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& (57) Abstract: The invention relates to an electronic device comprising a layer structure of organic layers, wherein said layer struc-
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ture comprises a p-n-junction between an n-type doped organic layer provided as an organic matrix material doped with an n-type
dopant and a p-type doped organic layer provided as a further organic matrix material doped with a p-type dopant, and wherein the
n-type dopant and the p-type dopant both are molecular dopants, a reduction potential of the p-type dopant is equal or larger than
about 0 V vs. Fc / Fc¢', and an oxidation potential of the n-type dopant is equal or smaller than about -1.5 V vs. Fc/ Fc'.
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Electronic device with a layer structure of organic layers

The invention refers to an electronic device comprising a layer structure of organic layers.

Background of the invention

Electronic devices comprising a layer structure of organic layers have been proposed for dif-
ferent purposes. Among such devices are organic light emitting diodes (OLEDSs), organic p-n-

diodes, organic photovoltaic devices and alike.

Organic electroluminescent (EL) devices are becoming of increasing interest for applications
in the field of displays or lighting sources. Such organic light emitting devices or organic light

emitting diodes are electronic devices, which emit light if an electric potential is applied.

The structure of such OLEDs comprises, in sequence, an anode, an organic electro-
luminescent medium and a cathode. The electroluminescent medium, which is positioned be-
tween the anode and the cathode, is commonly comprised of an organic hole-transporting
layer (HTL) and an electron-transporting layer (ETL). The light is then emitted near the inter-
face between HTL and ETL where electrons and holes combine, forming excitons. Such a
layer structure was used by Tang et al. in “Organic Electroluminescent Diodes”, Applied
Physics Letters, 51, 913 (1987), and US-A-4,769,292, demonstrating high efficient OLEDs

for the first time.

Since then, multitudes of alternative organic layer structures have been disclosed. One exam-
ple being three-layer OLEDs which contain an organic light emitting layer (EML) between
the HTL and ETL, such as that disclosed by Adachi et al. in “Electroluminescence in Organic
Films with Three-Layer Structure”, Japanese Journal of Applied Physics, 27, 1269 (1988),
and by Tang et al. in “Electroluminescence of Doped Organic Thin Films”, Journal of Ap-
plied Physics, 65, 3610 (1989). The EML may consist of host material doped with a guest
material, however neat light emitting layers may also be formed from a single material. The
layer structure is then denoted as HTL / EML / ETL. Further developments show multilayer
OLEDs which additionally contain a hole-injection layer (HIL), and / or an electron-injection

layer (EIL), and / or a hole-blocking layer (HBL), and / or an electron-blocking layer (EBL),
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and or other types of interlayers between the EML and the HTL and / or ETL, respectively.
These developments lead to further improvements in device performance, as the interlayers
confine the excitons and the charge carriers within the emission zone and minimize quenching
at the interface of the emissive region and the transport layers. They also might reduce the
injection barrier from the transport layers into the emission zone, therefore leading to reduced

operating voltages of the electroluminescent device.

A further improvement of the OLED performance can be achieved by the use of doped charge
carrier transport layers as disclosed in EP 0498979 Al. '

For this purpose, the ETL is doped with an electron donor such as an alkali metal, whereas the
HTL is doped with an electron acceptor, such as F4-TCNQ. This redox type doping is based
on a charge transfer reaction between the dopant and the matrix, releasing electrons (in the
case of n-type doping) or holes (in the case of p-type doping) onto the charge carrier transport
matrix. The dopants remain as charged species in the matrix, in the case of n-type doping the
electron donors are positively charged, in the case of p-type doping the acceptor dopants are

negatively charged.

OLEDs using doped charge carrier transport layers are commonly known as PIN-OLEDs.
They feature extremely low operating voltages, often being close to the thermodynamical

limit set by the wavelength of the emitted light.

One requirement for doped organic layers in OLEDs is that the excitons created within the
emission zone have energies high enough to create visible light. The highest energy is needed
for an emission in the blue range of the spectrum with a wavelength of 400 - 475 nm. To al-
low for such light emission, the electroluminescent material requires a sufficient band gap,
which is about the energy of the emitted photons, or higher. It is desirable to choose the en-
ergy levels of the HTL and ETL carefully, such that the energy levels match with the emis-

sion zone to avoid additional barriers within the OLED device.
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The energy levels are frequently identified as HOMO (highest occupied molecular orbital) or
LUMO (lowest unoccupied molecular orbital). They can be related to the oxidation potential
or the reduction potential of the material, respectively.

In this respect, redox potentials of materials can be provided as a voltage value vs. Fc / Fc'.
Fc/Fc' denotes the ferrocene / ferrocenium reference couple. Redox potentials can be meas-
ured for instance by cyclovoltammetry in a suitable solution, for instance acetonitrile or tetra-
hydrofuran. Details of cyclovoltammetry and other methods to determine reduction potentials
and the relation of the ferrocene/ferrocenium reference couple to various reference electrodes
can be found in A. J. Bard et al., ,,Electrochemical Methods: Fundamentals and Applications®,
Wiley, 2™ edition 2000.

In case of redox type doping, the energy levels of the acceptor or donor dopants are of impor-

tance, too. They can be similarly established by electrochemical methods.

An alternative measure for the oxidation strength of the donor dopant molecule or the HOMO
level energy can be ultraviolet photoelectron spectroscopy (UPS). By this method, the ioniza-
tion potential is determined. It has to be distinguished, whether the experiment is carried out
in the gas-phase or in the solid phase, i.e. by investigation of a thin film of the material. In the
latter case, solid-state effects such as the polarization energy of the hole remaining in the solid
after removal of the photoelectron give rise to deviations in the ionization potential as com-
pared to gas-phase value. A typical value for the polarization energy is around 1 eV (E. V.
Tsiper et al., Phys. Rev. B 195124/1-12(2001).

In order to further improve the performance of OLEDs, such as for example the operation
lifetime, stacked or cascaded OLED structures have been proposed, in which several individ-
ual OLEDs are vertically stacked. The improvement of the OLED performance in such
stacked organic electroluminescent devices is generally attributed to an overall reduction of
the operating current density combined with an increased operating voltage, as the individual
OLED:s are connected in a row. Such a design leads to lower stress of the organic layers, since
the current injected and transported within the organic layers is reduced. Additionally, the
stacking of several OLED units in one device allows a mixing of different colours in one de-

vice, for example in order to generate white light emitting devices.
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The realisation of such stacked or cascaded organic electroluminescent devices can for exam-
ple be done by vertically stacking several OLEDs, which are each independently connected to
a power source and which are therefore being able to independently emit light of the same or
of different colour. This design was proposed to be used in full colour displays or other emis-

sion devices with an increased integrated density (US-A-5,703,436, US-A-6,274,980).

To avoid the need of connecting each of the individual OLEDs within the stacked devices,
alternative designs were proposed, in which several OLEDs are vertically stacked without
individually addressing each OLED in the unit stack. This can for example be done by placing
an intermediate conductive layer with an electrical resistivity lower than 0.1 Qcm in between

the individual OLEDs, consisting of materials such as metals, metal alloys or inorganic com-

pounds (US-A-6,107,734, US-A-6,337,492).

Alternatively, instead of using conductive intermediate layers, the usage of non-conductive

charge generation layers (with a resistivity of not less than 10° Qcm) was disclosed in

US2003/0189401 Al.

Even though a stable operation of stacked or cascaded OLEDs can be possible with such con-
ductor or insulator interlayer approaches, the introduction of additional layers such as thin
metals is required. Within a production process, these additional layers will cause additional
costs, especially as these.layers might be produced with different types of evaporation sources

than the other organic layers within the stacked OLED devices.

Another approach for the fabrication of cascaded OLEDs was disclosed in EP 1 478 025 A2.
Here, a layout using an additional intermediate p-n-junction, formed by an n-type doped or-
ganic layer and a p-type doped organic layer with a resistivity of each layer of more than 10
Qcm in between the individual OLEDs is used to connect OLED units or electroluminescent
units. In this approach the interface between the individual OLED units is formed by organic
layers, which can be easily processed within an OLED manufacturing process. However, the
approach demonstrated still requires the introduction of layers in addition to the layers used

within the OLED units. A significant drawback of the approach is the fact, that the organic
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layers forming the p-n-junction are doped using inorganic elements and molecules with a
small atom count. The stacked OLED devices are subject to a rapid breakdown during opera-

tion, most likely due to a dopant migration.

For stacked devices only limited lifetime data have been presented demonstrating operational

lifetimes suitable for commercial applications.

Some molecular organic dopants, having a somewhat higher atom count such as F4-TCNQ
are known in literature, which might be used for p-type doped organic charge transport layers
instead of inorganic compounds; however this measure alone does not improve the stability of
the stacked OLED devices. Especially the n-type doping could only be achieved by doping
organic layers with alkali or earth alkali metals, which act as electron donors within organic
layers. Even though there is prior art in which the use of metal salts and metal compounds is
described (WO 03 / 044829 Al), the doping effect in these cases can only be attributed to a
cleavage of the salts or compounds that release the metals in an uncharged state. One example
is the doping with Cs,CO3, an inorganic salt that upon heating decomposes to release oxygen,
CO; and caesium metal. N-type doping with metals in stacked devices that contain a p-n-
interface being driven in reverse direction leads to a rapid breakdown due to metal migration

at the junction.

In the document EP-A-1 339 112 in electronic device provided as a cascaded organic light
emitting diode comprising a layer structure of organic layers is disclosed, wherein that layer
structure comprises a p-n-junction between an n-type doped organic layer provided as an or-
ganic matrix material with an n-type dopant and a p-type doped organic layer provided as an

organic matrix material with a p-type dopant.

The manufacturing of stacked or cascaded OLED devices with a stable operating lifetime re-
quires the use of interlayers between the OLED units, such as metals, other conductors or in-

sulators. These interlayers are sometimes also referred to as charge generation layers.
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Summary of the invention

It is the object of the present invention to provide an electronic device comprising a layer
structure of organic layers, where a p-n-junction within the structure of organic layers is stabi-

lized.

It is another object of the invention to provide an organic light emitting device with stacked
organic electroluminescent units comprising a simplified layer structure and still having a
long operation lifetime. In this respect, it is a further object of the invention to provide an or-
ganic light emitting device with stacked organic electroluminescent units with a reduced in-

crease in operation voltage during lifetime.

According to the invention an electronic device comprising a layer structure of organic layers
according to claim 1 is provided. Advantageous developments of the invention are disclosed

in dependent claims.

The inventors surprisingly found that long operation lifetimes of organic semiconductor de-
vices comprising a p-n-junction in a structure of organic layers can be achieved by using mo-
lecular dopants for the p- and n-type doped layers at the p-n-interface which allows for a tai-
loring of the interface stability. With the use of molecular dopants, degradation mechanisms
that occur in the case of doping with metals or small molecule dopants, can be minimized or

even completely avoided.

For the p-n-junction according to the invention a reduced tendency of degradation, i.e. the

irreversibly reduction of the device efficiency during operation, was observed.

In the present application, by the term molecular it is referred to inorganic or organic com-
pounds that consist of more than six atoms within the dopant molecule. More favourable, the
number of atoms forming the dopant molecules is larger than twenty. The molecular dopants
are organic or inorganic molecules, but may also be molecular salts, i.e. salts that consist of at
least two charged molecular subunits forming a salt. The molecular dopants might also be

charge transfer complexes in which only a partial charge transfer between the constituting
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units occurs. In both cases at least one of the subunits forming the molecular salt or the mo-
lecular charge transfer complex also fulfils the above definition, namely an atom count of
larger than six. Preferably, in one embodiment of the invention all the subunits forming the
molecular salt or the molecular charge transfer complex fulfil the above definition, namely an

atom count of larger than six.

The dopand molecule preferably does not comprise alkali metals since they are very prone to

diffusion within the transport layers, which limits lifetime and thermal stability drastically.

A reduction potential of the p-type dopant is equal or larger than about 0 V vs. Fc / Fc¢', and

an oxidation potential of the n-type dopant is equal or smaller than about -1.5 V vs. Fc/ Fc".

In a preferred embodiment of the invention, the reduction potential of the p-type dopant is
equal or larger than about 0.18 V vs. Fc / Fc', preferably equal or larger than about 0.24 V vs.
Fc/ Fc'. In a further preferred embodiment of the invention, the oxidation potential of the n-
type dopant is equal or smaller than about -2.0 V vs. Fc / Fc”, preferably equal or smaller than
about -2.2 V vs. Fc / Fc".

An alternative measure for the oxidation strength of the donor dopant molecule can be ultra-
violet photoelectron spectroscopy (UPS). If measured by means of this method, an ionization
potential of the donor dopant is equal or lower than about 5.5 eV, preferably equal or lower
than about 5 eV, preferably equal or lower than about 4.8 eV measured in the solid state. If
measured in the gas phase, the ionization potential of the donor dopant is equal or lower than
about 4.5 eV, preferably equal or lower than about 4 eV, more preferably equal or lower than
about 3.8 eV. These values correspond to the onset of photoemission at the high kinetic en-

ergy side, i.e. the weakest bound photoelectrons.

The proposed p-n-junction is also beneficial for stacked organic photovoltaic devices, as the
open circuit voltage might be increased to a maximum of n-times the photon energy. Fur-
thermore, in current organic photovoltaic devices, only less than 50% of the incident light is

absorbed in the photoactive layer. The stacking of photovoltaic devices thus allows harvesting
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of more than 50% of the incident light due to the presence of more than one photoactive layer

in the stack.

Another application of such p-n-junctions is in organic p-n-diodes, where a large difference in
the Fermi-levels of the p- and n-type doped organic layers gives rise to a larger space charge
region and larger depletion zones. This will result in lower generation currents and higher
breakdown-voltages under reverse-bias operation. To a first approximation, the Fermi-levels
of the p-doped layer is determined by the electron affinity of the acceptor dopant, while the

Fermi-level of the n-doped layer is determined by the ionization potential of the donor dopant.

Obviously, for both mentioned embodiments a long-term stability especially upon applying a
backward bias is desirable. These examples are non-limiting for the use of the p-n-junction

architecture described within the present invention.

A backward bias or backward voltage is applied to a p-n-junction, if electrons are injected
into the p-type doped transport layer from the electrode and holes are injected into the n-type
doped transport layer from the other electrode. If the p-n-junction is not sandwiched between
electrodes, a backward operation is given in the case, where the applied field is such, that
electrons negative charges are moving from the p-type doped layer of the junction into the n-

type doped layer of the junction and positive charges are moving in the opposite direction.

In the case of the molecular doping of the charge carrier transport layers the fixation of
dopants is preferably ensured by the high molecular weight of the dopant (> 300 g / mol) as
well as the high atomic count of the compounds, preventing it from a migration into the n-

type or p-type doped layer, respectively.

Furthermore a beneficial effect of the glass transition temperature (Tg) of the matrix materials
used to for the p-n-junction for the device stability was found. The matrix material is prefera-
bly constituted of materials with a T, larger than about 75 °C, preferably of larger than about
100 °C, more preferably of larger than about 120 °C. This value is an important factor for the
dopants mobility; higher T, values lead to a stronger fixation of the dopant within the organic

charge carrier transport layers.
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The overall stability of the p-n-interface at the junction between the PIN-OLED units depends
on both the T, of the matrix and the size of the dopants. A system consisting of a smaller
dopant within a matrix with a high T, might be less stable than a larger size molecular dopant

within a transport matrix having a lower T,.

It was found also, that the stability of the electronic device is increased if the thermal stability
of the doped layers forming the p-n-junction is increased. The thermal stability of a doped
layer can be measured by heating the doped layer with a heating rate, for instance 1 K/min
and monitoring the conductivity of the layer. As for any semiconductor, during the heating the
conductivity increases. At a certain temperature (breakdown temperature), the conductivity
decreases again because of morphological activities of the doped layer. It has been found, that
the matrix is preferably constituted of materials that have a breakdown temperature of greater
than 75 °C, preferably of larger than 100 °C. The breakdown temperature increases with the

T, of the matrix material and the atom count of the dopant molecule.

Another measure for the stability of the dopant molecule is its vapour pressure. As a general
rule, the vapour pressure at certain temperature is lowered with increasing the atom count of a
compound. This is especially the case for conjugated molecules with high polarizability. The
van-der-Waals forces lead to a strong interaction of the molecules requiring more energy for
vaporization. The same van-der-Waals forces lead to strong interaction of the dopant mole-
cule in the host material causing a fixation of the dopant in the doped layer. Consequently, a
low vapour pressure of the dopant molecule can be beneficial for a stability of the doped layer

and junctions formed with that doped layers.

In many cases, it is difficult to establish the vapour pressure of a molecular compound. In this
case, one can use the evaporation temperature as a measure related to the vapour pressure.
The term evaporation temperature refers to the temperature, to which the dopant molecule has
to be heated in a evaporator source in order to have the target deposition rate at the position of

a substrate place over the source. The deposition rate R can be written as
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where M is the molar mass of the evaporated compound, k is Boltzmann's constant, 7 is the
source temperature, p is the density of the film, P is the vapour pressure, 4 is the source area,

r is the distance of source and substrate plane.

In a preferred embodiment, when the distance r is about 50 cm, and the area of the source is
3.8 cm?, dopants with a deposition rate of 0.005 nm/s at an evaporation temperature of about
120 °C or higher, preferably a temperature of about 140 °C or higher can be used to fabricate
a stable p-n-junction. A low vapour pressure, i.e. a high evaporation temperature is preferred
to produce further stabilization of the p-n-junction in a manufacturing process. This is because
a dopant molecule with a high volatility will lead to a contamination of the adjacent layers,
especially the adjacent doped layer of the p-n-junction due to the high background pressure of

the volatile dopant in the process chamber.

The transport matrix materials at the p-n-interface might also consist of the same material, if

this material can be p- and n-doped by molecular dopants.

In a preferred embodiment of the invention, an organic light emitting device is provided,
wherein in one embodiment the organic light emitting device comprises an anode, a cathode,
and a plurality of m (m > 1) organic electroluminescent units (3.1, ..., 3.m) each comprising
an electroluminescent zone, where the organic electroluminescent units are provided upon
each other in a stack or an inverted stack between the anode and the cathode, and where the p-

n-junction is provided at an interface between adjacent organic electroluminescent units.

In a further preferred embodiment of the invention, for m > 2:

- at least organic electroluminescent units (3.2, ..., 3.m-1) not adjacent to the anode (2) or the
cathode comprise the p-type doped organic layer as a p-type doped hole transporting-layer,
the n-type doped organic layer as a n-type doped electron-transporting layer, and the elec-
troluminescent zone formed between the p-type doped hole transporting layer and the n-

type doped electron transporting layer;
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in the stack or the inverted stack the n-type doped electron-transporting layer of the k™ (2 <
k < m-2) organic electroluminescent unit (3.k) is directly followed by the p-type doped
hole-transporting layer of the (k+1)" organic electroluminescent unit (3.k+1), thereby pro-
viding a direct contact between the n-type doped electron-transporting layer of the k™ or-
ganic electroluminescent unit (3.k) with the p-type doped hole-transporting layer of the
(k+1)™® organic electroluminescent unit (3.k+1); and

the first organic electroluminescent unit (3.1) comprises a n-type doped electron-
transporting layer which is in contact with the p-type doped hole-transporting layer of the
second organic electroluminescent unit (3.2), and the m™ organic electroluminescent unit
(3.m) comprises a p-type doped hole-transporting layer which is in contact with the n-type

doped electron-transporting layer of the (m-1)" organic electroluminescent unit (3.m-1).

Preferably, for m = 2:

a first electroluminescent unit (3.1) comprises the n-type doped organic layer as a n-type
doped electron-transporting layer;

a second electroluminescent unit (3.2) comprises the p-type doped organic layer as a p-type
doped hole transporting-layer; and

the n-type doped electron-transporting layer of the first electroluminescent unit (3.1) is in
contact with the p-type doped hole-transporting layer of the second organic electrolumi-
nescent unit (3.2), thereby providing a p-n-junction between the two adjacent organic elec-

troluminescent units (3.1, 3.2).

The approach of stacked organic electroluminescent units also referred to OLED units is of

further advantage to other approaches known in the art, as the units can be directly laminated

upon each other without the need of additional interlayers.

In a preferred embodiment, at least one of the m organic electroluminescent units further

comprises at least one of the following layers: a hole-injection layer (HIL), an electron-

injection layer (EIL), an interlayer in between the p-type doped hole-transporting layer and

the electroluminescent zone, and a further interlayer between the n-type doped electron-

transporting layer and the electroluminescent zone.
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The p- and / or the n-doped transport layers of the p-n-junction might also individually consist
of at least two layers in order to further stabilize the p-n-interface. Especially for stacked PIN-
OLEDs, this is of advantage, if a stable transport matrix shows some absorption within the
visible range of the electromagnetic spectrum. This is especially the case for white stacked
OLEDs, where an emission over a broad spectral range is desired. In this case, the use of a
two layer architecture allows for a stabilization of the interface in combination with a mini-

mized absorption loss, as the stabilizing layer can be manufactured very thin.

It is to be understood, the invention my be used for a stacked PIN-OLED where for the p- and
/ or the n-type doped layers of different units, different matrix and / or dopant materials are
used. This is especially beneficial in the case of stacked multicolour devices, where different
energetic levels of the transport layers are desired for an optimum performance of the individ-

ual OLED units.

Another advantage of such a multilayer architecture of the p-type or n-type doped transport
layers of the units is, to reduce costs, if the more stable charge carrier transport matrix is more
expensive than less stable alternative materials. E.g. if metal complexes with core atoms of
rare or noble metals are used, such as Iridium or Platinum, the material costs will necessarily
be high due to the costs of the starting materials for the synthesis. This will even then be the
case if the material is manufactured in mass production, which for standard organic materials
usually leads to a significant cost reduction. In this case the use of a two layer architecture
allows to reduce costs by minimizing the thickness of the layer formed by the expensive, sta-
ble material. Another advantage of the multilayer structure is that the doping concentration of
the p-doped and n-doped layers can be reduced in the vicinity of the junction to give a wider
space-charge region and by this a better rectification of a p-n diode. The doping concentration
of other adjacent layers can be chosen in such a way that the conductivity is high enough to

reduce ohmic losses.

It might furthermore be beneficial for the device lifetime, if the devices are operated with AC
voltage or backward voltage pulses. Applying a reverse field to the device will force a back-
ward migration of the charged dopant ions, which can partly slow down or even stop the de-

grading dopant migration mechanisms.
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It was also found that further stability of the p-n-junction is influenced by the dopant concen-

tration. For certain concentration combinations of the p- and the n-dopant a further stabiliza-

tion was observed, which might be attributed to a formation of a salt between the different

type of dopants, suppressing dopant migration.

Description of preferred embodiments of the invention

Following the invention will be described in further detail, by way of example, with reference

to different embodiments. In the Figures show:

Fig. 1
Fig. 2

Fig. 3

Fig. 4

Fig. 5a, 5b

Fig. 6a, 6b

Fig. 7a, 7b

Fig. 8a, 8b

Fig. 9a, 9b

Fig. 10a, 10b

a schematic presentation of an electronic device comprising a p-n-junction;

for the electronic device in Fig. 1 a graphical depiction of the current vs. volt-
age;

a schematic presentation of a light emitting device with stacked organic elec-
troluminescent units;

a schematic presentation of an organic electroluminescent unit used in the light
emitting device in Fig. 3;

for a light emitting device according to an Example 1 (conventional) a graphi-
cal depiction of the luminance vs. time (a) and the forward voltage vs. time (b),
respectively;

for a light emitting device according to an Example 2 a graphical depiction of
the luminance vs. time (a) and the forward voltage vs. time (b), respectively;
for a light emitting device according to an Example 3 a graphical depiction of
the luminance vs. time (a) and the forward voltage vs. time (b), respectively;
for a light emitting device according to an Example 4 (conventional) a graphi-
cal depiction of the luminance vs. time (a) and the forward voltage vs. time (b),
respectively;

for a light emitting device according to an Example 5 a graphical depiction of
the luminance vs. time (a) and the forward voltage vs. time (b), respectively;
for a light emitting device according to an Example 6 a graphical depiction of
the luminance vs. time (a) and the forward voltage vs. time (b), respectively;

and
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Fig. 11a, 11b for a light emitting device according to an Example 7 a graphical depiction of

the luminance vs. time (a) and the forward voltage vs. time (b), respectively.

Referring to Fig. 1, a structure of two organic layers 10, 11 provided in between an anode 12
made of indium tin oxide (ITO) and a cathode 13 made of aluminum is depicted schemati-
cally. The two organic layers 10, 11 realize an organic p-n-junction. Fig. 2 shows the current-
voltage characteristic of this organic p-n-junction comprising a p-type doped hole transport
layer and an n-type doped electron transport layer sandwiched between the ITO anode 12 and

the aluminum cathode 13.

The organic layers 10, 11 and metal are deposited by thermal evaporation onto patterned and
pre-cleaned ITO coated glass substrates in an ultrahigh vacuum system at a pressure of 107
mbar without breaking vacuum. The deposition rate and the thickness of the deposited layers
are controlled by using a quarz crystal thickness monitor. The area of the p-n-junction bet-

ween the electrodes 12, 13 is 6,35 mm®.

The organic layer 10 is made of 45 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-
spirobifluoren doped with 4 mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6 H-naph-
talen-2-ylidene)- malononitrile thereby providing a p-type doped hole-transport layer. The
other organic layer 11 is made of 45 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped
with 4 mole % Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten
(II) thereby providing an n-type doped electron-transport layer. This is an organic p-n-

junction.

Fig. 2 shows for the electronic device in Fig. 1 a graphical depiction of the current vs. voltage.
Under backward operation at a voltage of -3 V a current of 0,3 mA is measured. In forward
operation at a voltage of +3 V a current of 8 mA is flowing. Thus, a rectification ratio of
nearly 30 at a very low voltage of = 3V is observed. The rectification ratio is further increased

at higher voltages.

Referring to Fig. 3, a light emitting device comprises m (m > 1) electroluminescent units:

1.  substrate,
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2. Dbase electrode, hole injecting anode,
3.1 1%electroluminescent unit,

3.2 2"electroluminescent unit,

3.m m"electroluminescent unit,

4.  top electrode, electron injection cathode,

where each electroluminescent unit at least has a p-type doped hole-transporting layer closer
to the anode, an n-type doped electron-transporting layer closer to the cathode and an electro-

luminescent layer in between (Fig. 3 and Fig. 4).

In general, regardless of the position of cathode and anode in the stack, the p-type doped hole
transport layer is closer to the anode and the n-type doped electron transport layer is closer to
the cathode. In this embodiment, for m > 2:

- at least organic electroluminescent units (3.2, ..., 3.m-1) not adjacent to the anode (2) or the
cathode comprise the p-type doped organic layer as a p-type doped hole transporting-layer,
the n-type doped organic layer as a n-type doped electron-transporting layer, and the elec-
troluminescent zone formed between the p-type doped hole transporting layer and the n-
type doped electron transporting layer;

- in the stack or the inverted stack the n-type doped electron-transporting layer of the k™ (2 <
k < m-2) organic electroluminescent unit (3.k) is directly followed by the p-type doped
hole-transporting layer of the (k+1)™ organic electroluminescent unit (3.k+1), thereby pro-
viding a direct contact between the n-type doped electron-transporting layer of the k™ or-
ganic electroluminescent unit (3.k) with the p-type doped hole-transporting layer of the
(k+1)™ organic electroluminescent unit (3.k+1); and

- the first organic electroluminescent unit (3.1) comprises an n-type doped electron-
transporting layer which is in contact with the p-type doped hole-transporting layer of the
second organic electroluminescent unit (3.2), and the m™ organic electroluminescent unit
(3.m) comprises a p-type doped hole-transporting layer which is in contact with the n-type

doped electron-transporting layer of the (m-1)" organic electroluminescent unit (3.m-1)..
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Additional layers such as electron or hole blocking layers or interlayers may be employed in
the electroluminescent units to improve the efficiencies. In one embodiment the base elec-

trode may function as the substrate.

By the invention the stability of the interface between the adjacent n-doped electron transport
layer and p-doped hole transport layer, respectively, is optimized. In the OLED, the interface
of the base electrode and the electroluminescent unit adjacent to the base electrode and the
interface between the m™ electroluminescent unit adjacent to the top electrode and the top
electrode may be formed in a different way to optimize the interface of the organic layers to
the conductive electrodes. For instance it is known that a carbon fluoride interlayer (CFy) on
top of an ITO electrode improves the stability of the interface to the adjacent hole transport
layer. As another example, LiF or low work function materials may improve the injection
from a top electrode to the adjacent electron transport layer. Such beneficial interlayers may

be used in conjunction of the present invention.

Following examples are presented with reference to Fig. 5 to 11 for further understanding of
the invention. The materials used in the different light emitting devices are example materials
which demonstrate layer setups in a conventional light emitting device and preferred em-
bodiments of the invention. The organic layers and metal are deposited by thermal evapora-
tion onto patterned and pre-cleaned indium tin oxide (ITO) coated glass substrates in an ultra-
high vacuum system at 10”7 mbar (base pressure) without breaking vacuum. The deposition
rate and the thickness of the deposited layer are controlled by using a quartz crystal thickness

monitor,

The devices described in the following comprise an anode, a cathode, and a plurality of a
number of m (m > 1) organic electroluminescent units, directly stacked upon each other, for-
ming a cascaded organic electroluminescent device. The organic electroluminescent unit
(OLED unit) not adjacent to the electrodes comprises at least a p-type doped hole-transporting
layer, an electroluminescent layer and an n-type doped electron-transporting layer. The n-type
doped electron-transporting layer comprises an organic main material doped with a molecular
donor-type substance and the p-type doped hole-transporting layer comprises an organic main

material doped with a molecular acceptor-type substance.
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The organic electroluminescent units might furthermore comprise additional hole-injection
layers and/or electron injection layers and / or hole-blocking layers and / or electron-blocking

layers and / or other types of interlayers between the EML and the HTL and / or the ETL.

There are many organic multilayer light-emitting layer structures known in the art which can
be used as light emitting layer within an electroluminescent unit. The electroluminescent lay-
ers might consist of one or more consecutive layers containing one or more organic host ma-

terials and one or more fluorescent or phosphorescent electroluminescent emitter materials.

The electroluminescent layer may be formed from small organic molecules or from organic

polymers.
The m OLED units are consecutively stacked upon each other in a way that the n-type doped
electron-transporting layer of the k™ unit (0 <k < m) is directly followed by the p-type doped

hole-transporting layer of the (k+1)™ unit without any additional intermediate layers.

Example 1 (conventional)

According to Example 1 a structure for a conventional light emitting device is provided as

follows:

1.1 50 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with
2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-malononitrile
(p-type doped hole-transport layer);

1.2 10 nm NPB (interlayer);

1.3 20 nm Spiro-DPVBI;

1.4 10 nm Bphen;

1.5 45 nm Bphen doped with Cs (n-type doped electron-transport layer);

1.6 50 nm 2,2",7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with
2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-malononitrile
(p-type doped hole-transport layer);

1.7 10 nm NPB (interlayer);
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1.8 20 nm Spiro-DPVBI;
1.9 10 nm Bphen;
1.10 20 nm Bphen doped with Cs (n-type doped electron-transport layer);

1.11 100 nm Aluminum (reflective cathode).

This is a blue stacked PIN-OLED where layers 1.1 to 1.5 constitute a first PIN-OLED unit
and layers 1.6 to 1.10 constitute a second PIN-OLED unit. The device reaches a brightness of
1000 cd/m* at 9,7 V with a current efficiency of 8,8 cd/A.

Fig. 5a and 5b show the lifetime behavior of the conventional light emitting device according
to Example 1. Four contacts being on the same substrate are dﬁven at different current densi-
ties in DC operation. The driving voltage vs. time characteristics shows a very steep increase
of the forward voltage needed for the driven current during the operation of the devices. At
approximately 30 V the measurement setup reaches its voltage limit, which can be observed

as a luminance breakdown in the luminance vs. time plot.

The conventional light emitting device according to Example 1 comprises a conventional p-n-
junction architecture using Cs as an elemental metallic n-dopant. It can be clearly seen, that
the performance of the device undergoes rapid breakdown during operation. Even at a rela-

tively low current density of 5 mA/cm? the device operates less than 50 hours.

Example 2

According to Example 2 a structure for a light emitting device is provided as follows:

2.1 50 nm 2,2',7,7"-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6 H-naphtalen-2-ylidene)-
malononitrile as p-type doped hole-transport layer;

2.2 10 nm NPB as interlayer,

2.3 20 nm Spiro-DPVBI;

24 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;
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2.5 45nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 5 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) as n-
type doped electron-transport layer;

2.6 50 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6 H-naphtalen-2-ylidene)-
malononitrile as p-type doped hole-transport layer;

2.7 10 nm NPB as interlayer,

2.8 20 nm Spiro-DPVBI;

2.9 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

2.10 20 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 5 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidinato)ditungsten (II) as n-
type doped electron-transport layer;

2.11 100 nm Aluminum as reflective cathode.

This is a blue stacked PIN-OLED using molecular dopants within the doped charge transport
layers where layers 2.1 to 2.5 constitute the first PIN-OLED unit and layers 2.6 to 2.10 consti-
tute the second PIN-OLED unit. The device reaches a brightness of 1000 cd/m? at 8,7 V with

a current efficiency of 11,5 cd/A.

Fig. 6a and 6b show the lifetime behavior of the device. Four OLED contacts being on the
same substrate are driven at different current densities in DC operation. The voltage increase
for the molecularly doped device is significantly flatter as for a device using Cs doping (ex-
ample 1). For the lowest driving current density of 5 mA/cm’ the voltage limit of the lifetime
measurement setup is reached after 550 hours, which is more than ten times as long as for the

Cs doped sample.

Example 3

According to Example 3 a structure for a light emitting device is provided as follows:

3.1 75nm 2,2',7,7"-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);
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10 nm NPB (interlayer);

20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[f,h]quinoxaline) (acetylace-
tonate);

10 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

60 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido([1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

45 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);

10 nm NPB (interlayer);

20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[f,h]quinoxaline) (acetylace-
tonate);

10 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

65 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

100 nm Aluminum (reflective cathode).

is a red stacked PIN-OLED using molecular dopants within the doped charge transport

layers where layers 3.1 to 3.5 constitute the first PIN-OLED unit and layers 3.6 to 3.10 consti-
tute the second PIN-OLED unit. The device reaches a brightness of 1000 cd/m? at 6,6 V with

a current efficiency of 61,2 cd/A.

Fig.

7a and 7b show the lifetime behavior of the device. Four OLED contacts being on the

same substrate are driven at different current densities in DC operation. The voltage limit of

the measurement setup, 22 V in this example, is reached after approximately 120 hours for the

highest current density, 30 mA/cm®. For lower current densities the voltage limit is not

reached within the first 300 hours of measurement.
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Example 4 (conventional)

According to Example 4 a structure for a conventional light emitting device is provided as

follows:

4.1 50 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);

4.2 10 nm NPB (interlayer);

4.3 20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[ f,h]quinoxaline) (acetylace-
tonate);

4.4 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

4.5 65 nm Iridium (IIT) Tris(1-phenylisoquinoline) doped with 4 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

4. 100 nm Aluminum (reflective cathode).

This is a red PIN-OLED using molecular dopants within the doped charge transport layers.
The device reaches a brightness of 1000 cd/m” at 2,97 V with a current efficiency of 16,4
cd/A. Fig. 8a and 8b show the lifetime behavior of the device. Four OLED contacts being on

the same substrate are driven at different current densities in DC operation.

Fig. 8a shows the operation lifetime of the device, which is estimated to be 11000 hours at
1000 cd/m? initial brightness. The forward voltage needed for driving the currents applied
during the lifetime measurements are shown in Fig. 8b. The increase in driving voltage is less

than 10 % up to 50 % luminance decay of the device, which is a very small value.

Example 5

According to Example 5 a structure for a light emitting device is provided as follows:

5.1 50 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);
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5.2 10 nm NPB (interlayer);

5.3 20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[f,h]quinoxaline) (acetylace-
tonate);

5.4 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

5.5 65 nm Iridium (III) Tris(1-phenylisoquinoline) doped with 4 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

5.6 60 nm Iridium (III) Tris(1-phenylisoquinoline) doped with 4 mole % 2-(6-
Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-malononitrile (p-
type doped hole-transport layer);

5.7 10 nm NPB (interlayer);

5.8 20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[f,h]quinoxaline) (acetylace-
tonate);

59 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

5.10 60 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

5.11 100 nm Aluminum (reflective cathode).

This is a red stacked PIN-OLED using molecular dopants within the doped charge transport
layers where layers 5.1 to 5.5 constitute the first PIN-OLED unit and layers 5.6 to 5.10 consti-
tute the second PIN-OLED unit. The device reaches a brightness of 1000 cd/m? at 5,70 V with
a current efficiency of 37,1 cd/A. This is more than twice the current efficiency of the device
disclosed in comparative Example 4, however the operating voltage needed to reach a bright-
ness of 1000 cd/m? is less than doubled. Therefore the operation parameters of this stacked

OLED are even better than of the non stacked reference device.

Fig. 9a and 9b show the lifetime behavior of the device. Four OLED contacts being on the
same substrate are driven at different current densities in DC operation. Fig. 9a shows the
operation lifetime of the device, which is estimated to be 17000 hours at 1000 cd/m? initial
brightness. The forward voltage needed for driving the currents applied during the lifetime

measurements are shown in Fig. 9b. The increase in driving voltage is less than 10 % up to 50
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% luminance decay of the device, which is a very small value for OLEDs.

The device according to Example 5 demonstrates, that stacking allows for prolonged lifetimes

as compared to non stacked reference devices.

Furthermore the use of Iridium (IIT) Tris(1-phenylisoquinoline), which has a T, of > 120 °C
as charge carrier transport matrix material for the molecular dopants leads to significant im-
provements in stability of the p-n-interface and an improved stability of the doped films. The
increase in operating voltage can by this measure be reduced to a level equal to non stacked
OLEDs, therefore the lifetime of the device is no longer limited by the p-n-interface degrada-
tion. The direct stacking of PIN-OLEDs onto each other without the use of interlayers there-

fore can be carried out without a loss in device performance regarding efficiency or lifetime.

Example 6

According to Example 6 a structure for a light emitting device is provided as follows:

6.1 50 nm 2,2',7,7"-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);

6.2 10 nm NPB (interlayer);

6.3 20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[f,h]quinoxaline) (acetylace-
tonate);

6.4 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

6.5 30nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

6.6 30 nm Iridium (III) Tris(1-phenylisoquinoline) doped with 4 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

6.7 30 nm Iridium (III) Tris(1-phenylisoquinoline) doped with 4 mole % 2-(6-
Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-malononitrile (p-
type doped hole-transport layer);
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6.8 30 nm 2,2',7,7-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);

6.9 10 nm NPB (interlayer);

6.10 20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[f,h]quinoxaline) (acetylace-
tonate);

6.11 10nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

6.12 60 nm 2,4,7,9 - Tetraphenyl! - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

6.13 100 nm Aluminum (reflective cathode).

This is a red stacked PIN-OLED using molecular dopants within the doped charge transport
layers where layers 6.1 to 6.6 constitute the first PIN-OLED unit and layers 6.7 to 6.12 consti-
tute the second PIN-OLED unit. The n-type doped charge carrier transport layer of the first
OLED unit consists of two layers as well as the p-type doped charge carrier transport layer of
the second OLED unit consists of two layers. The thickness of the p- and n-doped Iridium
(IIT) Tris(1-phenylisoquinoline) layers at the interface of the two PIN-OLED units is 60 nm in
total. The device reaches a brightness of 1000 cd/m? at 5,49 V with a current efficiency of
54,4 cd/A.

Fig. 10a shows the operation lifetime of the device, which is estimated to be approx. 50000
hours at 1000 cd/m? initial brightness. The forward voltage needed for driving the currents
applied during the lifetime measurements are shown in Fig. 10b. The increase in driving volt-
age is less than 10 % up to 50 % luminance decay of the device, which is a very small value

for OLEDs.
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Example 7

According to Example 7 a structure for a light emitting device is provided as follows:

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

7.11

7.12

7.13

50 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);

10 nm NPB (interlayer);

20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[ f,h]quinoxaline) (acetylace-
tonate);

10 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

55 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer); .

5 nm Iridium (III) Tris(1-phenylisoquinoline) doped with 4 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[ 1,2-a]pyrimidinato)ditungsten (II) (n-type
doped electron-transport layer);

5 nm Iridium (IIT) Tris(1-phenylisoquinoline) doped with 4 mole % 2-(6-
Dicyanomethylene-1,3 ,4,5,7,8-hexaﬂuoro-6H-naphtalen-2-ylidene)-malononitrile'(p-
type doped hole-transport layer);

55 nm 2,2',7,7'-Tetrakis-(N,N-di-methylphenylamino)-9,9'-spirobifluorene doped with 4
mole % 2-(6-Dicyanomethylene-1,3,4,5,7,8-hexafluoro-6H-naphtalen-2-ylidene)-
malononitrile (p-type doped hole-transport layer);

10 nm NPB (interlayer);

20 nm NPB doped with Iridium (III) bis(2-methyldibenzo[ f,h]quinoxaline) (acetylace-
tonate);

10 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline;

60 nm 2,4,7,9 - Tetraphenyl - 1,10 -phenanthroline doped with 2 mole %
Tetrakis(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato)ditungsten (II) as n-
type doped electron-transport layer;

100 nm Aluminum (reflective cathode).

This is a red stacked PIN-OLED using molecular dopants within the doped charge transport
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layers where layers 7.1 to 7.6 constitute the first PIN-OLED unit and layers 7.7 to 7.12 consti-
tute the second PIN-OLED unit. The n-type doped charge carrier transport layer of the first
OLED unit consists of two layers as well as the p-type doped charge carrier transport layer of
the second OLED unit consists of two layers. The thickness of the p- and n-doped Iridium
(IIT) Tris(1-phenylisoquinoline) layers at the interface of the two PIN-OLED units is 10 nm in
total. The device reaches a brightness of 1000 cd/m? at 5,66 V with a current efficiency of
54,5 cd/A.

Fig. 11a shows the operation lifetime of the device, which is estimated to be approx. 50000
hours at 1000 cd/m? initial brightness. The forward voltage needed for driving the currents
applied during the lifetime measurements are shown in Fig. 11b. The increase in driving volt-
age is less than 10 % up to 50 % luminance decay of the device, which is a very small value

for OLEDs.

It can be seen that a significant reduction of the overall thickness of the p- and n-doped Iri-
dium (III) Tris(1-phenylisoquinoline) layers at the interface of the two PIN-OLED units leads
to no reduction in device performance as compared with sample number eight, where the p-
and n-doped Iridium (IIT) Tris(1-phenylisoquinoline) layers have a total thickness of 60 nm at
the interface between the two PIN-OLED units of the device.

The reduction of the thickness of the doped Iridium (III) Tris(1-phenylisoquinoline) layers is
beneficial to minimize absorption losses of the light emitted within the light emitting device,
furthermore the reduced thickness of the doped Iridium (III) Tris(1-phenylisoquinoline) layers

might lead to cost reductions in a mass production of the devices.

The features disclosed in this specification, claims and / or the figures may be material for the
realization of the invention in its various embodiments, taken in isolation or in various com-

binations thereof.
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Claims

An electronic device comprising a layer structure of organic layers, wherein said layer
structure comprises a p-n-junction between an n-type doped organic layer provided as an
organic matrix material doped with an n-type dopant and a p-type doped organic layer
provided as a further organic matrix material doped with a p-type dopant, and wherein the
n-type dopant and the p-type dopant both are molecular dopants, characterized in
that

- areduction potential of the p-type dopant is equal or larger than about 0 V vs. Fc/ F ¢,
- an oxidation potential of the n-type dopant is equal or smaller than about -1.5 V vs. Fc

/ Fc*, and
- at least one of the evaporation temperature of the n-type dopant and the evaporation

temperature of the p-type dopant is higher than about 120 °C.

Electronic device according to claim 1, wherein a molecular weight of the n-type dopant

and / or a molecular weight of the p-type dopant are larger than about 300 g/ mol.

Electronic device according to claim 1 or 2, wherein the reduction potential of the p-type
dopant is equal or larger than about 0.18 V vs. Fc / Fc, preferably equal or larger than
about 0.24 V vs. Fc/ Fc'.

Electronic device according to one of the preceding claims, wherein the oxidation poten-
tial of the n-type dopant is equal or smaller than about -2.0 V vs. Fc / Fc*, preferably

equal or smaller than about -2.2 V vs. Fc/ Fc'.

Electronic device according to one of the preceding claims, wherein a glass transition
temperature (T,) of the matrix material and / or a glass transition temperature (T,) of the
further matrix material are equal or larger than about 75 °C, preferably equal or larger

than about 100 °C, more preferably equal or larger than about 120 °C.

Electronic device according to one of the preceding claims, wherein the matrix material

and the further matrix material are made of the same material.
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Electronic device according to one of the preceding claims, wherein the n-type doped

organic layer is provided as a multilayer structure.

Electronic device according to one of the preceding claims, wherein the p-type doped

organic layer is provided as a multilayer structure.

Electronic device according to one of the preceding claims, wherein the layer structure is

provided in an organic light emitting device.

Electronic device according to claim 9, wherein the organic light emitting device com-
prises an anode (2), a cathode (4), and a plurality of organic electroluminescent units (3.1,
..., 3.m; m > 2) each comprising an electroluminescent zone (EML), where the organic
electroluminescent units are provided upon each other in a stack or an inverted stack be-
tween the anode (2) and the cathode (4), and where the p-n-junction is provided at an in-

terface between adjacent organic electroluminescent units.

Electronic device according to claim 10, wherein for m > 2:

- at least organic electroluminescent units (3.2, ..., 3.m-1) not adjacent to the anode (2)
or the cathode (4) comprise the p-type doped organic layer as a p-type doped hole
transporting-layer (HTL), the n-type doped organic layer as an n-type doped electron-
transporting layer (ETL), and the electroluminescent zone (EML) formed between the
p-type doped hole transporting layer (HTL) and the n-type doped electron transporting
layer (ETL);

- in the stack or the inverted stack the n-type doped electron-transporting layer (ETL) of
the k™ (2 < k < m-2) organic electroluminescent unit (3.k) is directly followed by the
p-type doped hole-transporting layer (HTL) of the (k+1)™ organic electroluminescent
unit (3.k+1), thereby providing a direct contact between the n-type doped electron-
transporting layer (ETL) of the k™ organic electroluminescent unit (3.k) with the p-
type doped hole-transporting layer (HTL) of the (k+1)™ organic electroluminescent
unit (3.k+1); and

- the first organic electroluminescent unit (3.1) comprises an n-type doped electron-
transporting layer (ETL) which is in contact with the p-type doped hole-transporting

layer (HTL) of the second organic electroluminescent unit (3.2), and the m™ organic
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electroluminescent unit (3.m) comprises a p-type doped hole-transporting layer (HTL)
which is in contact with the n-type doped electron-transporting layer (ETL) of the (m-

H* organic electroluminescent unit (3.m-1).

Electronic device according to claim 10, wherein for m = 2:

- a first electroluminescent unit (3.1) comprises the n-type doped organic layer as an n-
type doped electron-transporting layer (ETL);

- a second electroluminescent unit (3.2) comprises the p-type doped organic layer as a
p-type doped hole transporting-layer (HTL); and

- the n-type doped electron-transporting layer (ETL) of the first electroluminescent unit
(3.1) is in contact with the p-type doped hole-transporting layer (HTL) of the second
organic electroluminescent unit (3.2), thereby providing a p-n-junction between the

two adjacent organic electroluminescent units (3.1, 3.2).

Electronic device according to one of the claims 10 to 12, wherein at least one of the or-
ganic electroluminescent units (3.1, ..., 3.m; 3.1, 3.2) further comprises at least one of the
following layers: a hole-injection layer (HIL), an electron-injection layer (EIL), an inter-
layer in between the p-type doped hole-transporting layer and the electroluminescent
zone, and a further interlayer between the n-type doped electron-transporting layer and

the electroluminescent zone.

Electronic device according to one of the claims 10 to 13, wherein for at least one of the
organic electroluminescent units (3.1, ..., 3.m; 3.1, 3.2) the electroluminescent zone is

formed by a multilayer structure of organic layers.

Electronic device according to one of the claims 10 to 14, wherein for at least one of the
organic electroluminescent units (3.1, ..., 3.m; 3.1, 3.2) the electroluminescent zone is

formed from a material of small molecules and / or from organic polymers.

Electronic device according to one of the claims 10 to 15, wherein the organic electrolu-

minescent units (3.1, ..., 3.m; 3.1, 3.2) emit light of different wavelengths.
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Electronic device according to claim 16, wherein white light is emitted by the plurality

of organic electroluminescent units (3.1, ...,3.m; 3.1, 3.2).

Electronic device according to one of the preceding claims, wherein at least one of the
evaporation temperature of the n-type dopant and the evaporation temperature of the p-

type dopant is higher than about 140 °C.
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