
charge-transporting layer comprises a matrix including a
matrix material to transport charge carriers of the first and
second charges.
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4. The device according to claim 1, further comprising a
third emission layer having a third emitter material, the third
emission layer being between the second emission layer and
the second electrode, wherein the third emitter material emits
radiation at a different wavelength than the first and second
emitter materials.

5. The device according to the claim 4, wherein the third
emission layer transports charge carriers of the second
charge.

6. The device according to claim 4, further comprising a
second charge-transporting layer between the second and
third emission layers.

7. The device according to claim 6, wherein the second
charge-transporting layer comprises a matrix including a
matrix material to transport charge carriers of the first and
second charges.

8. The device according to claim 4, wherein the first, sec-
ond, and/or third emission layer comprises a matrix, includ-
ing a matrix material to transport charge carriers of the first
and second charges.

9. The device according to claim 1, wherein the first elec-
trode reflects radiation emitted by the first and/or second
emitter materials.

10. The device according to claim 4, wherein the first
electrode reflects the radiation emitted by the first, second,
and/or third emitter materials.

11. The device according to claim 9, wherein, as the dis-
tance between the emission layers and the first electrode
increases, the respective emitter materials emit radiation of a
greater wavelength.

12. The device according to claim 1, wherein the second
electrode is transparent to the radiation emitted by the first
and/or second emitter materials.
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13. The device according to claim 4, wherein the second
electrode is transparent to the radiation emitted by the first,
second, and/or third emitter materials.

14. The device according to claim 1, wherein the surfaces
of the first and/or second electrodes facing the first and/or
second emission layers, respectively, exhibit unevennesses of
a specific height.

15. The device according to claim 14, wherein the first
doped transport layer adjoining the first electrode and/or the
second emission layer adjoining the second electrode have
respective thicknesses greater than the height of the uneven-
nesses.

16. The device according to claim 2, wherein the first
charge transporting layer comprises a mixture of:

a first matrix material to transport charge carriers of the first

charge; and

a second matrix material to transport charge carrier of the

second charge.

17. The device according to claim 6 wherein the first charge
transporting layer comprises a mixture of:

a first matrix material to transport charge carriers of the first

charge; and

a second matrix material to transport charge carrier of the

second charge.

18. The device according to claim 4, wherein the first,
second, and/or third emission layers comprise a matrix
including a mixture of:

a first matrix material to transport charge carriers of the first

charge; and

a second matrix material to transport charge carriers of the

second charge.
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