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Description

FIELD OF THE INVENTION

[0001] The invention relates to the field of electrolumi-
nescent devices, such as OLED devices, comprising a
substrate and stacked thereon, two electrodes, a stack
of at least two electroluminescent emission layers com-
prising electroluminescent molecules that is disposed
between said two electrodes and an undoped interlayer
disposed between each adjacent emission layers. Fur-
thermore, methods of color tuning and producing such
an electroluminescent device are provided.

BACKGROUND OF THE INVENTION

[0002] Color tunable OLED devices frequently com-
prise stacked OLED diodes having different emission
colors. Such stacked OLEDs contain so-called charge
generation layers as transparent electrodes separating
the different diodes which are connected to the outside.
By applying a voltage to the individual OLED diodes of
the stack, the color can be tuned over a wide range.
[0003] One disadvantage of such color tuneable
stacked OLED devices is that the electrodes have to be
highly transparent and should therefore have a low sheet
resistance. However, a high transparency and a low
sheet resistance are contradictory requirements. There-
fore, in most practical cases a compromise between
sheet resistance and transparency has to be found which
makes large area color tuneable OLEDs difficult to real-
ize. The whole OLED stack is also rather complicated
since stacked OLEDs contain typically a large number
of layers.
[0004] US 2008/0284318 A1, US 2008/0284317 A1,
US 2009/0033212 A1 and EP 1 670 082 A2 all described
stacked OLEDs comprising interlayers between the
emissive layers.
[0005] JP 2007 299645 A also describes a stacked
OLED comprising an interlayer between at least two
emissive layers, the interlayer comprising a mixture of
hole- and electron transporting compounds. Another
technique to realize color tuneable OLEDs is to individ-
ually address OLED pixels of different emission color.
This is a common technique in displays, which is of
course expensive for a light source. If the pixels are made
of large size an additional scattering screen is required
to get uniform light of one specific color.

SUMMARY OF THE INVENTION

[0006] It is an object of the invention to provide a color
tunable electroluminescent device and a method of tun-
ing the color of such a device. A further object of the
invention is the provision of a method for the production
of such a color tunable electroluminescent device.
[0007] This object is achieved by an electrolumines-
cent device according to claim 1 and the methods ac-

cording to claims 7-9. Particularly, an electroluminescent
device is disclosed comprising a substrate, two elec-
trodes, and a stack, the stack comprising at least two
electroluminescent emission layers having different
emission colors and at least one interlayer disposed be-
tween at least two adjacent electroluminescent emission
layers, wherein the electroluminescent emission layers
comprise electroluminescent molecules, and wherein the
interlayer is an undoped interlayer and has a thickness
of between ≥ 0.5 nm and ≤ 30 nm that allows the formation
of an interface region comprising electroluminescent
molecules present in each of the at least two electrolu-
minescent emission layers separated by the interlayer,
and the mobility of electrons within the interlayer being
different from the mobility of the holes within the interlay-
er, and the field dependence of the mobility of the elec-
trons within the interlayer being different from the field
dependence of the mobility of the holes within the inter-
layer, the electroluminescent device further comprising
a power and/or voltage source connected to the elec-
trodes and adapted to provide a variable voltage and/or
a pulsed driving scheme to the electroluminescent device
for tuning the color of the electroluminescent device such
that the electroluminescent device is color tuneable at a
constant or a varying brightness level.
[0008] The present invention is based on the unexpect-
ed finding that an undoped interlayer of a typical molec-
ular thickness disposed between each two adjacent
emission layers of an electroluminescent device is suffi-
cient to provide interface states, or trap states, for elec-
trons and holes by which a transport of electrons and
electron holes between the adjacent emission layers can
occur. Without being bound to a certain theory it is be-
lieved that the provision of these trap states is due to a
mixing of the molecules comprised by the adjacent emis-
sion layers in the undoped interlayer, whereby an inter-
face layer is formed. If the mobility of the electrons for
the transport via the electron trap states is different from
the mobility of the holes via the hole trap states then the
electric field dependence of electron and hole mobility is
not identical. Therefore, application of a variable voltage
to the electroluminescent device results in a shift of emis-
sion between the emission layers of the stack separated
by the undoped interlayer.
[0009] The electroluminescent (EL) device can be any
EL device known to the skilled person comprising at least
two stacked emission layers separated by an interlayer.
Preferably the EL device is an organic EL device, i.e. an
OLED device. In further embodiments the EL device of
the present invention is used as or comprised by a light
source, a lamp and/or a day-light lamp, or is comprised
by a monitor or television. Thus, also a light source, a
lamp, a day-light lamp, a monitor and a television com-
prising the inventive EL device are encompassed by the
present invention.
[0010] In the following the basic structure of such an
organic EL device is described that comprises two or-
ganic light emitting diodes (OLED). However, various
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other basic structures of EL devices, and particularly or-
ganic EL devices, are known to the skilled person, all of
which are meant to be encompassed by the present in-
vention.
[0011] An exemplary basic organic EL device compris-
es two electrodes, i.e. an anode and a cathode, wherein
the anode is optionally disposed on a substrate such as
glass or flexible polyethylene terephtalate (PET) foil. On
top of the anode, i.e. the substrate electrode, the following
layers are disposed in the order of mention: a hole trans-
port layer (HTL), a first electroluminescent layer, i.e. emit-
ter layer (EmL), an interlayer (IL) that acts as a barrier
layer, a second emitter layer and an electron transport
layer (ETL). The second electrode, i.e. the cathode acting
as the counter electrode, is disposed on top of the ETL,
followed by an optional cover layer, preferably likewise
made of glass or PET. Additional layers may be present,
such as a hole injection layer (HIL) disposed between
the anode and HTL and/or a electron injection layer
(VEIL) disposed between ETL and cathode. The HAIL is
preferably made from poly(3,4-ethylendioxythi-
ophene)/polystyrolsulfonate (PEDOT/PSS), while the
EVIL is preferably a very thin layer made from lithium
fluoride, cesium fluoride or silver.
[0012] Further basic exemplary structures of EL devic-
es comprise bottom emission/top emission devices,
wherein a transparent or semi-transparent bottom and
top electrode, respectively is utilized; transparent LED
devices, such as TOLEDS that use a proprietary trans-
parent contact to create displays that can be made to be
top-only emitting, bottom-only emitting, or both top and
bottom emitting (transparent); inverted EL devices such
as inverted OLEDs, in which the anode is placed on the
substrate, and further more.
[0013] In the context of the present invention an EL
device comprising a combination of a transparent sub-
strate, a transparent substrate electrode and a non-trans-
parent counter electrode, i.e. the electrode opposing the
substrate which is usually a reflective electrode, emitting
the light through the substrate is called "bottom-emitting".
In case of an EL device comprising a combination of a
non-transparent substrate and/or non-transparent sub-
strate electrode and a transparent counter electrode,
emitting light through the counter electrode is called "top-
emitting". In preferred embodiments the EL device is bot-
tom-emitting or top-emitting, or comprises two transpar-
ent electrodes and emits into both directions.
[0014] In one embodiment of the invention, at least one
of the electrodes, i.e. the anode and/or the cathode, is
transparent or semi-transparent. The term "transparent
electrode" is meant to refer to an electrode that shows a
transmission of light in the visible range of ≥ 50 %. The
remaining light is thus either reflected and/or absorbed.
The term "semi-transparent electrode" refers to an elec-
trode that exhibits a transmission of light in the visible
range of between ≥ 10 % and < 50 %. Preferably light in
the visible range has a wavelength of between ≥ 450 nm
and ≤ 700 nm. The electrode may also be reflective, pref-

erably in case of the counter electrode.
[0015] In preferred embodiments the electrodes are
made from a metal, diamond like carbon, or comprise at
least one of the following materials: indium tin oxide
(ITO), aluminum, silver, ZnO, doped ZnO or an oxide
layer. More preferably, the electrodes are made from a
transparent conductive oxide such as ITO, or ZnO. Op-
tionally the electrodes are undercoated with SiO2 and/or
SiO to suppress diffusion of mobile atoms or ions from
the substrate into the electrode. In a further embodiment
thin Ag or Au layers, about 8-15 nm thick - may be used
alone or in combination with the electrode layers. If a
metal and/or metal foil is used as the electrode it prefer-
ably may take the role of the substrate and/or substrate
electrode, i.e. either anode and/or cathode. Preferably,
the electrodes are connected to a voltage/current source
through electrical conductors.
[0016] In a further embodiment the EL device is an
OLED device, i.e. the electroluminescent emission layers
comprise organic molecules. In further preferred embod-
iments the organic molecules comprise polymers
(PLEDs) or small molecules (SMOLEDs). In another pre-
ferred embodiment, the EL device is a phosphorescent
organic light-emitting diode (PHOLED) device. In a fur-
ther preferred embodiment, the EL device comprises a
combination of phosphorescent and fluorescent emitters
(Hybrid OLED). In another preferred embodiment the
OLED is a fluorescent light emitting diode.
[0017] The present invention is not restricted to specific
organic molecules provided such are suitable for the use
as electroluminescent molecules in EL devices. Various
electroluminescent and/or organic electroluminescent
molecules are known to the skilled person, all of which
are meant to be encompassed by the present invention.
As used in the present invention "electroluminescent
molecules" preferably mean "organic electroluminescent
molecules". In preferred embodiments the polymers of a
PLED are conjugated polymers such as derivates of po-
ly(p-phenylen-vinylene) (PPV), or polyfluorenes and the
small molecules of an SMOLED are organo-metallic
chelates, such as for example Alq3, Alq2p (BAlq),
Ir(ppy)3, Ir(MDQ)2acac, and/or conjugated dendrimers
such as a-NPD, TCTA, TBPI, n-MTDATA.
[0018] As described above the term "stack" means that
at least two electroluminescent emission layers are
placed or disposed on top of each other and separated
by an interlayer. However, as the EL device of the present
invention comprises at least two electroluminescent
emission layers, e.g. three, of which at least two adjacent
emission layers need to be separated by the undoped
interlayer, various stackings may result. In preferred em-
bodiments, the EL device comprises three electrolumi-
nescent emission layers of which only two or all three are
separated by an interlayer. Most preferably, the EL de-
vice of the present invention comprises three electrolu-
minescent emission layers emitting red, green and blue
light, respectively. Even more preferably, these three
electroluminescent emission layers are stacked in the
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order of mention, starting from the anode. Still more pref-
erably, only the green and blue emitting electrolumines-
cent emission layers are separated by the interlayer,
while the green electroluminescent emission layer is di-
rectly stacked on top of the red emission layer. Such an
EL device is extremely well suited to produce color shifts
along a black body curve.
[0019] The at least two electroluminescent emission
layers have different emission colors. This means that if
the EL device of the present invention is induced to emit
light by application of electric voltage/current each of the
at least two emission layers will emit light at a different
wavelength. If n>2 emission layers are present between
≥ 2 and ≤ n-1 emission layers preferably have a different
emission color than the other emission layer(s).
[0020] Different emission colors are usually achieved
by use of different electroluminescent molecules that are
comprised by the electroluminescent emission layers.
Preferred embodiments for such electroluminescent mol-
ecules comprise Ir(MDQ)2acac (Bis(2-Methyldiben-
zol[F,H]quinoxaline)(Acetylacetonate)-IR-(III)), emitting
red; Ir(ppy)3 (Tris-(Phenyl-Pyridil)-IR), emitting green;
and SpiroDPVBi (4,4-bis-2, 2-diphenylvinyl-1, 1-spirobi-
phenyl), emitting blue light.
[0021] In the following, preferred embodiments of the
EL device are disclosed which describe the layers de-
posited onto the substrate in the order of mention. Par-
ticularly, the material of the layers and the respective
thickness is disclosed and the following abbreviations
are used: α-NPD: N,N0-diphenyl-N,N0-bis (1-naphthyl)-
1,10-biphenyl-4,40-diamine; Ir(MDQ)2(acac): Bis(2-
Methyldibenzol[F,H]quinoxaline)(Acetylaceto-
nate)-IR-(III); TBPI: 1,3,5-Tris-(1-Phenyl-1H-Benzimida-
zol-2-YL)-Benzene; TCTA: 4,4’,4"-Tris(Carbazol-9-
YL)-Triphenylamine; Ir(ppy)3: Tris-(Phenyl-Pyridil)-IR;
CBP: 4,4’-Bis(Carbazole-9-YL)-Biphenyl; Spiro-DPVBi:
4,4-bis-2, 2-diphenylvinyl-1, 1-spirobiphenyl; BAlq: Alu-
minum (III) bis(2-methyl-8-quinolinate)-4-phenylpheno-
late.
[0022] In a preferred embodiment the EL device com-
prises the following layers: ITO, 100 nm; α-NPD, 10 nm;
α-NPD: 10% Ir (MDQ)2acac, 10 nm; TCTA: 15% Ir(ppy)3,
10 nm; TBPi, 3 nm; SpiroDPVBi, 10 nm; BAlq, 50 nm;
LiF, 1 nm; Al, 100nm.
[0023] In another preferred embodiment the EL device
comprises the following layers: ITO, 100 nm; α-NPD, 10
nm; α-NPD: 10% Ir (MDQ)2acac, 10 nm; TCTA: 15%
Ir(ppy)3, 10 nm; CBP, 3 nm; SpiroDPVBi, 10 nm; BAlq,
50 nm; LiF, 1 nm; Al, 100nm.
[0024] In even another preferred embodiment the EL
device comprises the following layers: ITO, 100 nm; p-
doped layer, 10 nm; α-NPD, 10 nm; α-NPD: 10% Ir
(MDQ)2acac, 10 nm; TCTA: 15% Ir(ppy)3, 10 nm; TBPi,
3 nm; SpiroDPVBi, 10 nm; BAlq, 50 nm; LiF, 1 nm; Al,
100nm.
[0025] In a further preferred embodiment the EL device
comprises the following layers: ITO, 100 nm; α-NPD, 10
nm; α-NPD: 10% Ir (MDQ)2acac, 10 nm; TCTA: 15%

Ir(ppy)3, 10 nm; TBPi, 3 nm; SpiroDPVBi, 10 nm; Alq3,
50 nm; LiF, 1 nm; Al, 100nm.
[0026] In a further preferred embodiment the electro-
luminescent emission layers emit complementary or
nearly complementary colors, for example yellow and
blue, red and green, or red and cyan. More preferably,
the emitted colors of the at least two emission layers cov-
er most of the spectrum of the visible light. Even more
preferably, three electroluminescent emission layers are
present that cover most of the spectrum of the visible
light, for example red, green and blue. This has the ad-
vantage that a wide range of colors and white light emis-
sion can be achieved.
[0027] In another embodiment of the invention the
color of the device can be tuned always along a line in
the CIE chromaticity diagram. Preferably the color is
tuned between blue and yellow or between blue an or-
ange so that the resulting colors are close to the black-
body line of the CIE diagram. This advantageously allows
to shift the color of the device e.g. between ’cold’ and
’warm’ white.
[0028] The EL device is color tuneable. By "color tune-
able" it is meant that the total spectrum of light or the
spectral distribution of light of the EL device, i.e. the light
emitted by all of the electroluminescent emission layers
present in the EL device, can be changed. For example,
if the EL device emits light of the color blue in a first state
it may emit light of the color green in a second state.
Therefore, the color of light emitted by the EL device has
been changed or tuned from blue to green or, in other
words, the EL device has been color tuned to now emit
green light instead of blue light.
[0029] As explained above, due to the thin interlayer
the electroluminescent molecules of the two emission
layers bordering an intermediate interlayer penetrate the
interlayer and form an interface region, wherein both spe-
cies of the electroluminescent molecules are present. In
other words, a mixing of the molecules of the electrolu-
minescent layers occurs. This results in trap states for
the electrons and the holes that are created within the
interlayer by which transport of electrons and holes oc-
curs. The mobility of electrons within the interlayer is dif-
ferent from the mobility of the holes within the interlayer.
Furthermore, the field dependence of the mobility of the
electrons is different from the field dependence of the
mobility of the holes. In particular, for most electron trans-
porters with a low mobility the electrical field dependence
is much stronger than for good hole transporters with
high mobility. Therefore, as the field dependence of elec-
tron mobility in the interlayer is stronger than that of the
hole mobility, a color tuning as a function of a field applied
to the EL device is possible.
[0030] The EL device further comprises a power and/or
voltage source. Preferably said power and/or voltage
source is connected to the electrodes, i.e. anode and
cathode, of the EL device. More preferably, the power
and/or voltage source provides DC voltage between an-
ode and cathode.
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[0031] In an even more preferred embodiment the
power and/or voltage source is adapted to provide a var-
iable voltage to the EL device, whereby a color tuning of
the EL device can be achieved. For example, provided
the mobility of the holes is better than the mobility of the
electrons, i.e. the holes in the interlayer are transported
with a higher speed, then at a first lower voltage only the
electroluminescent layer closer to the cathode is emitting
light. If subsequently the voltage is increased then the
mobility of the electrons if affected more by the increased
electrical field than the mobility of the holes, i.e. the in-
crease in speed with which the electrons are transported
in the interlayer is stronger compared to the increase in
speed with which the holes are transported. Consequent-
ly, also the electroluminescent layer closer to the anode
starts emitting light.
[0032] If the emission color of the electroluminescent
layer closer to the cathode is blue and the emission color
of the electroluminescent layer closer to the anode is red
then, by variation from a lower to a higher voltage, the
emitted light of the EL device can be tuned from blue to
a mixture of both colors, e.g. white. Furthermore, by ap-
plying a higher voltage, also the brightness level of the
EL device is varied, i.e. the total amount of light emitted
by the device is increased. In a further embodiment a sky
blue color can be achieved at a low brightness level and
at a lower voltage applied, while a bright warm white color
can be achieved at a higher brightness level and a higher
voltage applied. Thus, in a preferred embodiment the
color can be tuned as function of the applied voltage and
the brightness level. Furthermore, color shifts along a
black body curve are possible if desired and/or a high
efficacy at all brightness levels.
[0033] In general all color variations can be realized
with the EL device according to the present invention,
whereby, preferably, the colors lie on a line in the CIE
diagram.
[0034] In another preferred embodiment the power
and/or voltage source is adapted to provide a pulsed driv-
ing scheme to the EL device, wherein a varied voltage
is applied to the two or more electroluminescent layers
of the EL device. Preferably, the applied voltage is a rec-
tangular voltage. By such means, i.e. the tuning of the
emitting intensity of the single electroluminescent layers,
a color tuning of the EL device can be achieved at a
constant brightness level of the EL device.
[0035] A pulsed driving scheme preferably comprises
a series of pulses, preferably rectangular, that are applied
to the color tunable EL device. Preferably, the frequency
is in the kHz range, more preferably between ≥ 100 Hz
and ≤ 3 kHz. The applied voltage is herby varied between
0 V at a time interval t2 and a voltage V of preferably ≥
2 V and ≤ 20V at a time interval t1. The duty cycle is
defined as the ratio between t1 divided by t1+t2. A duty
cycle of 100% therefore means that the voltage is always
on. 50% duty cycle means that the on- and off-times t1
and t2 are equal. Duty cycle of zero means that the device
is switched off.

[0036] The undoped interlayer poses a barrier for the
transport of electrons and holes. In other words, the elec-
tron and hole transport across the interlayer is difficult if
the energy barriers between the first electroluminescent
layer and the interlayer and between the second electro-
luminescent layer and the interlayer are of a certain mag-
nitude, preferably ≥ 0.4 eV. If trap states are introduced
into the interlayer by the mixing of the electroluminescent
molecules comprised in the two electroluminescent lay-
ers bordering the interlayer then the transport of electrons
and holes can occur a lot easier via these trap states.
[0037] The interlayer can be composed of any suitable
material that may act as a barrier for the transport of
electrons and holes and allows the penetration of the
electroluminescent molecules comprised by the border-
ing electroluminescent layers. In a preferred embodi-
ment, the interlayer comprises a material that results in
an energy barrier between the interlayer and a bordering
electroluminescent layer of ≥ 0.2 eV, ≥ 0.3 eV, ≥ 0.4 eV,
≥ 0.5 eV, or ≥ 0.7 eV. In an even more preferred embod-
iment the interlayer comprises TBPBi (1,3,5-Tris-(1-Phe-
nyl-1H-Benzimidazol-2-YL)-Benzene) and/or CBP (4,4’-
Bis(Carbazol-9-YL)-Biphenyl).
[0038] The thickness of the interlayer needs to be in a
range to allow the formation of an interface region com-
prising electroluminescent molecules present in each of
the at least two electroluminescent emission layers. Un-
der such conditions the interlayer is not perfectly closed
and the electroluminescent molecules comprised in the
adjacent emission layers can form trap states within the
interlayer by mixing of said molecules. In other words,
the electroluminescent molecules are used to dope the
interlayer. In a further embodiment of the invention the
interlayer has a thickness of about ≥ 0.5 nm and about
≤ 30 nm, ≥ 1 nm and about ≤ 10 nm, preferably, about ≥
1 nm and about ≤ 8 nm, about ≥ 5 nm and about ≤ 8 nm,
or about ≥ 2 nm and about ≤ 5 nm and most preferably
about ≥ 2 nm and about ≤ 3 nm. This has the advantage
that trap states in the interlayer by incorporation of elec-
troluminescent molecules from the electroluminescent
layers bordering the interlayer can most efficiently be
formed. Thus, no production of a doped interlayer is re-
quired. Furthermore, it has been shown that while a thick-
ness of the interlayer of about ≥ 5 nm and about ≤ 8 nm
already provides an outstanding color tuneability, a thick-
ness of the interlayer of about ≥ 2 nm and about ≤ 3 nm
results in the optimal results. Thus, the tuning range is a
function of the thickness of the interlayer, wherein an
interlayer of about ≥ 2 nm and about ≤ 3 nm results in
the widest tuning range.
[0039] In a further embodiment the EL device further
comprises at least one cover layer deposited on the elec-
trode opposing the substrate. In a preferred embodiment,
the different layers of the EL device are deposited on the
substrate, starting with the first electrode, and the cover
layer is disposed on top of the second electrode, in order
to seal and protect the device from, e.g. moisture.
[0040] In preferred embodiments the cover layer
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and/or the substrate is transparent or semi-transparent.
The term "transparent" is meant to refer to a substrate
and/or cover layer that shows a transmission of light in
the visible range of ≥ 50 %. The remaining light is thus
either reflected and/or absorbed. The term "semi-trans-
parent" refers to a substrate and/or cover layer that ex-
hibits a transmission of light in the visible range of be-
tween ≥ 10 % and < 50 %. Preferably light in the visible
range has a wavelength of between ≥ 450 nm and ≤ 700
nm.
[0041] In further preferred embodiments the substrate
and/or cover layer is made from glass, ceramics, and/or
comprises at least one of gold and silver. Further pre-
ferred materials for the substrate and/or cover layer com-
prise polymer sheets or foils, more preferably with a suit-
able moisture and oxygen barrier to essentially prevent
moisture and/or oxygen entering the EL device. In further
embodiments non-transparent substrates and/or cover
layers such as substrates and/or cover layers made from
metal and/or metal foils are utilized. The substrate and/or
cover layer may further comprise additional layers, e.g.
for optical purposes such as light out-coupling enhance-
ment and the like.
[0042] The substrate and/or cover layer can have any
suitable geometry, shape or form but is preferably flat
and may, if a flexible material is utilized, be shaped or
bent into any three-dimensional shape that is required.
[0043] In another aspect the invention is directed to a
method for tuning the color of an electroluminescent de-
vice or the light source, lamp, day-light lamp, monitor or
television according to the present invention at varying
brightness of the device. Such a color tuning is preferably
achieved by changing the voltage that is applied to the
electrodes of the EL device, e.g. by means of a voltage
source connected to the electrodes, i.e. anode and cath-
ode, of the EL device. As explained in greater detail
above, the mobility of the electrons is more dependent
on the applied electrical field than the mobility of the
holes. Consequently, a change in voltage primarily af-
fects the mobility of the electrons, i.e. the increase in
speed with which the electrons are transported in the
interlayer.
[0044] In a further aspect the invention is directed to a
method for tuning the color of an electroluminescent de-
vice or the light source, lamp, day-light lamp, monitor or
television according to the present invention at constant
brightness of the device. Such a color tuning is preferably
achieved by application of a pulsed driving scheme to
the device.
[0045] In even another aspect the invention is directed
to a method of producing an electroluminescent device
according to the invention comprising the steps of: pro-
viding a substrate; and depositing onto the substrate in
the order of mention: a first electrode, a stack of at least
two electroluminescent emission layers comprising elec-
troluminescent molecules and having different emission
colors and an interlayer disposed between at least two
adjacent emission layers, and a second electrode. The

interlayer is an undoped interlayer and has a thickness
of between ≥ 0.5 nm and ≤ 30 nm, and the mobility of
electrons within the interlayer being different from the
mobility of the holes within the interlayer, and the field
dependence of the mobility of the electrons within the
interlayer being different from the field dependence of
the mobility of the holes within the interlayer. A power
and/or voltage source connected to the electrodes is pro-
vided and the power and/or voltage source is adapted to
provide a variable voltage and/or a pulsed driving
scheme to the electroluminescent device for tuning the
color of the electrolumines-cent device such that the elec-
troluminescent device is color tuneable at a constant or
a varying brightness level.
[0046] In a preferred embodiment, three electrolumi-
nescent emission layers of which only two or all three are
separated by an interlayer are deposited as a stack. Even
more preferably, three electroluminescent emission lay-
ers emitting red, green and blue light, respectively are
deposited of which only two or all three are separated by
an interlayer are deposited as a stack. Most preferably,
only the green and blue emitting electroluminescent
emission layers are separated by the interlayer, while the
green electroluminescent emission layer is directly
stacked on top of the red emission layer.
[0047] The electrodes can be deposited by any suita-
ble means. Preferably, the electrodes are deposited us-
ing a vacuum processing system for vapor deposition. In
further embodiments the vapor deposition is selected
from the group consisting of physical vapor deposition
(PVD) such as evaporation or sputtering, chemical vapor
deposition (CVD), low pressure CVD (LPCVD) or plasma
enhanced CVD (PECVD). Preferably, the vapor deposi-
tion is LPCVD or PECVD. In further preferred embodi-
ments the vapor deposition is a deposition of metal oxide,
more preferably a deposition of ZnO or indium tin oxide
(ITO). ITO or ZnO layers show premium performance.
Most preferably the vapor deposition is a ZnO or ITO
LPCVD, or a ZnO or ITO PECVD, or a ZnO or ITO sput-
tering process.
[0048] Various methods for the deposition of the elec-
troluminescent layers are known to the skilled person all
of which are meant to be encompassed by the present
invention. Electroluminescent layers based on small mol-
ecules are preferably disposed by PVD, OVPD. Preferred
deposition techniques which can be used for small mol-
ecule OLEDs include vacuum thermal evaporation (VTE)
of organic materials from a crucible, and/or organic vapor
phase deposition (OVPD) where the organic material is
transported to the substrate by means of a gas flow.
These techniques allow the precise control of the inter-
layer thickness. Especially OVPD technique is very al-
lows an excellent thickness control and allows in addition
to control the film morphology of the interlayer. In further
preferred embodiments electroluminescent layers based
on polymers, i.e. molecules of greater length, are first
solubilized in suitable solvents and a subsequently de-
posited by printing or spin-coating methods.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0049] These and other aspects of the invention will be
apparent from and elucidated with reference to the em-
bodiments described hereinafter.
[0050] In the drawings:

Fig. 1 shows a schematic view of an energy diagram
of an electroluminescent device comprising an
interlayer.

Fig. 2 shows a schematic view of an energy diagram
of an OLED device with varying thickness of the
interlayer.

Fig. 3 shows a schematic view of the stack of an
OLED device according to the invention.

Fig. 4 shows a pulsed driving scheme for an OLED
device according to the invention.

Fig. 5 shows CIE1931 color coordinates x and y of a
color tunable OLED device according to the in-
vention, depending on the driving voltage.

Fig. 6 shows the luminance of a color tunable OLED
according to the invention as a function of duty
cycle and voltage.

DETAILED DESCRIPTION OF EMBODIMENTS

[0051] Fig. 1 shows an energy diagram of an electro-
luminescent device comprising an interlayer 2 and two
electroluminescent emission layers 1, 3 emitting different
colors. The anode (not shown) is positioned to the left of
emission layer 1, the cathode (not shown) is positioned
to the right of emission layer 3.
[0052] The undoped interlayer 2 acts as a barrier layer
and - per se - makes a transport of electrons and holes
via the barrier difficult. As can be seen in Fig. 1A the
energy barrier between a transport between emission
layer 1 and interlayer 2 (ΔE12), and emission layer 3 and
interlayer 2 (ΔE32) is quite high and typically ranges within
the order of at least 0.4 eV.
[0053] The undoped interlayer 2 in Fig. 1B according
to the present invention is of a thickness that allows the
formation of an interface region comprising electrolumi-
nescent molecules present in each of the at least two
electroluminescent emission layers 1, 3 separated by the
interlayer. This way, trap states are introduced into the
interlayer (designated by the dashed lines) facilitating an
easier transport of electrons and holes in the interlayer
via these trap states.
[0054] As the electroluminescent molecules present in
the interlayer originate from the two emission layers bor-
dering the interlayer, the LUMO and HOMO levels of the
two emission layers adjacent to the interlayer are aligned
with the energy levels of the additional trap levels in the
interlayer. Therefore, the transport of electrons and holes
is significantly improved.
[0055] Fig. 2 shows an energy diagram of an OLED
device with varying thickness of the interlayer. An OLED
device with two electroluminescent emission layers 1, 3

is shown, wherein emission layer 1 emits orange light
and emission layer 3 emits light of the complementary
color blue.
[0056] In Fig. 2A, no interlayer 2 and thus no level align-
ment is present. Since the mobility of holes (depicted by
arrow 4) is better than mobility of electrons of electrons
(depicted by arrows 5) the emission zone is in the emis-
sion layer 3 on the right hand side. Consequently, without
an interlayer, only emission layer 3 will emit light, i.e. blue
light in the present case. Therefore, the charge balance
and thus the position of the recombination zones can be
tuned as a function of the applied voltage.
[0057] Fig. 2B shows an energy diagram of an OLED
device according to the present invention, wherein the
undoped interlayer 2 is of a thickness of about ≥ 2 nm
and about ≤ 3 nm that allows the formation of an interface
region comprising electroluminescent molecules present
in each of the at least two electroluminescent emission
layers 1, 3 separated by the interlayer. Thus, trap states
are produced within the interlayer 2 by doping of the elec-
troluminescent molecules of the adjacent emission lay-
ers 1, 3 into the thin interlayer. Transport of electrons and
holes occurs via trap states introduced into the interlayer.
Since electron mobility in the interlayer is stronger field
dependent than hole mobility, a color tuning as function
of the applied field is possible, for example a change from
3.3 V to 4.5 V. In this case the color of the light of the
OLED device will be tuned from a bluish color to white.
[0058] Fig. 2C shows an energy diagram of an OLED
device, wherein the undoped interlayer 2 is of a thickness
of about 10 nm and poses a barrier for the transport of
holes. Consequently, emission only takes place in emis-
sion layer 1, i.e. orange light is emitted by the OLED
device.
[0059] Fig. 3 schematically shows a stack of an OLED
device according to the invention, wherein three electro-
luminescent emission layers are present, emitting light
of the colors red, green and blue, and wherein an inter-
layer 2 is deposited between the green and the blue emit-
ting layers. The stack comprises 9 layers, starting with
an ITO anode with a thickness of about 100 nm (bottom)
that has been deposited on a substrate (not shown) using
a CVD technique. Stacked onto the ITO anode, the fol-
lowing layers are visible: an α-NPD layer with a thickness
of about 10 nm, an α-NPD: 10% Ir (MDQ)2acac layer
with a thickness of about 10 nm, an TCTA: 15% Ir(ppy)3
layer with a thickness of about 10 nm, a TBPi interlayer
2 with a thickness of about 3 nm, a SpiroDPVBi layer with
a thickness of about 10 nm, a BAlq layer with a thickness
of about 50 nm, a LiF layer with a thickness of about 1
nm, and an Al layer with a thickness of about 100nm.
[0060] Fig. 4 shows a pulsed driving scheme for an
OLED device according to the invention, wherein a series
of rectangular pulses is applied to the color tunable OLED
device. The frequency is set to about 1 kHz. The applied
voltage is varied between 0 V at t2 and about 10 V at t1.
The duty cycle in this example is about 60 %.
[0061] Fig. 5 shows CIE1931 color coordinates x and
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y of a color tunable OLED device according to the inven-
tion, depending on the driving voltage.
[0062] Fig. 5A shows the CIE1931 x-coordinate as
function of duty cycle and voltage of the color tunable
OLED with an interlayer thickness of 3 nm. The color is
independent of the duty cycle which means that color
and brightness can be controlled independently.
[0063] Figure 5B shows the CIE1931 y-coordinate as
function of duty cycle and voltage of the color tunable
OLED. Again, the color is independent of the duty cycle
which means that color and brightness can be controlled
independently.
[0064] In summary, it is evident that that the x and y
CIE1931 color coordinates of the OLED device according
to the invention are independent of the duty cycle and
depend only on the driving voltage (V). Therefore color
and luminance of the color tunable device can be con-
trolled independently. Furthermore, the current and pow-
er efficiency, respectively of an OLED device according
to the present invention, with an interlayer thickness of
3 nm is extremely good at low and high brightness levels
[0065] Fig. 6 shows the luminance of a color tunable
OLED according to the invention as a function of duty
cycle and voltage. As can be seen, it is easily possible
to vary the voltage between 3.6 and 4.5 V and to keep
the luminance at about 1000 Cd/m2 constant by varying
the duty cycle between 90% and 10%. Thus an operation
of the inventive EL device at constant luminance with
different emission color is possible.
[0066] While the invention has been illustrated and de-
scribed in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive; the invention
is not limited to the disclosed embodiments.
[0067] Other variations to the disclosed embodiments
can be understood and effected by those skilled in the
art in practicing the claimed invention, from a study of
the drawings, the disclosure, and the appended claims.
In the claims, the word "comprising" does not exclude
other elements or steps, and the indefinite article "a" or
"an" does not exclude a plurality. The mere fact that cer-
tain measures are recited in mutually different dependent
claims does not indicate that a combination of these
measures cannot be used to advantage. Any reference
signs in the claims should not be construed as limiting
the scope.

Claims

1. An electroluminescent device comprising a sub-
strate, two electrodes, and a stack, the stack com-
prising at least two electroluminescent emission lay-
ers (1, 3) and at least one interlayer (2) disposed
between at least two adjacent electroluminescent
emission layers having different emission colors,
wherein the electroluminescent emission layers (1,
3) comprise electroluminescent molecules, and

wherein the interlayer (2) is an undoped interlayer
and has a thickness of between ≥ 0.5 nm and ≤ 30
nm that allows the formation of an interface region
comprising electroluminescent molecules present in
each of the at least two electroluminescent emission
layers (1, 3) separated by the interlayer, and the mo-
bility of electrons within the interlayer being different
from the mobility of the holes within the interlayer,
and the field dependence of the mobility of the elec-
trons within the interlayer being different from the
field dependence of the mobility of the holes within
the interlayer, the electroluminescent device further
comprising a power and/or voltage source connect-
ed to the electrodes and adapted to provide a vari-
able voltage and/or a pulsed driving scheme to the
electroluminescent device for tuning the color of the
electroluminescent device such that the electrolumi-
nescent device is color tuneable at a constant or a
varying brightness level.

2. The electroluminescent device according to claim 1,
wherein at least one of the electrodes is transparent
or semi-transparent.

3. The electroluminescent device according to claim 1,
wherein the electroluminescent device is an OLED
device comprising at least two electroluminescent
emission layers comprising organic electrolumines-
cent molecules.

4. The electroluminescent according to claim 1,
wherein the emission colors are complementary
colors.

5. The electroluminescent device according to claim 1,
wherein the substrate is selected from the group con-
sisting of a transparent or semi-transparent sub-
strate, a glass substrate, a flexible substrate and/or
a polymer substrate.

6. A light source, lamp, day-light lamp, monitor or tel-
evision comprising the electroluminescent device
according to claim 1.

7. Method for tuning the color of an electroluminescent
device according to claims 4 and 5 or a light source,
lamp, day-light lamp, monitor or television according
to claim 6 at varying brightness of the device, wherein
the voltage applied to the electrodes is changed.

8. Method for tuning the color of an electroluminescent
device according to claims 4 and 5 or a light source,
lamp, day-light lamp, monitor or television according
to claim 6 at constant brightness of the device,
wherein a pulsed driving scheme is applied to the
device.

9. Method of producing an electroluminescent device
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according to claims 1-5 comprising the steps of:

a) providing a substrate; and
b) depositing onto the substrate in the order of
mention: a first electrode, a stack of at least two
electroluminescent emission layers comprising
electroluminescent molecules and having differ-
ent emission colors and an interlayer having a
thickness of between ≥ 0.5 nm and ≤ 30 nm dis-
posed between at least two adjacent emission
layers, and a second electrode,
wherein the interlayer is an undoped interlayer,
and the mobility of electrons within the interlayer
being different from the mobility of the holes
within the interlayer, and the field dependence
of the mobility of the electrons within the inter-
layer being different from the field dependence
of the mobility of the holes within the interlayer
c) providing a power and/or voltage source con-
nected to the electrodes and adapted to provide
a variable voltage and/or a pulsed driving
scheme to the electroluminescent device for
tuning the color of the electroluminescent device
such that the electroluminescent device is color
tuneable at a constant or a varying brightness
level.

Patentansprüche

1. Elektrolumineszente Vorrichtung, umfassend ein
Substrat, zwei Elektroden, und einen Stapel, wobei
der Stapel mindestens zwei elektrolumineszente
Emissionsschichten (1,3) und mindestens eine Zwi-
schenschicht (2) umfasst, die zwischen mindestens
zwei benachbarten elektrolumineszenten Emissi-
onsschichten angeordnet ist, die verschiedene
Emissionsfarben besitzen, wobei die elektrolumi-
neszenten Emissionsschichten (1,3) elektrolumi-
neszente Moleküle umfassen, und wobei die Zwi-
schenschicht (2) eine undotierte Zwischenschicht ist
und eine Dicke von zwischen ≥ 0,5 nm und ≤ 30 nm
besitzt, die die Bildung einer Grenzflächenregion er-
möglicht, die elektrolumineszente Moleküle um-
fasst, die in jeder der mindestens zwei elektrolumi-
neszenten Emissionsschichten (1,3), die durch die
Zwischenschicht getrennt werden, vorhanden sind,
und wobei sich die Beweglichkeit von Elektronen in-
nerhalb der Zwischenschicht von der Beweglichkeit
der Löcher innerhalb der Zwischenschicht unter-
scheidet, und wobei sich die Feldabhängigkeit der
Beweglichkeit der Elektronen innerhalb der Zwi-
schenschicht von der Feldabhängigkeit der Beweg-
lichkeit der Löcher innerhalb der Zwischenschicht
unterscheidet, wobei die elektrolumineszente Vor-
richtung weiter eine Leistungs- und/oder Span-
nungsquelle umfasst, die mit den Elektroden verbun-
den und dazu eingerichtet ist, eine variable Span-

nung und/oder ein impulsförmiges Ansteuerschema
an die elektrolumineszente Vorrichtung bereitzustel-
len zum Abstimmen der Farbe der elektrolumines-
zenten Vorrichtung derart, dass die elektrolumines-
zente Vorrichtung bei einem konstanten oder einem
variierenden Helligkeitspegel in der Farbe abstimm-
bar ist.

2. Elektrolumineszente Vorrichtung nach Anspruch 1,
wobei mindestens eine der Elektroden transparent
oder halbtransparent ist.

3. Elektrolumineszente Vorrichtung nach Anspruch 1,
wobei die elektrolumineszente Vorrichtung eine
OLED-Vorrichtung ist, die mindestens zwei elektro-
lumineszente Emissionsschichten umfasst, die or-
ganische elektrolumineszente Moleküle umfassen.

4. Elektrolumineszente Vorrichtung nach Anspruch 1,
wobei die Emissionsfarben Komplementärfarben
sind.

5. Elektrolumineszente Vorrichtung nach Anspruch 1,
wobei das Substrat ausgewählt ist aus der Gruppe
bestehend aus einem transparenten oder halbtrans-
parenten Substrat, einem Glassubstrat, einem fle-
xiblen Substrat und/oder einem Polymersubstrat.

6. Lichtquelle, Lampe, Tageslichtlampe, Monitor oder
Fernseher, umfassend die elektrolumineszente Vor-
richtung nach Anspruch 1.

7. Verfahren zum Abstimmen der Farbe einer elektro-
lumineszenten Vorrichtung nach den Ansprüchen 4
und 5 oder einer Lichtquelle, Lampe, Tageslichtlam-
pe, eines Monitors oder Fernsehers nach Anspruch
6 bei variierender Helligkeit der Vorrichtung, wobei
die an die Elektroden angelegte Spannung verän-
dert wird.

8. Verfahren zum Abstimmen der Farbe einer elektro-
lumineszenten Vorrichtung nach den Ansprüchen 4
und 5 oder einer Lichtquelle, Lampe, Tageslichtlam-
pe, eines Monitors oder Fernsehers nach Anspruch
6 bei konstanter Helligkeit der Vorrichtung, wobei ein
impulsförmiges Ansteuerschema an die Vorrichtung
angelegt wird.

9. Verfahren zum Herstellen einer elektrolumineszen-
ten Vorrichtung nach den Ansprüchen 1-5, umfas-
send die Schritte des:

a) Bereitstellens eines Substrats; und
b) Abscheidens auf dem Substrat in der Reihen-
folge der Nennung: einer ersten Elektrode, ei-
nes Stapels aus mindestens zwei elektrolumi-
neszenten Emissionsschichten, die elektrolumi-
neszente Moleküle umfassen und verschiedene
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Emissionsfarben besitzen, und einer Zwischen-
schicht, die eine Dicke von zwischen ≥ 0,5 nm
und ≤ 30 nm besitzt, die zwischen mindestens
zwei benachbarten Emissionsschichten ange-
ordnet ist, und einer zweiten Elektrode,
wobei die Zwischenschicht eine undotierte Zwi-
schenschicht ist, und sich die Beweglichkeit von
Elektronen innerhalb der Zwischenschicht von
der Beweglichkeit der Löcher innerhalb der Zwi-
schenschicht unterscheidet, und wobei sich die
Feldabhängigkeit der Beweglichkeit der Elektro-
nen innerhalb der Zwischenschicht von der
Feldabhängigkeit der Beweglichkeit der Löcher
innerhalb der Zwischenschicht unterscheidet
c) Bereitstellens einer Leistungs- und/oder
Spannungsquelle, die mit den Elektroden ver-
bunden und dazu eingerichtet ist, eine variable
Spannung und/oder ein impulsförmiges Ansteu-
erschema an die elektrolumineszente Vorrich-
tung bereitzustellen zum Abstimmen der Farbe
der elektrolumineszenten Vorrichtung derart,
dass die elektrolumineszente Vorrichtung bei ei-
nem konstanten oder einem variierenden Hel-
ligkeitspegel in der Farbe abstimmbar ist.

Revendications

1. Dispositif électroluminescent comprenant un subs-
trat, deux électrodes et une pile, la pile comprenant
au moins deux couches d’émission électrolumines-
centes (1, 3) et au moins une couche intermédiaire
(2) disposée entre au moins deux couches d’émis-
sion électroluminescentes adjacentes ayant diffé-
rentes couleurs d’émission, dans lequel les couches
d’émission électroluminescentes (1, 3) compren-
nent des molécules électroluminescentes et dans le-
quel la couche intermédiaire (2) est une couche in-
termédiaire non dopée et a une épaisseur comprise
entre ≥ 0,5 nm et ≤ 30 nm qui permet la formation
d’une région d’interface comprenant des molécules
électroluminescentes présente dans chacune des
au moins deux couches d’émission électrolumines-
centes (1, 3) séparées par la couche intermédiaire,
et la mobilité des électrons au sein de la couche in-
termédiaire étant différente de la mobilité des trous
au sein de la couche intermédiaire et la dépendance
au champ de la mobilité des électrons au sein de la
couche intermédiaire étant différente de la dépen-
dance au champ de la mobilité des trous au sein de
la couche intermédiaire, le dispositif électrolumines-
cent comprenant en outre une source d’énergie et/ou
de tension connectée aux électrodes et adapté pour
fournir une tension variable et/ou un schéma de com-
mande pulsé au dispositif électroluminescent pour
ajuster la couleur du dispositif électroluminescent de
sorte que le dispositif électroluminescent puisse être
ajusté en couleur à un niveau de brillance constant

ou variable.

2. Dispositif électroluminescent selon la revendication
1,
dans lequel au moins l’une des électrodes est trans-
parente ou semi-transparente.

3. Dispositif électroluminescent selon la revendication
1,
dans lequel le dispositif électroluminescent est un
dispositif à diode électroluminescente organique
(DELO) comprenant au moins deux couches d’émis-
sion électroluminescentes comprenant des molécu-
les électroluminescentes organiques.

4. Dispositif électroluminescent selon la revendication
1,
dans lequel les couleurs d’émission sont des cou-
leurs complémentaires.

5. Dispositif électroluminescent selon la revendication
1,
dans lequel le substrat est choisi dans le groupe
constitué d’un substrat transparent ou semi-trans-
parent, d’un substrat de verre, d’un substrat souple
et/ou d’un substrat de polymère.

6. Source de lumière, lampe, lampe solaire, moniteur
ou télévision comprenant le dispositif électrolumi-
nescent selon la revendication 1.

7. Procédé d’ajustement de la couleur d’un dispositif
électroluminescent selon les revendications 4 et 5
ou d’une source de lumière, d’une lampe, d’une lam-
pe solaire, d’un moniteur ou d’une télévision selon
la revendication 6 à brillance variable du dispositif,
dans lequel la tension appliquée aux électrodes est
modifiée.

8. Procédé d’ajustement de la couleur d’un dispositif
électroluminescent selon les revendications 4 et 5
ou d’une source de lumière, d’une lampe, d’une lam-
pe solaire, d’un moniteur ou d’une télévision selon
la revendication 6 à brillance constante du dispositif,
dans lequel un schéma de commande pulsé est ap-
pliqué au dispositif.

9. Procédé de production d’un dispositif électrolumi-
nescent selon les revendications 1 à 5, comprenant
les étapes consistant à :

a) fournir un substrat ; et
b) déposer sur le substrat dans l’ordre suivant :
une première électrode, une pile d’au moins
deux couches d’émission électroluminescentes
comprenant des molécules électroluminescen-
tes et ayant des couleurs d’émission différentes
et une couche intermédiaire ayant une épais-
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seur comprise entre ≥ 0,5 nm et ≤ 30 nm dispo-
sée entre au moins deux couches d’émission
adjacentes, et une seconde électrode,
dans lequel la couche intermédiaire est une cou-
che intermédiaire non dopée et la mobilité des
électrons au sein de la couche intermédiaire est
différente de la mobilité des trous au sein de la
couche intermédiaire et la dépendance au
champ de la mobilité des électrons au sein de
la couche intermédiaire est différente de la dé-
pendance au champ de la mobilité des trous au
sein de la couche intermédiaire,
c) fournir une source d’énergie et/ou de tension
connectée aux électrodes et adaptée pour four-
nir une tension variable et/ou un schéma de
commande pulsé au dispositif électrolumines-
cent pour ajuster la couleur du dispositif électro-
luminescent de sorte que le dispositif électrolu-
minescent puisse être ajusté en couleur à un
niveau de brillance constant ou variable.
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