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Novel color converters

The present invention has for its subject matter color converters comprising at least one layer
comprising at least one organic fluorescent colorant and at least one barrier layer having a low
permeability to oxygen.

The invention further provides illumination devices comprising at least one LED and at least one
color converter comprising at least one layer comprising at least one organic fluorescent
colorant and at least one barrier layer having a low permeability to oxygen.

The invention further provides solar cells comprising a color converter comprising at least one
layer comprising at least one organic fluorescent colorant and at least one barrier layer having a
low permeability to oxygen.

Color converters are devices which are capable of absorbing light of particular wavelengths and
converting it to light of other wavelengths.

Color converters play a role in various industrial applications, such as in illumination devices
comprising light-emitting diodes (LEDs) or in solar cells based on organic fluorescent dyes.

Light-emitting diodes (LEDs) are playing an increasingly important role in illumination
technology since they have a comparatively long lifetime and a very good energy efficiency. The
emission of light therefrom is based on the recombination of electron-hole pairs (excitons) in the
junction area of a forward-biased semiconductor pn junction. The size of the band gap of this
semiconductor determines the approximate wavelength. LEDs can be produced in various
colors.

Stable and energy-efficient blue LEDs can produce white light by color conversion. According to
a known method for this purpose, a polymeric material comprising a fluorescent colorant is
applied directly to the LED light source (LED chip).

Frequently, the polymeric material is supplied to the LED chip in approximately droplet or
hemispherical form, as a result of which particular optical effects contribute to the emission of
light. Such structures in which fluorescent colorants in a polymeric matrix are applied directly
and without intervening space to an LED chip are also referred to as "phosphor on a chip”. In
phosphor on a chip LEDs, the fluorescent colorants used to date have generally been inorganic
materials. The fluorescent colorants, which may consist, for example, of cerium-doped yttrium
aluminum garnet, absorb a certain proportion of blue light and emit longer-wave light with a
broad emission band, such that the mixing of the blue light transmitted and of the light emitted
gives rise to white light.

In order to improve the color reproduction of such illumination elements, it is additionally
possible to incorporate a red-emitting diode as well as the white light diode described. This can
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produce light which many people perceive to be more pleasant. However, this is more
technically complicated and more costly.

In phosphor on a chip LEDs, the polymeric material and the fluorescent colorant are subject to
relatively high thermal and radiative stress. For this reason, organic fluorescent colorants have
to date not been suitable for use in phosphor on a chip LEDs. Organic fluorescent dyes can in
principle generate good color reproduction through their broad emission bands. However, they
have to date not been stable enough to cope with the stresses in the case of direct arrangement
on the LED chip. There is no clarity to date as to the decomposition mechanism of the organic
fluorescent dyes and as of the direct cause for the inadequate stability thereof.

In order to produce white light by color conversion from blue light, there is a further concept in
which the color converter (also referred to simply as "converter"), which generally comprises a
carrier and a polymer layer, is at a certain distance from the LED chip. Such a structure is
referred to as "remote phosphor".

The spatial distance between the primary light source, the LED, and the color converter reduces
the stress resulting from heat and radiation to such an extent that the requirements on the
stability can be achieved by suitable organic fluorescent dyes. Furthermore, LEDs according to
the "remote phosphor" concept are even more energy-efficient than those according to the
"phosphor on a chip" concept.

The use of organic fluorescent dyes in these color converters offers various advantages. Firstly,
organic fluorescent dyes are much higher-yielding due to their significantly higher mass-specific
absorption, which means that considerably less material is required for efficient radiation
conversion than in the case of inorganic radiation converters. Secondly, they enable good color
reproduction and are capable of producing pleasant light. Furthermore, they do not require any
materials comprising rare earths, which have to be mined and provided in a costly and
inconvenient manner and are available only to a limited degree.

It is therefore desirable to provide color converters which comprise organic fluorescent dyes and
have a long lifetime.

DE 10 2008 057 720 A1 describes the concept of remote phosphor LEDs and discloses, as well
as a conversion layer comprising inorganic radiation conversion luminophores, the use of
organic radiation conversion luminophores embedded into a polymeric matrix. The polymeric
matrices mentioned are, for example, silicones, epoxides, acrylates or polycarbonates.

US 2010/0230693 A1 describes illumination devices in which fluorescent colorants are
encapsulated in a lenticular shape by silicone materials. However, the use of organic
fluorescent colorants is not disclosed.
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US 2010/0291313 A1 describes illumination devices in which LED inorganic fluorescent
colorants are present in a remote phosphor arrangement.

JP 2007/273498 describes color converters in which fluorescent colorants are dispersed in a
resin and sealed with a film having an oxygen permeability of less than 10 mL /m? *d and a
water vapor permeability of less than 1 mL/m2 * d. The use of organic fluorescent colorants is
not disclosed.

JP 2007/207532 describes illumination devices comprising a color converter in which
fluorescent colorants are dispersed in a resin and sealed with polymer having low oxygen
permeability. The use of organic fluorescent colorants is not disclosed.

EP 1927141 discloses fluorescence conversion solar cells comprising terrylene fluorescent
dyes.

It was an object of the present invention to provide color converters based on organic
fluorescent colorants which do not have the disadvantages of the prior art and which especially
have a long lifetime.

In addition, illumination devices and solar cells comprising such color converters were to be
provided.

The object is achieved by the color converters, illumination devices and solar cells specified at
the outset.

Inventive color converters comprise at least one organic fluorescent colorant embedded in a
polymeric matrix.

Fluorescent colorants include all materials which are capable of absorbing light of a particular
wavelength and converting it to light of another wavelength.

Such materials are also referred to as phosphors or radiation conversion luminophores.

According to the selection of the fluorescent colorants and of the wavelength absorbed, it is
possible that inventive color converters emit light in a great variety of colors. In many cases,
however, the aim is to obtain white light.

Organic fluorescent colorants may be organic fluorescent pigments or organic fluorescent dyes.

Suitable organic fluorescent colorants are in principle all organic dyes or pigments which can
absorb light of a particular wavelength and convert it to light of other wavelengths, which can be
dissolved or distributed homogeneously in a polymeric matrix and which have a sufficient
stability to thermal and radiative stress.
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Typically, suitable organic pigments have a mean particle size to DIN 13320 of 0.01 to 10 ym,
preferably 0.1 to 1 pm.

Suitable organic fluorescent dyes fluoresce in the visible region of the spectrum and are, for
example, the green-, orange- or red-fluorescing fluorescent dyes listed in the Color Index.
Further suitable organic fluorescent dyes fluoresce in the visible region of the spectrum and are,
for example, the yellow- or greenish-yellow-fluorescing fluorescent dyes listed in the Color
Index. The terms “greenish-yellow-fluorescing” and “yellowish-green-fluorescing” will be used
synonymously here and hereinbelow.

Preferred organic fluorescent dyes are functionalized naphthalene or rylene derivatives.

Preferred naphthalene derivatives are green-, orange- or red-fluorescing fluorescent dyes
comprising a naphthalene unit. Further preferred naphthalene derivatives are yellow- or
greenish-yellow-fluorescent dyes comprising a naphthalene unit.

Preference is additionally given to naphthalene derivatives bearing one or more substituents
selected from halogen, cyano, benzimidazole, or radicals bearing one or more carbonyl
functions. Suitable carbonyl functions are, for example, carboxylic esters, dicarboximides,
carboxylic acids, carboxamides.

Preferred rylene derivatives comprise a perylene unit. A preferred embodiment involves green-,
orange- or red-fluorescing perylenes.

Preference is given to perylene derivatives which bear one or more substituents selected from
halogen, cyano, benzimidazole, or radicals bearing one or more carbonyl functions. Suitable
carbonyl functions are, for example, carboxylic esters, carboximides, carboxylic acids,
carboxamides.

Preferred perylene derivatives are, for example, the perylene derivatives specified in
WO 2007/006717 at page 1 line 5 to page 22 line 6.

In a particularly preferred embodiment, suitable organic fluorescent dyes are perylene
derivatives selected from the formulae Il to VI
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where R'is a linear or branched C+-C1s alkyl radical, a C4-Cs cycloalkyl radical which may be
mono- or polysubstituted by halogen or by linear or branched C+—Cis alkyl, or phenyl or naphthyl
which may be mono- or polysubstituted by halogen or by linear or branched C4 — C1s alkyl.

In one embodiment, R in the formulae Il to VI represents compounds with what is called
swallowtail substitution, as specified in WO 2009/037283 A1 at page 16 line 19 to page 25 line

8. In a preferred embodiment, R" is a 1-alkylalkyl, for example 1-ethylpropyl, 1-propylbutyl,
1-butylpentyl, 1-pentylhexyl or 1-hexylheptyl.

In the formulae Il to VI, X represents substituents in the ortho and/or para position. X is
preferably linear or branched C4 to Cigalkyl.
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y" indicates the number of substituents X. "y" is a number from 0 to 3, e.g. 0, 1, 2 or 3.

More preferably, R! in the formulae Il to VI is 2,4-di(tert-butyl)phenyl or 2,6-disubstituted phenyl,
especially preferably 2,6-diphenylphenyl, 2,6-diisopropylphenyl.

Especially preferably, X is tert-butyl in the ortho/para position and/or secondary alkyl, especially
isopropyl, in the ortho positions, or phenyl in the ortho positions.

In a preferred aspect of this embodiment, suitable organic fluorescent dyes are selected from
10  N,N’-bis(2,6-diisopropylphenyl)-1,7-di(2,6-diisopropylphenoxy)perylene-3,4:9,10-
tetracarboximide, N,N’-bis(2,6-diisopropylphenyl)-1,6-di(2,6-diisopropylphenoxy)perylene-
3,4:9,10-tetracarboximide, and mixtures thereof. In a further aspect of this embodiment, the
organic fluorescent dye is 9-cyano-N-(2,6-di(isopropyl)phenyl)perylene-3,4-dicarboxylic
monoimide.
15
A further suitable organic fluorescent dye in this embodiment is a dye of the formula VI, for
example N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-
tetracarboximide (Lumogen® Red 300).

20  In afurther particularly preferred embodiment, suitable organic fluorescent dyes are perylene
derivatives selected from the formulae VIl to X,

1

R R’ 1
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O F° 0.0 c|> 0
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O O CN
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25 where R'in the formulae VII to X is a linear or branched C4-C1s alkyl radical, a C4-Cs cycloalkyl
radical, which may be mono- or polysubstituted by halogen or by linear or branched C1-C+s
alkyl, or phenyl or naphthyl which may be mono- or polysubstituted by halogen or by linear or
branched C1—C1s alkyl.
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In one embodiment, R' in the formulae VIl to X represents compounds with what is called
swallowtail substitution, as specified in WO 2009/037283 A1 at page 16 line 19 to page 25 line
8. In a preferred embodiment, R" is a 1-alkylalkyl, for example 1-ethylpropyl, 1-propylbutyl,
1-butylpentyl, 1-pentylhexyl or 1-hexylheptyl.

Especially preferably, R in the formulae VIl to X is linear or branched C1 to Cs alkyl, especially
n-butyl, sec-butyl, 2-ethylhexyl. R' is preferably also isobutyl.

In a specific aspect of this embodiment, the suitable organic fluorescent dye is selected from
3,9-dicyanoperylene-4,10-bis(isobutyl carboxylate), 3,10-dicyanoperylene-4,9-bis(isobutyl
carboxylate) and mixtures thereof. In a further aspect of this embodiment, the organic
fluorescent dye is also selected from 3,9-dicyanoperylene-4,10-bis(sec-butylcarboxylate),
3,10-dicyanoperylene-4,9-bis(sec-butylcarboxylate) and mixtures thereof.

Further preferred fluorescent dyes are Disperse Yellow 199, Solvent Yellow 98, Disperse Yellow
13, Disperse Yellow 11, Disperse Yellow 239, Solvent Yellow 159.

In a preferred embodiment, the color converter comprises at least one organic fluorescent dye
selected from N,N’-bis(2,6-diisopropylphenyl)-1,7-di(2,6-diisopropylphenoxy)perylene-3,4:9,10-
tetracarboximide, N,N’-bis(2,6-diisopropylphenyl)-1,6-di(2,6-diisopropylphenoxy)perylene-
3,4:9,10-tetracarboximide, 3,9-dicyanoperylene-4,10-bis(isobutyl carboxylate),
3,10-dicyanoperylene-4,9-bis(isobutyl carboxylate), 3,9-dicyanoperylene-4,10-bis(sec-
butylcarboxylate), 3,10-dicyanoperylene-4,9-bis(sec-butylcarboxylate), 9-cyano-N-(2,6-
di(isopropyl)phenyl)perylene-3,4-dicarboxylic monoimide, N,N'-bis(2,6-diisopropylphenyl)-
1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboximide and mixtures thereof. In a specific
embodiment, the converter comprises a mixture of 3,9-dicyanoperylene-4,10-bis(isobutyl
carboxylate), 3,10-dicyanoperylene-4,9-bis(isobutyl carboxylate) and N,N'-bis(2,6-
diisopropylphenyl)-1,6,7,12-tetraphenoxyperylene-3,4:9,10-tetracarboximide.

In a preferred embodiment, color converters comprise at least two different organic fluorescent
dyes. For example, a green-fluorescing fluorescent dye can be combined with a red-fluorescing
fluorescent dye. Green-fluorescing fluorescent dyes are especially understood to mean those
yellow dyes which absorb blue light and emit green or yellowish-green fluorescent light. Suitable
red dyes either directly absorb the blue light of the LED or absorb the green light emitted by the
other dyes present and emit red fluorescent light.

In a last preferred embodiment, inventive color converters comprise only a single organic
fluorescent dye, for example an orange fluorescent dye.

According to the invention, the organic fluorescent colorants are embedded into a matrix of an
organic polymer.

If the organic fluorescent colorants are pigments, they are generally dispersed in the matrix.
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Organic fluorescent dyes may either be dissolved in the organic polymer or be in the form of a
homogeneously distributed mixture. The organic fluorescent dyes are preferably dissolved in
the organic polymer.

Suitable matrix materials are all polymers in which the fluorescent colorants can be dissolved or
distributed homogeneously.

Suitable matrix materials are, for example, polystyrene, polycarbonate, polymethyl
methacrylate, polyvinylpyrrolidone, polymethacrylate, polyacrylate, polyvinyl acetate, polyvinyl
chloride, polybutene, polyethylene glycol or epoxy resins. Further suitable matrix materials are
polyester such as polybutylene terephthalate (PBT), polybutylene naphthalate (PBN),
polyethylene terephthalate (PET) or polyethylene naphthalate (PEN).

In one embodiment, the matrix materials are organic polymers which consist essentially of
polystyrene and/or or polycarbonate. Suitable polystyrenes or polycarbonates include those
polymers as disclosed in the application with reference number EP 11155901.9 (now
PCT/EP2012/053102) which was yet to be published at the priority date of the present
application.

Suitable matrix materials may comprise, as further constituents, additives, such as flame
retardants, antioxidants, light stabilizers, free-radical scavengers, antistats. Such stabilizers are
known to those skilled in the art.

In a preferred embodiment of the invention, suitable polystyrenes or polycarbonates do not
comprise any antioxidants or free-radical scavengers.

In one embodiment of the invention, the at least one matrix material comprises transparent
polymers.

In another embodiment, the at least one matrix material comprises opague polymers.

In one embodiment, suitable matrix materials have been mechanically reinforced with glass
fibers.

For the execution of the invention, the geometric arrangement in which the matrix comprising
organic fluorescent colorants is present is not crucial. The matrix comprising organic fluorescent
colorants may, for example, be in the form of films, sheets or plates.

It is likewise possible for the matrix comprising organic fluorescent colorants to be present in
droplet or hemispherical form, or in the form of lenses with convex and/or concave, flat or
spherical surfaces.
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When inventive color converters comprise more than one fluorescent colorant, it is possible in
one embodiment of the invention for several fluorescent colorants to be present alongside one
another in one layer.

In another embodiment, the different fluorescent colorants are present in different layers.

In one embodiment of the invention, the polymer layers (matrices) comprising organic
fluorescent dye are 25 to 200 micrometres in thickness, preferably 35 to 150 um and more
preferably 50 to 100 pm.

In another embodiment, the polymer layers comprising organic fluorescent dye are 0.2 to
5 millimetres in thickness, preferably 0.3 to 3 mm, more preferably 0.4 to 2 mm, e.g. 0.4 to
1 mm.

In a preferred embodiment, the layers of the inventive color converters are continuous and do
not have any holes or interruptions, such that light emitted by the LED must in any case pass
through a matrix or layer comprising organic fluorescent colorant.

The concentration of the organic fluorescent dyes in the matrix material depends on factors
including the thickness of the polymer layer. If a thin polymer layer is used, the concentration of
the organic fluorescent dye is generally higher than in the case of a thick polymer layer.

Typically, the total concentration of the organic fluorescent dyes is 0.0002 to 0.5% by weight,
e.g. 0.001 to 0.5% by weight, or 0.002 to 0.1% by weight, more preferably 0.0005 to 0.1% by
weight, in particular 0.001 to 0.05% by weight, e.g. 0.005 to 0.05% by weight, based in each
case on the amount of the polymer.

Organic pigments are generally used in a concentration of 0.001 to 0.5% by weight, preferably
0.002 to 0.2% by weight, more preferably 0.005 to 0.2% by weight, even more preferably 0.005
to 0.1% by weight, e.g. 0.01 to 0.1% by weight, based in each case on the amount of the
polymer.

In a preferred embodiment, at least one of the layers or matrices comprising organic fluorescent
dye comprises scattering bodies for light.

In a further preferred embodiment of the multilayer structure, several layers comprising
fluorescent dyes and one or more layers comprising scatterers without fluorescent dye are
present.

Suitable scattering bodies are inorganic white pigments, for example titanium dioxide, barium
sulfate, lithopone, zinc oxide, zinc sulfide, calcium carbonate with a mean particle size to
DIN 13320 of 0.01 to 10 um, preferably 0.1 to 1 um, more preferably 0.15 to 0.4 pm.
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Scattering bodies are included typically in an amount of 0.01 to 2.0% by weight, preferably 0.05
to 0.5% by weight, more preferably 0.1 to 0.4% by weight, based in each case on the polymer of
the layer comprising scattering bodies.

Inventive color converters further comprise at least one barrier layer.

A barrier layer is understood to mean a layer having a low permeability to oxygen. Suitable
barrier layers may themselves have a multilayer structure. The multilayer structure can be a
two-layer structure, three-layer structure, four-layer structure, five-layer structure or more than
five-layer structure.

Suitable barrier layers generally have permeability to oxygen of less than 100 mL /m? * d,
preferably less than 1 mL /m2 * d, more preferably less than 0.1 mL /m?2 * d, even more
preferably less than 0.01 mL /m? * d and especially preferably less than 0.001 mL /m? * d.

The permeability of the barrier layer is determined by the thickness of the layer and the specific
oxygen permeability of the barrier material.

Barrier layers preferably consist essentially of at least one barrier material with a low specific
oxygen permeability.

Suitable barrier materials generally have a specific permeability to oxygen of less than 1000 mL
* 100 uym /m2 * d, preferably less than 1 mL /m2 * d, more preferably less than 0.1 mL /mZ.

The at least one barrier layer consists essentially of at least one barrier material selected from
glass, metal oxides different from glass and at least one polymer.

Particularly preferred barrier materials are glass, quartz, metal oxides, SiO», titanium nitride,
SiOz/metal oxide multilayer materials, polyvinyl alcohol, polyacrylonitrile, polyvinylidene chloride
(PVDCQC), liquid-crystal polymers (LCP), polystyrene-acrylonitrile (SAN), polybutylene
terephthalate (PBT), polyethylene terephthalate (PET), polybutylene naphthalate (PBN),
polyethylene naphthalate (PEN), polyvinyl butyrate (PVB), polyvinyl chloride (PVC), polyamides,
polyimides, polyetherimides, polyoxymethylenes, epoxy resins or mixtures thereof. Further
preferred barrier materials are polybutylene naphthalate (PBN), polyethylene naphthalate (PEN)
and polymers derived from ethylene vinyl acetate (EVA) and from ethylene vinyl alcohol
(EVOH). Further preferred barrier materials are inorganic-organic hybrid polymers, such as
ormocers®© brands, trademark of the Fraunhofer-Gesellschaft zur Forderung der angewandten
Forschung e.V. Munich, Germany.

Further preferred barrier materials are by physical vapor processes (PVD) produced tantalum-
based barrier layers, by chemical vapor processes (CVD) produced SiOx barrier layers and
SiOx:Na barrier layers deposited by the sol/gel method.
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Glass is understood in this context to mean, for example, materials as described, for example,
in Hollemann-Wiberg, Lehrbuch der anorganischen Chemie [Inorganic Chemistry], 91st - 100th
edition, 1985, p. 779 — 783.

Suitable metal oxides are, for example, colorless metal oxides. These are preferably aluminum
oxide, zirconium oxide, zinc oxide or barium oxide. Further preferred metal oxides are
magnesium oxide, hafnium oxide or tantal oxide. SiO, and metal oxides are generally applied by
PVD processes or sputtering.

SiOz/metal oxide multilayer systems in this context include systems which have more than one
coating each of silicon dioxide and metal oxide one on top of another. Suitable metal oxides are,
for example, aluminum oxide. Suitable SiO2/metal oxide multilayer systems typically comprise
more than 2 of each, preferably more than 10 of each, of coatings of SiO, and metal oxide.

Tantalum-based barrier layers (e.g. TaSiO) can be deposited by PVD processes with the aid of
cathode atomization ("sputtering"). This is a process for physical deposition from the gas phase
(PVD), in which material is removed from the target by ion bombardment and is deposited on

the substrate as a layer. The layers thus prepared are a few hundred nanometers in thickness.

SiOx barrier layers can be produced by CVD processes be deposited with the aid of microwave
plasma-promoted chemical deposition from the gas phase (MWPECVD). For this purpose, an
organic precursor substance (hexamethyldisiloxane) is decomposed under the action of plasma
and converted chemically to SiOx on the substrate with other reactants (e.g. oxygen). The
layers deposited are a few micrometers in thickness.

SiOx:Na barrier layers can be deposited by the sol-gel method in a dip-coating process. This is
a method of wet-chemical deposition from the liquid phase. This involves catalytic hydrolysis of
an organosilane sol and subsequent thermal conversion to SiOx on the substrate. The layers
used here too are a few micrometers in thickness.

Glass is especially preferred.
When barrier materials with a low specific oxygen permeability are used, the thickness of the
barrier layer may be lower than in the case of barrier materials with a relatively higher specific

oxygen permeability.

In general, barrier layers have a thickness of 0.01 um to 5 mm, preferably 0.1 um to 1000 um
and more preferably 1 um to 100 pm.

Barrier layers of glass preferably have a thickness of 0.01 to 5000 um and more preferably of
0.1 to 1000 um.
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Barrier layers of organic polymers generally have a thickness of 0.01 to 1000 um and preferably
0.1 to 200 ym, in particular 60 to 150 pym, e.g. 0.1 to 100 pm.

In a preferred embodiment of the invention, barrier layers, in addition to a low permeability to
oxygen, have a low permeability to water vapour. Typically, the permeability of the at least one
barrier layer to water vapour is less than 10 g /m?2 * d, preferably less than 1 g /m? * d, more
preferably less than 0.1 g /m? * d, even more preferably less than 0.01 g /m? * d and especially
preferably less than 0.001 g /m? * d.

Barrier layers are generally of homogeneous thickness. However, it is possible that the barrier
layers in different regions of the barrier layer have different thicknesses. For example, through
specific geometric shapes of the barrier layers, optical effects such as lens effects can be
utilized.

In general, barrier layers have the geometric shape of the layer of the color converter with which
they are in contact. However, this is not absolutely necessary, provided that it is ensured that
the barrier layer prevents the ingress of oxygen to the layers comprising fluorescent colorants.

Inventive color converters have at least one barrier layer on the top side of the color converter.
In LED-comprising illumination devices, the top side of the color converter faces away from the
LED and the bottom side of the color converter faces the LED. In solar cells, the top side faces
the sun. It is essential to the invention that the ingress of oxygen from the atmosphere to the
layer comprising fluorescent dye is prevented.

When inventive color converters do not comprise a barrier layer on the bottom side of the color
converter, a medium preferably present on the bottom side of the color converter has an oxygen
content of less than 5% by weight, preferably less than 1% by weight, more preferably less than
0.1% by weight. The medium may, for example, comprise gases such as nitrogen, helium,
neon, argon, krypton, xenon, carbon dioxide, sulfur hexafluoride, hydrocarbon, or other
substances which do not have oxidizing action with respect to the fluorescent colorant.

If there is no barrier layer on the bottom side of the color converter, the diffusion or transport of
gases from the atmosphere to the bottom side of the converter, in a preferred embodiment, is
prevented by the oxygen-tight sealing of the space on the bottom side of the color converter.

In a preferred embodiment of the invention, inventive color converters have at least one barrier
layer both on the top and bottom side. The layer comprising at least one fluorescent colorant is
then enveloped in a sandwich-like manner by barrier layers.

In a further preferred embodiment, the layer comprising at least one organic fluorescent colorant
is surrounded on all sides by at least one barrier layer.
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It is likewise possible that color converters have several barrier layers on the same side of the
converter.

When inventive color converters comprise more than just one barrier layer, these may consist of
the same or different barrier materials. It is likewise possible that one barrier layer comprises
several barrier materials. It is likewise possible that one barrier layer itself has a multilayer
structure. The multilayer structure comprises at least one oxygen barrier layer and a further
layer. Further layer(s) can act as barrier for water vapour. In addition, further layers may allow
heatsealing of the top and bottom barrier layers. According to one aspect of the invention, the
further layer is an organic polymer, preferably a thermoplastic resin such as a polyolefin, e.g.
polyethylene (PE) or polypropylene (PP). According to a further aspect, the oxygen barrier layer
is embedded within at least two layers. Preferably, the oxygen barrier layer is embedded within
at least two layers of organic polymers. According to a specific aspect, the barrier layer has a
multilayer structure with outer layers made of a thermoplastic resin and at least one
intermediate layer having a low permeability to oxygen. Examples of suitable multilayer barrier
films are: ESCAL™ films, composed of PP/ metal oxide coated PVA (polyvinyl alcohol)/ PE,
supplier Dry& Safe, Oensingen, Switzerland; Saranex™ films (available from Dow, USA), which
are multilayer blown coextruded films with polyolefin skin layers and a PVDC (polyvinylidene
chloride) barrier layer; and, EVAL™ EVOH (ethylene vinyl alcohol) copolymer resins supplier
EVAL Europe nv, Antwerpen, Netherlands.

Inventive color converters may optionally comprise further constituents, such as a carrier layer.

Carrier layers serve to impart mechanical stability to the color converter. The type of material of
the carrier layers is not crucial, provided that it is transparent and has the desired mechanical

strength. Suitable materials for carrier layers are, for example, glass or transparent rigid organic
polymer, such as polycarbonate, polystyrene or polymethacrylates or polymethyl methacrylates.

Carrier layers generally have a thickness of 0.1 mm to 10 mm, preferably 0.3 mm to 5 mm,
more preferably 0.5 mm to 2 mm.

Compared to those according to the prior art, inventive color converters exhibit a long lifetime
and a high quantum yield, and emit pleasant light with good color reproduction.

Inventive color converters are suitable, for example, for the conversion of light produced by
LEDs. The invention therefore further provides illumination devices comprising at least one LED
and at least one inventive color converter.

The LEDs of technical relevance are frequently blue LEDs which emit light with a peak
wavelength of, for example, 420 to 480 nm, more preferably 440 to 470 nm, most preferably
445 to 460 nm.
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Inventive color converters can be used in illumination devices in combination with LEDs in
virtually any geometric shape and irrespective of the structure of the illumination device.

Preferably, inventive color converters are used in a remote phosphor structure. In this case, the
color converter is spatially separated from the LED. In general, the distance between LED and
color converter is from 0.1 cm to 50 ¢cm, preferably 0.2 to 10 cm and most preferably 0.5 to 3,
e.g. 0.5 to 2 cm. Between color converter and LED may be different media, such as air, noble
gases, nitrogen or other gases, or mixtures thereof.

The color converter may, for example, be arranged concentrically around the LED or as a flat
layer, plate or sheet.

Inventive illumination devices are suitable, for example, for illumination indoors, outdoors, of
offices, of vehicles, in torches, games consoles, street lights, illuminated traffic signs.

The invention further provides fluorescence conversion solar cells comprising inventive color
converters.

Examples

Materials used:

Polymer 1: transparent homopolymer of methyl methacrylate having a Vicat softening
temperature of 96°C to DIN EN ISO 306, (Plexiglas® 6N from Evonik)

Polymer 2: transparent polystyrene based on a homopolymer of styrene having a density of
1048 kg/m?® and a Vicat softening temperature of 98°C to DIN EN ISO 306 (PS 168 N from
BASF SE)

Dye 1: greenish-yellow-fluorescing fluorescent dye consisting of a mixture of 3,9-
dicyanoperylene-4,10-bis(isobutyl carboxylate) and 3,10-dicyanoperylene-4,9-bis(isobutyl
carboxylate).

Dye 2: yellow -fluorescing fluorescent dye with the name
9-Cyano-N-(2,6-diisopropylphenyl)perylene-3,4-dicarboxylic monoimide.

Dye 3: red-fluorescing fluorescent dye with the name N,N'-bis(2,6-diisopropylphenyl)-1,6,7,12-
tetraphenoxyperylene-3,4:9,10-tetracarboximide.

Barrier material 1: plates of borosilicate glass of thickness 1 mm with an area of 3 cm x 3 cm.
Barrier material 2: barrier film ESCAL™ (composed of polypropylene (PP)/ metal oxide coated

PVA (polyvinyl alcohol)/ polyethylene (PE), film thickness: approx. 112 um), supplier Dry&Safe
GmbH, Oensingen, Switzerland.
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Barrier material 3: barrier film Saranex™ (available from Dow, USA), which are multilayer blown
coextruded films with polyolefin skin layers and a PVDC (polyvinylidene chloride) barrier layer;
film thickness 102 ym.

Barrier material 4: EVAL™ L films, ethylene vinyl alcohol (EVOH) copolymer films, supplier
EVAL Europe nv, Antwerpen, Netherlands.

Titanium dioxide: TiO> rutile pigment by the sulfate process with a mean scattering power to DIN
53165 of 94.0 to 100 (Kronos® 2056 from Kronos Titan)

Exposure of the samples:

The samples were exposed with a self-constructed exposure apparatus composed of 16
commercially available GaN-LEDs of the Rebel™ series (from Lumileds Lighting, wavelength
approx. 451 nm). Two light-scattering plates of opal glass were arranged in front of the
exposure apparatus. The luminance at each sample position was homogenously distributed and
approx. 0.08 W/cm2,

Determination of the photostability of the samples:

For analysis, the samples were removed from the exposure stations and analyzed in the
C9920-02 quantum yield measuring system (from Hamamatsu). This involved illuminating each
of the samples in an integrating sphere (Ulbricht sphere) with light of 450 to 455 nm. By
comparison with the reference measurement in the Ulbricht sphere without sample, the non-
absorbed fraction of the excitation light and the fluorescent light emitted by the sample are
determined by means of a calibrated CCD spectrometer. Integration of the intensities over the
non-absorbed excitation light or over the emitted fluorescent light gives the degree of absorption
or fluorescence intensity or fluorescence quantum yield of each sample.

Each of the specimens was exposed constantly over a period of 20 days and removed from the
exposure apparatus only to determine the degree of absorption, the fluorescence intensity and
the fluorescence quantum yield of the color converters.

Production of the color converters 1-4:

Approx. 2.5 g of polymer and the desired amount of dye were dissolved in approx. 5 mL of
methylene chloride, and 0.5% by weight of TiO», based on the amount of polymer used was
dispersed therein. The resulting solution/dispersion was coated onto a glass surface with a box-
type coating bar (wet film thickness 400 um). After the solvent had dried off, the film was
detached from the glass and dried at 50°C in a vacuum drying cabinet overnight.

Two circular film pieces each with a diameter of 22 mm were punched out of this film, and then

served as test samples.

Encapsulation with glass:
The thus obtained film pieces were transferred with the barrier material 1 into a nitrogen-filled
glovebox. After about 2 hours, the film pieces were placed between two sheets of barrier
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material 1 and pressed on using fingers. Subsequently, the thus obtained test samples
enclosed in a sandwich-like manner were sealed at the edges of the glass plates with a
photocurable epoxy adhesive, and removed again from the glovebox.

The following samples were produced and examined:

No. | Polymer | Dye | Dye content® TiO2 Film Barrier layers
content*® thickness

1 1 1 0.014% by wt. 0.5% by wt. | 84 um top and bottom
1a |1 1 0.02% by wt. 0.5% by wt. | 96 um none

2 2 1 0.014% by wt. 0.5% by wt. | 82 um top and bottom
2a |2 1 0.014% by wt. 0.5% by wt. | 82 um none

3a |2 1 0.03% by wt. 0.5% by wt. | 79 um none

4 1 2 0.02% by wt. 0.5% by wt. | 91 um top and bottom
4a |1 2 0.02% by wt. 0.5% by wt. | 91 um none

5 2 2 0.03% by wt. 0.5% by wt. | 73 um top and bottom
5a |2 2 0.03% by wt. 0.5% by wt. | 73 um none

*: based on the amount of polymer used

Figures 1 and 3 show, on the abscissa, the exposure time in days and, on the ordinate, the
percentage of the incident light (450 to 455 nm) which has been absorbed.

The numbers beside the three curves correspond to the sample numbers.

It was found that the absorption of light in the case of the samples which had no barrier layer on
the top and bottoms sides (samples with the suffix "a") decreased significantly with exposure
time.

In the case of the inventive color converters which had a barrier layer on both the top and
bottom sides (samples without suffix "a"), the absorption remained virtually constant over the
exposure period with a much weaker overall decrease in absorption compared to color
converters having no barrier layer on both the top and bottom sides.

Figures 2 and 4 show, on the abscissa, the exposure time in days and, on the ordinate, the
relative fluorescence intensity.

The numbers beside the three curves correspond to the sample numbers.
It was found that the fluorescence intensity in the case of the samples which had no barrier

layer on the top and bottoms sides (samples with the suffix "a") decreased significantly with
exposure time.
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In the case of the inventive color converters which had a barrier layer on both the top and
bottom sides (samples without suffix "a"), the fluorescence remained virtually constant over the
exposure period with a much weaker overall decrease in fluorescence compared to color
converters having no barrier layer on both the top and bottom sides.

Production of the color converter 6 and 7:

The desired amount of dye(s), polymer and TiO: (see table 1 below) were fed into a double
shaft extruder of the Collin ZSK 25-30D type and processed to granules. A single shaft extruder
of the Collin Teach line E 20 T was charged with these granules. The granules were processed
to a film having a thickness of approx. 400 pym via slot type nozzles. Circular film pieces each
with a diameter of 22 mm were punched out of this film, and then served as test samples.

Table 1:
No. | polymer | dye | content of dye 1* | dye | content of dye 3* | TiO» film
content™ thickness
6 1 1 0.008% by wt. 3 - 0.50% by 400 pm
wi.
7 1 1 0.008% by wt. 3 0.0015% by wt. 0.50% by 400 pm
wi.

*: based on the amount of polymer used

Encapsulation with barrier material 2

Route a)

The punched film pieces were transferred with the barrier material 2 (ESCAL™ film) into a
nitrogen-filled glove-box with yellow light conditions. After about 2 hours, a photocurable
adhesive was applied to the top side of the film piece. The barrier material 2 was placed onto
the adhesive side and pressed on using rollers. The adhesion was cured with UV-A light and
visible light. The same procedure was repeated on the bottom side of the film piece. Finally, the
top and bottom barrier materials passing over the color converter were sealed with the aid of
heat sealing pliers. The thus obtained color converters had a barrier layer on both the top and
bottom sides.

Route b)

The punched film pieces were transferred with the barrier material 2 (ESCAL™ film) into a
nitrogen-filled glove-box. The glove-box comprised a hetseal laminator. After about 2 hours, the
film pieces and the barrier material 2 (ESCAL™ L film, the PE side of the barrier material faced
the film piece) were pressed together at 150°C and sealed in the hot seal laminator. The same
procedure was repeated on the bottom side of the film piece.

Production of the color converter 8 and 9:
Approx. 20 g of polymer and the desired amount of dye were dissolved in approx. 60 mL of
methylene chloride, and 0.1% by weight of TiO», based on the amount of polymer used, was
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dispersed therein (see table 2). The resulting solution/dispersion was coated onto a glass
surface. After the solvent had dried off, the film was detached from the glass, crushed, dried at
50°C in a vacuum drying cabinet overnight, ground in a laboratory mill and the powder obtained
was dried at 50°C in a vacuum drying cabinet overnight. The powder was hot pressed at 200°C
at a pressure of 3 bar (for 6 minutes) and then at a pressure of 100 bar (5 min) using a metal
pressing frame to give circular polymer film pieces each with a diameter of 1.5 mm.

Table 2:
No. | polymer | dye | content of dye 1* | dye | content of dye 3* | TiO> film
content™ thickness
8 2 1 0.0048 % by wt. 3 - 0.10% by 1.5 mm
wi.
9 2 1 0.0048 % by wt. 3 | 0.00105% by wt. | 0.10% by 1.5 mm
wi.

*: based on the amount of polymer used

Encapsulation with barrier material 2:
The encapsulation process described above using barrier material 2 was repeated but using
color converter 8 and 9 instead of color converter 6 and 7.

The specimens no. 6, 6a, 7, 7a, 8, 8a, 9 and 9a were exposed with the exposure apparatus
constantly over a period of 20 days as described above. Table 3 below shows the photostability
and the remaining fluorescence.

Table 3:
No photostability
remaining fluorescence (%) after x days of exposure

6 after 20 days: >90%
6a after 10 days: <50%
7 after 20 days: >90%
7a after 10 days: <50%
8 after 20 days: >90%
8a after 10 days: <50%
9 after 20 days: >90%
9a after 10 days: <50%

It was found that the fluorescence intensity in the case of the samples which had no barrier
layer on the top and bottoms sides (samples with the suffix "a") decreased significantly with
exposure time.

In the case of the inventive color converters which had a barrier layer both on the top and
bottom sides (samples without suffix "a"), the fluorescence remained virtually constant over the



10

15

20

WO 2012/152812 PCT/EP2012/058503
19
exposure period with a much weaker overall decrease in fluorescence compared to color
converters having no barrier layer both on the top and bottom sides.

Production of the color converters 10 and 11:

The encapsulation process described above for color converter 6 and 7 was repeated but using
barrier material 3 instead of barrier material 2.

Production of the color converters 12 and 13:

The encapsulation process described above for color converter 6 and 7 was repeated but using
barrier material 4 instead of barrier material 2.

Production of the color converters 14 and 15:

The encapsulation process described above for color converter 8 and 9 was repeated but using
barrier material 3 instead of barrier material 2.

Production of the color converters 16 and 17:

The encapsulation process described above for color converter 8 and 9 was repeated but using
barrier material 4 instead of barrier material 2.

In the case of the inventive color converters 10, 11, 12, 13, 14, 15, 16 and 17 which had barrier
layers both on the top and bottom sides, the fluorescence remained virtually constant over the
exposure period with a much weaker overall decrease in fluorescence compared to comparison
color converters having no barrier layer on both the top and bottom sides.
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Claims

1.

10.

A color converter comprising at least one layer comprising at least one organic fluorescent
colorant and at least one barrier layer having a low permeability to oxygen.

The color converter according to claim 1, wherein the at least one barrier layer consists
essentially of at least one barrier material having a low specific oxygen permeability.

A color converter according to claim 1 or 2, wherein the at least one barrier layer consists
essentially of at least one barrier material selected from glass, metal oxides different from
glass and at least one polymer.

The color converter according to at least one of the preceding claims, wherein the barrier
material is selected from glass, quartz, metal oxides, SiO», titanium nitride, SiO2/metal
oxide multilayer materials, polyvinyl alcohol, polyacrylonitrile, polyvinylidene chloride
(PVDCQC), liquid-crystal polymers (LCP), polystyrene-acrylonitrile (SAN), polybutylene
terephthalate (PBT), polybutylene naphthalate (PBN), polyethylene terephthalate (PET),
polyethylene naphthalate (PEN), polyvinyl butyrate (PVB), polyvinyl chloride (PVC),
polyamides, polyoxymethylenes, polyimides, polyetherimides, epoxy resins, polymers
derived from ethylene vinyl acetate (EVA) and polymers derived from ethylene vinyl
alcohol (EVOH).

The color converter according to at least one of the preceding claims, wherein the at least
one barrier layer has a low permeability to water vapor.

The color converter according to at least one of the preceding claims, wherein the color
converter has at least one barrier layer each on the upper and lower sides thereof.

The color converter according to at least one of the preceding claims, wherein the at least
one organic fluorescent colorant is an organic fluorescent dye.

The color converter according to at least one of the preceding claims, wherein the at least
one organic fluorescent colorant is selected from a yellow, green-, red- and orange-
fluorescing organic fluorescent dye.

The color converter according to at least one of the preceding claims, wherein the at least
one organic fluorescent colorant is a naphthalene or perylene derivative.

The color converter according to at least one of the preceding claims, wherein the at least
one organic fluorescent dye is selected from
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R' is alinear or branched C+-C1s alkyl radical, a C4+-Cs cycloalkyl radical which may be

mono- or polysubstituted by halogen or by linear or branched C+—Cis alkyl, or phenyl

or naphthyl, where phenyl and naphthyl may be mono- or polysubstituted by

halogen or by linear or branched C1—C1s alkyl;

X represents substituents in the ortho and/or para position and is linear or branched

C+-C1s alkyl;
y is @ number from 0 to 3.

11. The color converter according to at least one of the preceding claims, wherein the at least

one organic fluorescent dye is selected from N,N’-bis(2,6-diisopropylphenyl)-1,7-di(2,6-

diisopropylphenoxy)perylene-3,4:9,10-tetracarboximide, N,N’-bis(2,6-diisopropylphenyl)-

1,6-di(2,6-diisopropylphenoxy)perylene-3,4:9,10-tetracarboximide, 3,9-dicyanoperylene-

4,10-bis(isobutyl carboxylate), 3,10-dicyanoperylene-4,9-bis(isobutylcarboxylate),

3,9-dicyanoperylene-4,10-bis(sec-butylcarboxylate), 3,10-dicyanoperylene-4,9-bis(sec-
butylcarboxylate), 9-cyano-N-(2,6-di(isopropyl)phenyl)perylene-3,4-dicarboxylic

monoimide and mixtures thereof.

12. The color converter according to at least one of the preceding claims, wherein the at least

one organic fluorescent dye is selected from N,N’-bis(2,6-diisopropylphenyl)-1,7-di(2,6-

diisopropylphenoxy)perylene-3,4:9,10-tetracarboximide, N,N’-bis(2,6-diisopropylphenyl)-

1,6-di(2,6-diisopropylphenoxy)perylene-3,4:9,10-tetracarboximide and mixtures thereof.

13. The color converter according to at least one of the preceding claims, wherein the color

converter is a film, a plate or a sheet.
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The use of color converters according to at least one of the preceding claims for
conversion of light produced by LEDs.

An illumination device comprising at least one LED and at least one color converter
according to at least one of claims 1 to 13.

The illumination device according to claim 15, wherein LED and color converter are
present in a remote phosphor structure.

A fluorescence conversion solar cell comprising a color converter according to at least
one of claims 1 to 13.
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