wo 2017/106979 A1 [N I P00 0.0 0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/106979 A1l

29 June 2017 (29.06.2017) WIPO I PCT

(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
CO9K 11/02 (2006.01) CO9K 11/66 (2006.01) kind of national protection available): AE, AG, AL, AM,
. .. AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/CH2016/000082 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
25 May 2016 (25.05.2016) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
) MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data: . L

15003666.3 23 December 2015 (23122015) EP (84) De51gnated States (unless otherwise zndlcated, fO}" every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: AVANTAMA AG [CH/CH]; Laubisriitistrasse GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
50, 8712 Stifa (CH). TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
(72) Tnventors: LUCHINGER, Norman, Albert; Bruech- TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

74

strasse 216, 8706 Meilen (CH). WEBER, Ines;
Rudishaldenstrasse 8, 8800 Thalwil (CH). LOHER,
Stefan; Friesenbergstrasse 101, 8055 Ziirich (CH). OSZA-
JCA, Marek; Alte Landstrasse 161B, 8708 Mainnedorf

DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

(CH). HARTMEIER, Benjamin; Freiestrasse 85, 8032 Published:

Ziirich (CH).

Agent: E. BLUM & CO. AG; Vorderberg 11, 3044
Ziirich (CH).

with international search report (Art. 21(3))

(54) Title: LUMINESCENT COMPONENT

(57) Abstract: A luminescent component comprises a first
element (1) comprising a first solid polymer composition,
wherein the first solid polymer composition comprises first
luminescent crystals (11), wherein the first luminescent crys-
tals (11) are of the perovskite structure, and are selected
from compounds of formula (I) : M',M?X., wherein M rep-
resents Cs, optionally doped with up to 30 mol% of one or
more other metals having coordination number 12, M? rep-
resents Pb, optionally doped with up to 30 mol% of one or
more other metals having coordination number 6, X inde-
pendently represents anions selected from the group consist-
ing of C1, Br, I, cyanide, and thiocyanate. The first lumines -
cent crystals (11) are of size between 3 nm and 3000 nm,
and emit light of a first wavelength in response to excitation
by light with a wavelength shorter than the first wavelength.
An encapsulation (3) encloses the first element (1). The en-
capsulation (3) comprises a polymer or an inorganic matrix.
The luminescent component is designed to be used in LCD-
backlight, LED-lighting or OLED lighting applications.
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Luminescent component

Technical Field

The present invention relates to the field of
luminescent crystals (LCs). The invention provides a lumi-
nescent component, a luminescent device, a use of a lumi-
nescent component, and a method for manufacturing a lumi-

nescent component.

Background Art

WO 2011/053635 Al shows light-emitting diode
(LED) devices comprising compositions and containers of

hermetically sealed luminescent nanocrystals.

Disclosure of the Invention

According to an aspect of the present inven-
tion, a luminescent component 1s provided. The lumines~
cent component comprises a first element including first
luminescent crystals, which first element is enclosed by
an encapsulation comprising one of a polymer or an inor-
ganic matrix.

it is preferred that the first element does
not spontaneocusly enit light of a wavelength but does so
in response to an excitation, and in particular in re-
sponse to an excitation with light of a wavelength
shorter than the wavelength of the light to be emitted in
response to the excitation. Hence, in a preferred embodi-
ment, the first element emits light of a first wave-
length, e.g. light in the red spectrum in response to an
excitation with e.g. light in the blue spectrum.

For providing the subject light emitting

properties, the first element comprises a first solid

PCT/CH2016/000082
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polymer composition including the first luminescent crys-
tals for emitting light of the first wavelength in re-
sponse to an excitation, and preferably including a first
polymer, preferably in form of a matrix the first lumi-
nescent crystals are embedded in.

The term "matrix" is known in the field and
in the context of this invention denotes continuous mate-
rial encompassing a discontinuous or particulate phase.

Suitable luminescent crystals are of the per-
ovskite structure. Such perovskite structures are known
per se and described as cubic, pseudocubic, tetragonal or
orthorhombic crystals of general formula MIM?X3, where M!
are cations of coordination number 12 {(cuboctaeder) and
M2 are cations of coordination number 6 (octaeder) and X
are anions in cublc, pseudocubic, tetragonal or ortho-
rhombic positions of the lattice. In these structures,
selected cations or anions may be replaced by other ions
(stochastic or regularly), still maintaining its original
crystalline structure. The manufacturing of such lumines-
cent crystals is known, e.g. from Protesescu et al. (Nano
Lett., 2015, 15, 3682-3696).

Advantageocusly, the first luminescent crys-
tals are selected from compounds of formula (I):

M1 M2uXc (I}, wherein

M! represents Cs,

M2 represents Pb,

¥ independently represents anions selected
from the group consisting of Cl, Br, I, cyanide and thio-
cyanate,

a represents 1,

b represents 1,

c represents 3.

Tndependently means that X may be selected
from one of the above named anions or may be a combina-
tion of more than one of the above anions. The term thio-
cyanate shall include both resonance structures, i.e.
thiocyanate and isothiocyanate.

PCT/CH2016/000082
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In embodiments of the invention, M! may be
doped with up to 30 mol% of one or more other metals hav-
ing coordination number 12 within the perovskite struc-
ture. Advantageously, M! is doped with up to 10 mol% of
one or more c¢f such metals. Suitable metals M! are se-
lected from the group consisting of Rb, K, Na, and Li.

In embodiments of the invention, M2 may be
doped with up te 30 mol% of one or more other metals hav-
ing coordination number 6 within the perovskite struc-
ture., Advantageously, M? is doped with up to 10 mol% of
one or more of such metals. Suitable metals M? are se-
lected from the group consisting of Ge, Sn, Sb and Bi.

In embodiments of the invention, ¥X 1s se-
lected from one of Cl, Br and I; or X represents inde-
pendently two of Cl, Br and I; or X represents Cl, Br and
I. The amount of Cl, Br, I, cyanide and thiocyanate may
be determined by routine experiments such as mass spec-
trometry MS or x-ray fluorescence XRF, which are known in
the field; the small Cl anion shifts the emission towards
the blue, the large I anion towards the red and the me-
dium sized Br anion towards the green part of the visible
spectrum.

The first luminescent crystals are of size
between 3 nm and 3000 nm, and in particular between 5 and
100 nm.

In a preferred embodiment, the first lumines-
cent crystals are of formula (I-1)

CsPbIxZ3-x (I-1), wherein

1 < x £ 3,

Cs, Pb is optionally doped with up to 30mol%

as described above,

7 represents one or more of Cl, Br.

Particularly advantageocusly, the first Ilumi-
nescent crystals are of formula CsPbClyBri-y-zl:, where 0 <
y <1, 2 £ 2z £ 3-y and / or of formula CsPbBrxls-x, where
0 = x < 2,

PCT/CH2016/000082
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In these embodiments, the first wavelength of
the light emitted has its peak in the red spectrum which
is considered as light with a peak wavelength in the
range between 590 nm and 700 nm, preferably with an FMWH
between 15 and 50 nm. For both of the previous embodi-
ments, the size of the first luminescent crystals is be-
tween 3 nm and 3000 nm, and in particular between 5 nm
and 100 nm. In a different embodiment, the first lumines-
cent crystals are of formula (I-2)

CsPbBrxZi-x (I-2), wherein

2 £ x £ 3,

Cs, Pb is optionally doped with up to 30mol% as

described above,

Z represents one or more of Cl, I.
Particularly advantageously, the first luminescent crys-
tals are of formula CsPbClyBr;I3-y-z, where 0<y<l, 1<z<3-y,
and / or of formula CsPbBryIi-., where 25x£3,

In these embodiments, the first wavelength of
the light emitted has its peak in the green spectrum
which is considered as light with a peak wavelength in
the range between 490 nm and 570 nm, preferably with an
FMWH between 15 and 50 nm. For both of the previocus em-
bodiments, the size of the first luminescent crystals is
between 3 nm and 3000 nm, and in particular between 5 nm
and 100 nm.

In a preferred embodiment, the luminescent
component comprises a second element including second lu-
minescent crystals, which second element is enclosed by
the encapsulation comprising the polymer or the inorganic
matrix.

The second element emits light of & second
wavelength that is different to the first wavelength.
This is achieved by selecting a different chemical compo-
sition and/or a different size for the second luminescent
crystals compared to the first luminescent crystals. For
example, 1f the first luminescent crystals emit light in

the red spectrum, the second luminescent crystals may be

PCT/CH2016/000082
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selected to emit light in the green spectrum. Again, it
is preferred that the second element does nol spontane-
ously emit light of the second wavelength but does so in
response to an excitation, and in particular in response
to an excitation with light of a wavelength shorter than
the second wavelength and shorter than the first wave-
length. The second luminescent crystals may be excited
again by light in the blue spectrum, for example.

For providing the subject light emitting
properties, the second element comprises a second solid
polymer composition including the second luminescent
crystals for emitting light of the second wavelength in
response to the excitation, and preferably including a
second polymer, preferably in form of a matrix the second
luminescent crystals are embedded in.

Advantageously, the second luminescent crys-
tals are selected from compounds of formula (II):

MLM2pXe (I1}, wherein

M! represents Cs,

M2 represents Pb,

X independently represents anions selected
from the group consisting of Cl, Br, I, cyanide and thio-
cyanate,

a represents 1,

b represents 1,

¢ represents 3,

Independently means that X may be selected
from one of the above named anions or may be a combina-
tion of more than one of the above anions. The term thio~
cyanate shall include both resonance structures, i.e.
thiocyanate and isothiocyanate.

In embodiments of the invention, M! may be
doped with up to 30 mol% of one or more other metals hav-
ing coordination number 12 within the perovskite struc-
ture. Advantageously, M! is doped with up to 10 mol% of
one or more of such metals. Suitable metals M! are se-

lected from the group consisting of Rb, K, Na, and Li.

RAT? AT I AL N Ans s i m—

PCT/CH2016/000082



WO 2017/106979

15

20

25

30

35

In embodiments of the invention, M2 may be
doped with up to 30 mol% of one or more other metals hav-
ing coordination number 6 within the perovskite struc-~
ture. Advantageously, M? is doped with up to 10 mol% of
one or more of such metals. Suitable metals M2 are se-
lected from the group consisting of Ge, Sn, Sb and Bi.

In embodiments of the invention, X is se-
lected from one of Cl, Br and I; or ¥ represents inde-
pendently two of Cl, Br and I; or X represents Cl, Br and
I. The amount of Cl, Br, I, cyanide and thiocyanate may
be determined by routine experiments; the small Cl anion
shifts the emission towards the blue, the large I anion
towards the red and the medium sized Br anion towards the
green part of the visible spectrum.

The second luminescent crystals are of size
between 3 nm and 3000 nm, and in particular between 5 and
100 nm.

In one embodiment, the first luminescent
crystals are of formula (I-1), and the second luminescent
crystals are of formula (I-2). In this scenario, the lu-
minescent component emits red and green light. Of course,

first luminescent crystals and second luminescent crys-

_ tals can be selected to emit light of a different color

than red and green, as long as the first luminescent
crystals follow formula (I} and the second luminescent
crystals follow formula (II).

However, one or more further kinds of lumi-
nescent crystals can be provided in one or more further
elements for emitting light of colors different than de-
fined by the first wavelength and the second wavelength.
This is achieved by selecting a different chemical compo-~-
sition and/or a different size for the further lumines-
cent crystals compared to the first, second, and other
further luminescent crystals. In a preferred embodiment,
N further elements are provided in the luminescent compo-
nent, with N >= 1, and preferably 3 <= N <= 28. Each fur-

PCT/CH2016/000082
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ther element comprises a further solid polymer composi-~
tion, wherein each further sclid polymer composition com-
prises further luminescent crystals, and a further poly-
mer, preferably in form of a matrix the further lumines-
cent crystals are embedded in.

Bach of the further luminescent crystals is
selected from compounds of formula (II1I):

M M2 Xe {(ITI), wherein

M! represents Cs,

M? represents Pb,

¥ independently represents anions selected
from the group consisting of Cl, Br, I, cyanide and thio-
cyanate,

a represents 1,

b represents 1,

¢ represents 3.

Again, independently means that X may be se-
lected from one of the above named anions or may be a
combination of more than one of the above anions. The
term thiocyanate shall include both resonance structures,
i.e. thiocyanate and isothiocyanate.

In embodiments of the invention, M! may be
doped with up to 30 mol% of one or more other metals hav-
ing coordination number 12 within the perovskite struc-
ture. Advantageously, M? is doped with up teo 10 mol% of
one or more bf such metals. Suitable metals M! are se-
lected from the group consisting of Rb, K, Na, and Li.

In embodiments of the invention, M? may be
doped with up to 30 mol% of one or more other metals hav-
ing coordination number 6 within the perovskite struc-
ture. Advantageocusly, M? is doped with up to 10 mol% of
one or more of such metals. Suitable metals M? are se-
lected from the group consisting of Ge, Sn, Sb and Bi.

In embodiments of the invention, X is se-
lected from one of Cl, Br and I; or X represents inde-
pendently two of Cl, Br and I; or X represents Cl, Br and

I. The amcount of Cl, Br, I, cyanide and thiocyanate may

R N N e L
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be determined by routine experiments; the small Cl anion
shifts the emission towards the blue, the large I anion
towards the red and the medium sized Br anion towards the
green part of the visible spectrum.

For providing the subject light emitting
properties, each further element comprises a further
solid polymer composition including the further lumines-
cent crystals for emitting light of the further wave-
length in response to an excitation, and preferably in-
cluding a further polymer.

Each further luminescent crystals are of size
between 3 nm and 3000 nm, and in particular between 5 and
160 nm.

Preferably, the light emitted by each further
luminescent crystals is not only different in its wave-
length from the first wavelength and the second wave-
length but also is different of any of the N-1 other fur-
ther wavelengths. By suitable designing of elements, the
luminescent component may emit any wavelength combination
of light.

In a preferred embodiment, the luminescent
component comprises overall between 5 to 30 different el-
ements comprising different luminescent crystals thus
leading to a tunable emission spectrum of the luminescent
component.

In the case of the luminescent component com-
prising a first element only but no second or further el-
ements, not only a single first element may be provided
in the luminescent component, but multiple first elements
in order to enhance its luminosity. In the case of the
luminescent component comprising first and second ele-
ments only but no further elements, multiple first ele-
ments and multiple second elements may be provided in the
luminescent component in order to enhance its luminosity.
In the case of the luminescent component comprising

first, second and further elements, multiple first ele-
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ments, multiple second elements and multiple further ele~
ments of each kind may be provided in the luminescent
component in order to enhance its luminosity. It may be
preferred that the multiple first elements and the multi-
ple second elements and possible multiple further ele-
ments are arranged alternating or are arranged random in
the encapsulation.

Accordingly, cesium lead halide nanocrystals
and doped cesium lead halide nanocrystals, which are of
the perovskite structure, are preferably used as first,
second and further luminescent crystals. The emission of
light with a specific wavelength depends on a selection
of the material of the luminescent crystals within the
above constraints, and depends on a size of the lumines-
cent crystals.

Preferably, the first element comprises first
luminescent crystals only and is free from any other lu-
minescent crystals. In case of a second element, the sec-
ond element in turn preferably comprises second lumines-
cent crystals only and is free from any other luminescent
crystals. This logic may also be applied to any further
elements and the corresponding luminescent crystals.
Hence, a further element preferably comprises further lu-
minescent crystals only and is free from any other lumi-
nescent crystals. By these means, each element is dedi-
cated to solely emitting light in the assigned peak wave-
length, and no light of a different color. This concept
may hold for any first element in case of multiple first
elements, and for any second element in case of multiple
second elements, etc.

It is preferred, that a mean diameter of the
first elements - and of the second elements and of the
further elements if any - is between 1 pm and 500 upm,
preferably between 5 um and 100 pm.

Preferably, the encapsulation fully encloses
the first element, and in case of multiple first ele~
ments, encapsulates all first elements. However, in a

PCT/CH2016/000082
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different scenario in case of multiple first elements,
one or more of these first elements may reside at an
outer surface c¢f the encapsulation such that for those
first elements the encapsulation 1s a partial encapsula-
tion instead of a full encapsulation. However, even in
these instances, there is at least one other first ele-
ment fully enclosed by the encapsulation. This concept is
also applicable to second or further elements, if any.

In a preferred embodiment, the encapsulation
in case of a polymer is a polymer selected from the list
of acrylate polymers, carbonate polymers, sulfone poly-
mers, epoxy polymers, vinyl polymers, urethane polymers,
ester polymers, styrene polymers, silicone polymers, ole-
fin polymers and cyclic olefin copolymers, preferably
silicones, cyclic olefin copolymers and halogenated vinyl
polymers, most preferably epoxy polymers and acrylate
polymers or co-polymers or mixtures thereof, most prefer-—
ably having a water vapor transmission rate of less than
0.2 g mm m2 day?! at a temperature of 20 - 50°C / 90%
relative humidity and atmospheric pressure.

In another embodiment, the encapsulation is
an inorganic matrix. The inorganic matrix preferably is
obtained from a liguid precursor which forms an inorganic
matrix upon thermal decomposition or reaction with humid-
ity/water. Such precursors include one or more of metal
alkoxides (such as alkoxy-silanes), metal hydroxides
(such as hydroxy-silanes), liquid silicates (such as so-
dium silicates, potassium silicates and lithium sili-
cates}) .

Preferably, each of the first, the second if
present, and the Nth polymer if present is independently
selected from the group of polyacrylates {(and co-poly-
mers), polystyrenes, silicones, and cyclic olefin copoly-
mers, preferably cyclic olefin copolymers. Preferably,
the first polymer, the second polymer if present, and any

further polymer if present are the same polymers.
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In another embodiment each of the first, the
second if present, and the Nth polymer if present is in-
dependently selected from a crosslinked polymer.

It is preferred that the encapsulation and
the first polymer of the first element do not dissolve
with each other when in contact, at least when in contact
in the solid phase. By selecting the respective polymer
materials appropriately, the first luminescent crystals
are confined in the first element and cannot interact
with second or further luminescent crystals outside the
first element, e.g. in a second or further element.

In case of a second or further element, this
second or further element preferably is separated from
the first element by the encapsulation. The first and the
second and the further element if present are arranged
spaced in the encapsulation. Hence, any gap between ele-
ments is filled by the material of the encapsulation,
such as a solid encapsulation polymer or an inorganic ma-
trix. It is preferred that the encapsulation and the sec-
ond polymer of the second element, and any further poly-
mer of any further element do not dissolve with each
other when in contact, at least when in contact in the
sclid phase,

Preferably, the encapsulation, and preferably
also each of the first, second or further polymer if pre-
sent 1s transmissive for light in the visible spectrum,
i.e. is non-opague.

In a preferred embodiment, the encapsulation
may take the shape of a film or layer, i.e. with a length
and width exceeding a thickness of the encapsulation, and
preferably exceeding the thickness at least ten times.

Generally, one or more barrier films may be
provided, preferably each barrier film having a water va-
por transmission rate of less than 0.2 (g*mm)/(m*2*day)

at a temperature of 20 - 50°C / 90% relative humidity and
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atmospheric pressure. In any of the above and below em-
bodiments, the component may include a barrier film on
top of an otherwise exposed surface of the luminescent
component. Such barrier film may in particular have a low
water vapour transmission rate in order to avoid a degra-
dation of the LCs in the component in response to being
exposed to water. The barrier film may in one embodiment
be permeable for Oz, or, in a different embodiment, may
also be impermeable for oxygen. Preferably, the barrier
film is transmissive for light, and preferably, such bar-
rier film may be present in the form of a single layer or
in the form of multilayers. The barrier film comprises
organic polymers and / or inorganic materials. Suitable
organic polymers may be selected from the group consist-
ing of polyvinylidene chlorides (PVdC), cyclic olefin co-
polymer {COC), high-density polyethylene (HDPE)}; suitable
inorganic materials may be selected from the group con-
sisting of metal oxides, B5iOx, Si:Ny. Most preferably, a
polymer barrier film comprises materials selected from
the group of PVdC and COC. In a preferred embodiment,
barrier films may be attached to both sides of the encap-
sulation in case of a rectangular, sheet-like luminescent
component.

The present luminescent component provides
for a spatial separation of the first and any other sec-
ond or further luminescent crystals. As will be shown in
more detail below, the separation is achieved by embed-
ding the one or more first elements in the encapsulation.
Hence, the first luminescent crystals are arranged in the
dedicated one or more first elements only, while any sec-
ond or further luminescent crystals are provided in asso-
ciate elements only. By doing so an exchange of cations
and anions between the first luminescent crystals on the
one hand and any seccnd or further luminescent crystals
on the other hand is avoided. Given that the fabrication
of the each of the different elements preferably is per-

formed in a suspension, a mixing of first luminescent

PCT/CH2016/000082
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crystals and second or further luminescent crystals in a
common suspension 1s avoided. Such mixing in a common
suspension instead would result in a conversion of the
origin first, second or further luminescent crystals into
different luminescent crystals by way of reaction / re-
combination based on the above mentioned ion exchange. As
a result, such different luminescent crystals would pos-
sibly emit light of a different wavelength than the
first, second or further4luminescent crystals on theilr
own. Hence, luminescent crystals of different kind are
separated at the stage of manufacturing, and hence are
added to different portions of the suspension resulting
in the above first, second or further elements after
hardening / curing / drying.

Each portion of the suspension preferably
comprises the assigned luminescent crystals, a solvent, a
ligand, and a polymer. Given that the resulting elements
are solid elements, an interaction of the first lumines-
cent crystals in the first element with any second lumi-
nescent crystals in a second element is avoided.

The present component provides an excellent
photoluminescence guantum yield. .

The term "quantum yield (QY)}" is known in the
field and relates to the amount of times a specific event
occurs per photon that is absorbed in the system. In the
context of the present invention the term "quantum yield”
refers to the "photoluminescence quantum yield" of the
described substance and both terms are used with identi-
cal meaning. The "photoluminescence gquantum yield" de-
fines how many photons of a longer wavelength (lower en-
ergy) are emitted by the described system per photon that
is absorbed by the system.

For example, the quantum yield of the solid
polymer compositions suggested to be used in the present
one or more elements is in total > 60%, and preferably >
80%, most preferably > 90%, preferably when excited by
blue light. In addition, owed to the material selection,
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the crystal size, and the strict separation of LCs of
different colors, sharp wavelength distributions can be
achieved in the emitted light, such that the quality of
the resulting emitted 1light is superior. Preferably, the
FWHM (Full Width at Half Maximum) of the solid polymer
composition of each of the elements for visible emissions
is < 50nm, preferably, < 40nm, and most preferably < 30
nm. For example, an FWMH for the emission peak at 507 nm
of 22 nm can be observed, at the same time measuring a
high luminescence quantum yield of e.g. 76%.

Fmbodiments of the present component comply
with RoHS ("Restriction of Hazardous Substances®) Di-
rective by the European Union. At the time of filing the
present patent application the applicable directive
2011/65/EU generally restricted the use of the following
elements: Lead (Pb) <1000 ppm by weight, Mercury (Hg)
<1000 ppm, Cadmium {Cd) <100 ppm, Hexavalent chromium
(Cr6+) < 1000 ppm, Polybrominated biphenyls (PBB) < 1000
ppm, Polybrominated diphenyl ether (PBDE)} <1000 ppm.

On the one hand, this is achieved by se-
lecting Cd-free material, which still provides excellent
quantum yield / performance. The limit for Pb according
to the RoHS Directive Version 2 (2011/65/EU) is less than
1000 ppm, which is achieved in total for the component as
such. Preferably, the total Pb concentration for the con-
ponents of the present embodiments is below 1000 ppm,
more preferably between 30 ppm and less than 1000 ppm,
and most preferably between 100 ppm and 900 ppm. The RoHS
compliance may be achieved by selecting an appropriate
concentration of the first and possibly second or further
luminescent crystals respectively, and preferably by se-
lecting an appropriate concentration of elements in the
component. The subject concentration can be measured by
MS or XRF measurements.

Preferably, a concentration of the respec-
tive luminescent crystals with respect to a polymer ma-

trix representing the solid polymer composition of the
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first element in case of red light emission is between
0,01 wt% and 10,0 wt%, preferably between 0,10 wt% and
7,6 wt%, most preferably between 0,2 wt% and 1,0 wt%; and
for a second element 1f any in case of green light emis-
sion preferably between 0,01 wt% and 8,0 wt%, preferably
between 0,10 wt% and 6,2 wt%, most preferably between 0,2
wt% and 1,0 wt%. The upper limit of this concentration
range supports RcoHS compliance under the condition that
the luminescent component comprises 90wt% encapsulant
(3), while the lower limit of this concentration range
provides for a sufficient emission at reasonable compo-
nent thickness under the condition that the the lumines-
cent component comprises 50wt% encapsulant (3).

A concurrent high quantum vield, RoHS com-
pliance, a stable peak position and narrow FWHM in the
emitted spectrum, and a high stability represents a major
achievement of the present invention over the art. Con-
ventionally, CdSe or InP materials were suggested for
LCs. However, while the first provides a sufficient quan-
tum yield, RoHS compliance 1is challenging and often re-
lies on reguletory exemptions. The latter on the other
hand is RoHS compliant but shows inferior optical quali-
ties (gquantum yield < 60%; FWHM > 40 nm). In contrast,
the component of the present invention provides both, a
good gquantum yield, low peak FWHM and RoHS conformity.
This is achieved by selecting appropriate materials for
LCs, applying appropriate LC concentrations in the ele-
ments, applying an appropriate concentration of elements
in the component and by selecting appropriate component
dimensions / thicknesses and at the same time arranging
the different LCs in different elements, as & result sep-
arating the LCs from each other to aveoid ion exchange re-
actions.

As to further specifying optical proper-
ties, it is preferred that the component has a haze be-
tween 10 and 90%. A haze may be introduced by scattering
particles with RI > 2.0 and size of 100 - 1000 nm, or by
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microstructures or microcrystalline polymer structures or
by the elements itself.

The luminescent component preferably is an
intermediate good that is assembled together with other
components into a device, such as an optical device, and
preferably into one of a Liguid Crystal Display (LCD), a
Light Emitting Diode (LED}, an Organic Light Emitting Di-
ode (OLED), an OLED display, or a solar cell. As part of
an OLED, LED or LCD, the component may contribute to a
display of a mobile or stationary computing, telecommuni-
cation, or television device.

Accordingly, a light emitting device com-
prises & luminescent component according to any of the
preceding embodiments and a light source for emitting
blue light. Blue light is considered to have a wavelength
in a range between 400 and 490 nm. The light source is
arranged for exciting the luminescent component. Accord-
ingly, the device is prepared to emit light of wave-
lengths which are defined by the luminescent crystals of
the one or more different elements enclosed in the encap-
sulation of the luminescent component.

Preferably, the light source is an LED chip.
In one embodiment, the luminescent component preferably
is arranged to at least partly enclose the LED chip. In
another embodiment, the luminescent component preferably
is arranged distant from the LED chip. In such embodi-
ment, the LED chip preferably is at least partly covered
by a phosphor-free encapsulation.

The term "phosphor”™ is known in the field and
denotes a substance showing the phenomenon of lumines-
cence. This can either be phosphorescence or fluores-
cence. These materials are often used in solid state
lighting applications where blue LED light is transformed
into a white light by adding the right amount and type of
phosphors such as doped yttrium aluminum oxides.
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In yet another embodiment of this invention
the light source is an OLED stack. In this case, the lu-~
minescent component is preferably arranged to cover the
whole OLED stack or at least parts of it.

According to another aspect of the present
invention, luminescent component of any of the preceding
embodiments is used for emitting white light in response
to the luminescent component being radiated by blue
light, in particular as a backlight in a liquid crystal
display. For this purpose, a blue light source may be
provided in the device for exciting luminescent reactions
in the luminescent component. In case the luminescent
component comprises first elements emitting red light and
second elements emitting green light, together with the
blue light emission of the light source, the luminescent
component emits white light resulting as a combination of
the emission of red and green light in response to an ex-
citation of the luminescent crystals in the first and
second element respectively, and from the transmission of
the blue light stemming from the light source which blue
light is also used to excite the first and the second el-
ement. An intensity proportion of the red, green and blue
light emitted preferably is in the range of a 1/3 each.

According to a further aspect of the present
invention, a method is provided for generating a lumines-
cent component according to any of the preceding embodi-
ments. A first polymer solution is provided comprising
the first luminescent crystals. In one alternative, mul-
tiple first elements are extracted from the first polymer
solution by one of spray-drying, or precipitation. Or, in
a different alternative, the first polymer solution is
hardened or dried into the first solid polymer composi-
tion, and the first solid polymer composition is crushed
resulting in multiple first elements. Then, the first el-
ements are mixed into a solution including the encapsula-
tion polymer and/or a liquid monomer and/or a liquid oli-



WO 2017/106979 PCT/CH2016/000082

15

20

25

30

35

18

gomer or precursor for an inorganic matrix. The lumines-
cent component is provided by hardening and / or drying
the encapsulation polymer. In case of different elements
to be enclosed in the encapsulation, such as one or more
second or further elements, those elements may be pre-
pared according to the first elements. Once the second or
further elements are provided as individual conmponents
they can be added to the solution including the encapsu-
lation polymer together with or subsequent to the first
elements.

Lunminescent crystals (LC) preferably are made
from semiconductor materials. A luminescent crystal shall
include a quantum dot, typically in the range of 3 - 12
nm and a nanocrystal of up to 100 nm and a luminescent
crystal of up to 3 um. Preferably, luminescent crystals
are approximately isometric (such as spherical or cubic).
Particles are considered approximately isometric, in case
the aspect ratio {(longest : shortest direction) of all 3
orthogonal dimensions is 1 - 2. LCs show, as the term in-
dicates, luminescence or more specifically defined photo-
luminescence. In the context of the present invention a
luminescent crystal typically is a single-crystalline
particle spatially separated from other particles due to
the presence of a surfactant. It is a semiconducting ma-
terial which exhibits a direct bandgap (typically in the
range 1.1 - 3.8 eV, more typilcally 1.4 - 3.5 eV, even
more typically 1.7 - 3.2 eV). Upon excitation / illumina-
tion with electromagnetic radiation equal or higher than
the bandgap, the valence band electron is excited to the
conduction band leaving an electron hole in the valence
band. The formed exciton (electron-electron hole pair)
then radiatively recombines in the form of photolumines-
cence, with maximum intensity centered around the LC
bandgap value and exhibiting photoluminescence quantum
yield of at least 1 %. In contact with external electron
and electron hole sources LC could exhibit electrolumi-

nescence. In the context of the present invention LCs do
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not exhibit mechano-luminescence (e.g. piezolumines-
cence), chemiluminescence, electrochemiluminescence nor
thermoluminescence.,

A quantum dot (QD) particularly relates to a
semiconductor nanocrystal, which has a diameter typically
between 3 - 12 nm. In this range, the physical diameter
of the QD is smaller than the bulk excitation Bohr ra-
dius, causing quantum confinement effect to predominate.
As a result, the electronic states of the QD, and there-
fore the bandgap, are a function of the QD composition
and physical size, i.e. the color of absorption/emission
is linked with the QD size. The optical quality of the
QDs sample is directly linked with thelr homogeneity
(more monodisperse QDs will have smaller FWHM of the
emission). When QD reach size bigger than the Bohr radius
the gquantum confinement effect is hindered and the sample
may not be luminescent anymore as nonradiative pathways
for exciton recombination may become dominant. Thus, QDs
are a specific sub-group of nanocrystals, defined in par-
ticular by its size and size distribution. Properties of
the QDs are directly linked with these parameters, dis-
tinguishing them from nanocrystals.

Each of the first, second or further solid
polymer compositions 1if any preferably comprises, in ad-
dition to the luminescent crystals of the respective
type, a hardened / cured polymer, including an organic
and / or an inorganic synthetic material. Preferably,
each of the first, the second if any, and the further
polymer if any is independently selected from the group
of polyacrylates (and co-polymers), polystyrenes, sili-
cones, and cyclic olefin copolymers.

The hardened / cured polymer preferably is
light transmissive, i.e. non-opaque for allowing light
emitted by the luminescent crystals, and possible light
of a light source used for exciting the luminescent crys-
tals to pass.
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Preferably, and in addition to the hardened /
cured polymer and the luminescent crystals of the respec-
tive type, one or more of the first, second, and further
polymer compositions comprises a surfactant selected from
the group of non-ionic, anionic, cationic and zwitter-—
ionic surfactants; preferably selected from the group of
amine or carboxy terminated surfactants.

The terms “surfactant”, “ligand”, “disper«
sant” and “dispersing agent” are known in the field and
have essentially the same meaning. In the context of the
present lnvention, these terms denote an organic sub-
stance, other than a solvent, which is used in suspen-
sions or ceolloids to improve the separation of particles
and to prevent agglomeration or settling. Without being
bound to theory, it is believed that surfactants are
physically or chemically attached on the particle surface
either before or after adding the particles to the sol-
vent and thereby provide the desired effects. The term
surfactants includes polymer materials and small mole-
cules; surfactants typically contain polar end-groups and
apolar end-groups. In the context of the present inven-
tion, solvents {e.g. toluene) are not considered surfac-
tants,

A “suspension” as used above in the aspect
related to manufacturing is known and relates to a heter-
ogeneous fluild of an internal phase (i.p.) that is a
solid and an external phase (e.p.) that is a liquid. The
external phase comprises one or more dispersants/surfac-
tants, optionally one or more solvents and optionally one
or more pre-polymers or dissolved polymers. Accordingly,
each type of luminescent crystal (first, second) is added
to the dedicated portion of suspension. Further pro-
cessing includes the application of one or each portion
of suspension to the desired area on the substrate. This
step is also referred to as solution processing which de-

notes the application of a coating or thin element to a
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substrate by the use of a solution-based (=liquid) start-
ing material. This is considered a significant advantage,
as 1t enables manufacturing of all elements by simple
technologies applicable to large areas and continuous
processing.

Preferably, the first and second luminescent
crystals each are embedded in a matrixz such as a polymer
matrix or an inorganic matrix, in order to spatially sep-
arate the first LCs from each other in the first element,
and the second LCs from each other in the second element.
The resulting “LC/QD composite” denotes a solid inor-
ganic/organic composite material comprising LCs/QD, sur-
factant and a matrix and contributes to the respective
first or second element.

Other advantageous embodiments are listed in
the dependent claims as well as in the description below.

Brief Description of the Drawings

Embodiments, examples, experiments represent-
ing or leading to embodiments, aspects and advantages of
the invention will be better understood from the follow-
ing detailed description thereof. Such description makes

reference to the annexed drawings, wherein:

Figure 1 illustrates a schematic perspective
view of a luminescent component according to an embodi-
ment of the present invention;

Figure 2 illustrates a method for manufactur-
ing a luminescent component according to an embodiment of
the present invention;

Figure 3 illustrates a light emitting device
according to an embodiment of the present invention;

Figure 4 illustrates a light emitting device

according to another embodiment of the present invention;
and
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Figure 5 illustrates a light emitting device

according to another embodiment of the present invention.

Detailed Description of the Drawings

Figure 1 illustrates a schematic perspective
view of a luminescent component according to an embodi-
ment of the present invention. The luminescent component
4 comprises an encapsulation 3, e.g. made from a non-
opaque polymer. In the present embodiment, the encapsula-
tion 3 is of a thin film shape whereby the length (x-
axis) and width (y-axis) are of much greater size than
the thickness in z-direction. However, the encapsulation
3 may take a different shape if needed.

First elements 1, second elements 2, and
first further elements 1f are embedded in the encapsula-
tion 3, only one of each is shown in a cut mode in Figure
1.

The first element 1 comprises a first solid
polymer composition including first luminescent crystals
11 but no other luminescent crystals, and a first polynmer
12. The first luminescent crystals 11 are selected from
compounds of formula (I) introduced above. The first lu-
minescent crystals 11 have a size between 3 nm and 3000
nm. In response to excitation by blue light BL as indi-
cated by the arrow, the first luminescent crystals 11
emit red light RD, for example.

The second element 2 comprises a second solid
polymer composition including second luminescent crystals
21 but no other luminescent crystals, and a second poly-
mer 22. The second luminescent crystals 21 are selected

from compounds of formula (II} introduced above. The sec-

-ond luminescent crystals 21 have a size between 3 nm and

3000 nm. In response to excitation by the blue light BL,
the second luminescent crystals 21 emit green light GR,
for example.
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Generally, different further elements nf with
n e [1,N] may be comprised in the encapsulation 3 includ-
ing a first further element 1f, preferably a second fur-
ther element 2f, ... an Nth further element Nf. Each fur-
ther element nf comprises a further solid polymer compo-
sition including further luminescent crystals nlf but no
other luminescent crystals, and a further polymer n2f.

Presently, only first further elements 1f are
included in the encapsulation 3. Each first further ele-
ment 1f comprises first further luminescent crystals 11f
and a first further polymer 12f. The first further lumi-
nescent crystals 11f are selected from compounds of for-
mula (III) introduced above. The first further lumines-
cent crystals 11f have a size between 3 nm and 3000 nm.
In response to excitation by the blue light BL, the first
further luminescent crystals 11f emit yellow light YL,
for example.

In one embodiment of the invention there can
also be multiple further elements nf emitting multiple
different colors.

The first, second and further luminescent
crystals 11, 21, nlf are separated from each other by
means of the separated elements 1, 2, nf. In this embodi-
ment, the encapsulation 3 builds the separation. Hence,
the first, second and further luminescent elements 1, 2,
nf are stable, also in a long-term.

As is indicated in Figure 1, once such lumi-
nescent component is exposed to radiation of a shorter
wavelength than the emitted wavelength, and in particular
to blue radiation BL, the first, second and first further
luminescent crystals 11, 21, 11f are excited and emit
red, green and vyellow light RD, GR, YL, respectively. To-
gether with a portion of the blue light BL passing the
luminescent component 4 the output of the luminescent
component is a mixture of these colors and can be tuned
by the amount of first, second and first further elements

1, 2, 11f in the luminescent component.
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In case the luminescent component 4 of Figure
1 comprises first and second elements 1 and 2 emitting
red and green light only, the luminescent component 4 may
in combination with a light source emitting the blue
light BL represent a backlight film that can be used in
an LCD given that the combination of red, green and blue
light emitted result in white light. An intensity propor-
tion of the red, green and blue light emitted preferably
is in the range of a 1/3 each.

Figure 2 illustrates a method for manufactur-
ing a luminescent component according to an embodiment of
the present invention. According to diagram 2a), a first
polymer solution is provided comprising first luminescent
crystals 11 but no different kind of luminescent crys-
tals, a first polymer 12 and a solvent 13. In step 51,
the solution 1is hardened, cured or dried in order to gen-
erate a solid first polymer composition shown in diagram
2b) which includes the first luminescent crystals 11 and
the first polymer 12 but no longer the solvent 13.

According to step S2, the first solid polymer
composition of diagram 2b) is crushed according to dia-
gram 2c), e.g. by milling., The result of this processing
step are multiple first elements 1, each of a solid poly-
mer composition including the first polymer and the first
luminescent crystals.

In step $3, these first elements 1 are added
to and / or mixed into an encapsulation polymer solution
or liquid monomer or liquid oligomer. Subject to the ap-
plication of the resulting luminescent component other
elements configured to emit light of one or more differ-
ent wavelengths than the first elements may be added to
and / or mixed into the encapsulation polymer solution or
liguid monomer or liquid oligomer. After hardening and /
or curing and / or drying, the luminescent component 4 is
generated including the encapsulation 3, and enclosed by
the encapsulation 3 the multiple first elements 1.

PCT/CH2016/000082
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As an alternative to steps S1 and S$S2, the
first polymer solution of diagram 2a) may in its liquid
form be processed for extracting multiple first elements
1 therefrom. For example, step 54 may represent spray-
drying, or precipitation. The result of these processes
again are the multiple solid first element 1.

Figure 3 illustrates a light emitting device
according to an embodiment of the present invention. The
light emitting device presently is a Light Emitting Diode
LED. The device includes a luminescent component 4 of a
sphere-like shape. As 1is indicated in Figure 3, the lumi-
nescent component 4 includes multiple first elements 1.
Each first element 1 includes first luminescent crystals
in addition to a first polymer, but no other luminescent
crystals. The first elements 1 are embedded in the encap-
sulation 3 separate from each other, which encapsulation
3 is transmissive to light. Subject to the application of
the resulting device other elements configured to emit
light of one or more different wavelengths than the first
elements may be incorporated in the encapsulation.

Reference numeral 6 indicates an LED chip as
a light source that is arranged on a carrier 5. The lumi-
nescent component 4 partly encloses - the top and the
sides of - the LED chip €. The LED chip 6 preferably is
cenfigured to emit blue light. In response to an excita-
tion by blue light emitted from the LED chip 6, the lumi-
nescent crystals in the first elements 1 and/or further
elements of the luminescent component 4 emit light of a
different colour, e.g. red, green and/or yellow light.
Hence, the present embodiment schematically illustrates
an LED emitting e.g. additive colour mixtures of red
and/or green and/or yellow with LED chip 6 blue light
light. As to the manufacturing of the device of Figure 3,
the LED chip 6 may be preassembled ontc the carrier 5,
and the luminescent component 4 may be dropped onto the
LED chip 6 / carrier 5 arrangement in liquid form, and
then be hardened, cured or dried.
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In view of the luminescent component 4 being
arranged directly on the LED chip 6, the luminescent com-
vonent 4 preferably includes heat resistant materials.
For example, the first polymer in the first elements 1
and the encapsulation may be a temperature stable poly-
mer, and preferably may be Silicone or Polysilazane.

Figure 4 illustrates a light emitting device
according to another embodiment of the present invention.
The light emitting device presently 1s a Light Emitting
Diode LED. The device includes a luminescent component 4
of a film-like shape. As is indicated in Figure 4, the
luminescent component 4 includes multiple first elements
1. Bach first element 1 includes first luminescent crys-
tals in addition to a first polymer but no other lumines-
cent crystals. The first elements 1 are embedded in the
encapsulation 3 separate from each other, which encapsu-
lation 3 is transmissive to light. Subject to the appli-
cation of the resulting device other elements configured
to emit light of one or more different wavelengths than
the first elements may be incorporated in the encapsula-
tion.

The luminescent component 4 is arranged on a
transparent plate 9, e.qg. of a housing or a front. The
luminescent component 4 / plate 9 - combination is ar-
ranged distant from an LED chip 6 acting as a light
source that is arranged on a carrier 5. The distant ar-
rangement may be achieved by means ¢f a housing 8. The
LED chip 6 preferably is configured to emit blue light.
Presently, the LED chip 6 is partly enclosed by a phos-
phor-free enclosure 7. In response to an excitation by
blue light emitted from the LED chip &, the luminescent
crystals in the first elements 1 and/or further elements
of the luminescent component 4 emit light of a different
colour, e.g. red, green and/or yellow light. Hence, the
present embodiment schematically illustrates an LED emit-

ting e.g. additive colour mixtures of red and/or green
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and/or yellow with LED chip 6 blue light. As to the manu-
facturing of the device of Figure 4, the LED chip 6 may
be preassembled onto the carrier 5, while the luminescent
compenent 4 may in its hardened form be attached to the
plate 9.

In contrast to the embodiment illustrated in
Figure 3, the luminescent component is arranged distant
form the LED chip 6 such that the luminescent component
may not be required to stand heat in the same way.

Figure 5 illustrates a light emitting device
according to an embodiment of the present invention. The
light emitting device presently is an Crganic Light Emit-
ting Diode OLED. The device includes a luminescent compo-
nent 4 of flat shape. BAs is indicated in Figure 5, the
luminescent component 4 includes multiple first elements
1. Bach first element 1 includes first luminescent crys-
tals in addition to a first polymer, but no other lumi-
nescent crystals. The first elements 1 are embedded in
the encapsulation 3 separate from each other, which en-
capsulation 3 is transmissive to light. Subject to the
application of the resulting device other elements con-
figured to emit light of one or more different wave-~
lengths than the first elements may be incorporated in
the encapsulation.

Reference numeral 10 indicates an OLED stack
as a light source that may be arranged on further car-
rier. The OLED stack 10 preferably is configured to emit
blue light. In response to an excitation by blue light
emitted from the OLED stack 10, the luminescent crystals
in the first elements 1 and/or further elements of the
luminescent component 4 emit light of a different colour,
e.g. red, green and/or yellow light. Hence, the present
embodiment schematically illustrates an OLED device emit-
ting e.g. additive colour mixtures of red and/or green
and/or yellow with LED chip 6 blue light. As to the manu-
facturing of the device of Figure 5, the OLED stack 10
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may be preassembled onto a carrier, and the luminescent
component 4 may be coated onto the QOLED stack 10 in lig-

ulid form, and then be hardened, cured or dried.
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Examples and Experiments

Example 1: Luminescent crystals emitting red
light were produced as described by Protesescu et al.
{Nano Lett., 2015, 15, 3692-3696). The resulting solids
load was measured to be 0.06 wt% by heating up to 450°C
and thus evaporating the solvent and burning away the
ligands. The optical properties of the resulting nano-
crystal formulation were measured with a Hamamatsu Quan-
taurus C11347-11 device (equipped with an integrating
sphere}) and a quantum yield of 72% at an emission peak
wavelength of 638nm with a FWHM of 33nm were achieved,

33 wt% of this formulation were mixed with 67
wt% of previously prepared solution of 30wt% PMMA (Plexi-
glas 7N} in toluene and immediately poured onto a glass
substrate which was heated to 60°C. After complete drying
(12h) at 60°C a luminescent, transparent foil of approxi-
mately lmm thickness was obtained. The foill showed the
following optical properties: Quantum yield 70%, emission
peak wavelength 641nm, FWHM 31nm.

This foil was then cut into pieces of approx-
imately lcm x lcm size, cooled down to -196°C with ligquid
nitrogen. The foil was subsequently pulverized with a
commercially available coffee grinder. The obtained lumi-
nescent polymer particle size was estimated to be in the
range of a few 100um. The obtained powder showed the fol-
lowing optical properties: Quantum yield 69%, emission
peak wavelength 640nm, FWHM 32nm.

33wt % of the hereby obtained powder was
mixed with 67 wt% of Electrolube SC3001 silicone resin
(resin:hardener 13.5:1) coated onto a glass substrate and
cured at 60°C for 2 hours. The resulting film was approx-
imately 1-2mm thick and showed the following optical
properties: Quantum yield 69%, emission peak wavelength
638nm, FWHM 32nm. Based on the measured solids load of
the starting formulation the film had a Pb concentration
of approximately 60 ppm.
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Example 2: Luminescent crystals emitting
green light were produced as described by Protesescu et
al. (Nano Lett., 2015, 15, 3692-3696). The resulting sol-
ids load was measured to be 0.54 wt% by heating up to
450°C and thus evaporating the solvent and burning away
the ligands. The optical properties of the resulting
nanocrystal formulation were measured with a Hamamatsu
Quantaurus Cl11347-11 device (equipped with an integration
sphere) and a quantum yield of 89% at an emission peak
wavelength of 500nm with a FWHM of 23nm were achieved.

llwt% of this formulation were mixed with
89wt% of a previously prepared solution of 25wt% Polysty-
rene {Sigma Al-drich) in toluene and subsequently pro-~
cessed analogously to example 1 to receive a green lumi-
nescent polymer powder with the following optical proper-
ties: Quantum yield 66%, emission peak wavelength 518nm,
FWHM 28nm

According to example 1 33wt % of the hereby
obtained powder was mixed with 67 wt% of Electrolube
SC3001 silicone resin (resin:hardener 13.5:1) coated onto
a glass substrate and cured at 60°C for 2 hours. The re-
sulting film was approximately 1-Z2mm thick and showed the
following optical properties: Quantum yield 45%, emission
peak wavelength 514nm, FWHM 30nm. Based on the measured
solids load of the starting formulation the film had a Pb
concentration of approximately 400 ppm.

Example 3: The red and green luminescent pol-
ymer powder - previously also referred to as first and
second elements - obtained in example 1 and 2 were mixed
at 1:1 weight ratio, and 33wt% of the mixture was mixed
with 67 wt% of Electrolube SC3001 silicone resin
(resin:hardener 13.5:1) coated onto a glass substrate and
cured at 60°C for 2 hours. The resulting film was approx-

imately 1-2mm thick and showed the following optical
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properties: Quantum yield 57% (measured with the same de-
vice as in example 1}, emission peak wavelengths 5l4nm
and 638nm, FWHM 30nm and 32nm, respectively. Based on the
measured solids load of the starting formulations the
film had a Pb concentration of approximately 230 ppm.
Accordingly the red and green luminescent
polymer powder obtained in example 1 and 2 were mixed at
1:2 weight ratio, and 33wt% of the mixture was mixed with
67 wt% of Electrolube SC3001 silicone resin (resin:hard-
ener 13.5:1) coated onto a glass substrate and cured at
60°C for 2 hours. The resulting film was approximately 1-
2mm thick and showed the following optical properties:
Quantum yield 55%, emission peak wavelengths 513nm and
638nm, FWHM 30nm and 32nm, respectively. This result
shows that a mixture of the red and green polymer powder
doeg neither result in a degradation of the particle
(shifting of emission peak wavelengths) nor a loss in
performance. Based on the measured solids load of the
starting formulations the film had a Pb concentration of

approximately 290 ppm.

Experiment 4:

Luminescent crystals emitting green and red
light were produced as described by Protesescu et al.
(Nano Lett., 2015, 15, 3682-3696). The resulting solids
load was measured to be 0.52 wt% for green and 0.53 wt%
for red, by heating up to 450°C and thus evaporating the
solvent and burning away the ligands. The optical proper-
ties of the resulting nanocrystal formulation were meas-
ured with a Hamamatsu Quantaurus C11347-11 device
(equipped with an integration sphere, 450nm excitation)
and a quantum yield of 60% at an emission peak wavelength
of 528nm with a FWHM of 25nm for green and a guantum
yield of 90% at an emission peak wavelength of 645nm with
a FWHM of 38nm for red were achieved.

These nanocrystal formulations were mix with
a cyclic olefin copolymer (TOPAS 50135-04) solution in

PCT/CH2016/000082



WO 2017/106979 PCT/CH2016/000082

10

15

20

25

30

35

32

toluene (20wt% polymer in solvent} to yileld a poly-
mer:nanocrystal ratio of 20:1 and subsequently diluted
with toluene to a final polymer content in the formula-
tion of 4wt%. Spray drying in an inert loop (nitrogen) of
the green and red polymer solution was used to obtain a
powder exhibiting a particle size of 1-20 ym as confirmed
by scanning electron microscopy. The green powder showed
a guantum yield of 45%, peak position of 527nm, and FWHM
of 24nm whereas the red powder showed a quantum yield of
80%, peak position of 647nm, and FWHM of 36nm.

0.075 g of the green and 0.025g of the red
powder were mixed with an epoxy resin (Eposun, 2.66g
resin and 1.33g standard hardener} in a speed mixer and
the resulting mixture was cured between two glass slides
for 24h at ambient condition. This film sample showed a
total quantum yield of 65%, a peak at 528nm with FWHM of
24nm and a peak at 648nm with FWHM of 37nm.

Experiment 5:

The sample in experiment 4 was compared to
commercially available QD films containing InP and CdSe
quantum dots. Table 1 shows the optical performance of
the film as measured with a Hamamatsu Quantaurus C11347-
11 device (eguipped with an integrating sphere). The per-
formance, indicated as quantum yield, of the current
CsPbX3 QD samples is similar to the CdSe containing com-
mercial film 1 while showing a higher quantum yvield and

decreased FWHM compared to InP containing commercial film
2.
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Table 1
Sample Quan- | Total Peak FWHM | Peak FWHM
tum gquantum | posi- green | posi- | red
dot yield tion {nm) tion (nm)
(%) green red
(nm) (nm)
this in- exp.4 69 528 24 645 37
vention
Commer- CdSe 77 543 34 607 40
cial film | based
1
Commexr - InP 59 531 41 632 56
cial film | based
2

film 1, QD film taken from tablet Kindle Fire
HDX 7 manufactured by Amazon, not compliant with RoHS,
comparable gquantum yield and FWHM,

film 2, QD film taken from TV model
UE487J58580 manufactured by Samsung; RoHS compliant but
low guantum yield, broad FWHM.

Experiment 6 (comparative experiment): The
green and red luminescent formulations of example 1 and 2
were mixed together in dry weight ratios of red:green 1:1
(9:1 in formulation weight). Due to the lon exchange re-
action the resulting formulation became orange with a low
intensity yellow luminescence. The formulation was meas-
ured and showed the following optical properties: Quantum
yield 2.5% (measured with the same device as in example
1), emission peak wavelength 554nm, FWHM Z28nm.

This experiment clearly demonstrates that red
and green LC7s cannot be combined in the same liquid for-
mulations nor in the same polymer matrix without substan-
tially affecting the optical properties.
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Experiment 7 (comparative experiment): The
green and red luminescent formulations containing dis-
solved polymer from example 1 and 2 were mixed at a
weight ratio of 1:1. The resulting mixture changed its
color from initial orange to yellow with green emission
within a few seconds, thus indicating the ongoing ion ex-—
change. The resulting mixture was cast onto a glass slide
and dried at 60°C. The resulting film was approximately
100pm thick and showed the following optical properties:
Quantum yield 45% (measured with the same device as in
example 1), emission peak wavelength 520nm, FWHM 27nm.
The fact that no red emission peak could be detected any-
more reinforces the fact that red and green emitting par-
ticles cannot be mixed within one polymer phase.

PCT/CH2016/000082
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Claims

1. A luminescent component, comprising
5 a first element (1) comprising a first sclid
polymer composition, wherein the first solid polymer com-
position comprises first luminescent crystals (11},
wherein the first luminescent crystals (11)
-~ are of the perovskite structure,
10 - are selected from compounds of formula
{I):
MIM2pXe (I), wherein
M2 represents Cs, optionally doped
with up to 30 mol% of one or more
15 other metals having coordination num-
ber 12,
Me represents Pb, optionally doped
with up to 30 mol% of one or more
other metals having coordination num-
20 ber 6,
X independently represents anions
selected from the group consisting of

Cl, Br, I, cyanide, and thiocyanate,

a represents 1,
25 b represents 1,
C represents 3;

- are of size between 3 nm and 3000 nm,
- emit light of a first wavelength in re-
sponse to excitation by light with a
30 wavelength shoxter than the first wave-
length,
an encapsulation (3} enclosing the first ele-
ment (1),
wherein the encapsulation (3) comprises a
35 polymer or an inorganic matrix.

2. The luminescent component according to
claim 1,
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wherein the first solid polymer composition
comprises a first polymer (12}, and
wherein the first polymer (12) is not dis-
solvable in the encapsulation pelymer, and vice versa.
3. The luminescent component according to
claim 1 or claim 2,
comprising a second element (2) comprising
second solid polymer composition, wherein the second
solid polymer composition comprises second luminescent
crystals (21), wherein the second luminescent crystals
(21)
-~ are of the perovskite structure
- are selected from compounds ¢f formula
(LT}
ML M2 % (IT}, wherein
M represents Cs, optionally doped
with up to 30 mol% of one or more
other metals having coordination
number 12,
M2  represents Pb, optionally doped
with up to 30 mol% of one or more
other metals having coordination
number 6,
X independently represents anions

selected from the group consisting

of Cl, Br, and I, cyanide, and thio-

cyanate,

a represents 1,
b represents 1,
C represents 3;

- are of size between 3 nm and 3000 nm,

- are of a different chemical composition

and/or a different size than the first
luminescent crystals (11},
- emit light of a second wavelength dif-
ferent to the first wavelength in re-

sponse to excitation by light with a

PCT/CH2016/000082
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wavelength shorter than each of the
first and second wavelength,
wherein the encapsulation {3) encloses the
second element (2).
4. The luminescent component éccording to
claim 3,
wherein the second solid polymer composition
comprises a second polymer (22), and
wherein the second polymer (22} is not dis-
solvable in the encapsulation polymer, and vice versa.
5. The luminescent component according to
claim 3 or claim 4,
wherein the first element (1) and the second
element (2) are arranged spaced within the encapsulation
{3}, and
preferably wherein the first polymer (12) and
the second polymer (22} are identical.
6. The luminescent component according to
any of the preceding claims 3 to 5, comprising
N further elements (nf) with N >= 1,
each further element (nf) comprising a fur-
ther solid polymer composition and further luminescent
crystals (nlf), wherein the further luminescent crystals
(nlf)
~ are of the perovskite structure
- are selected from compounds of formula
(III):
MIM2p¥e (I11), wherein
M1 represents Cs, optilonally doped
with up to 30 mol% of one or more
other metals having coordination
number 12,
M?  represents Pb, optionally doped
with up to 30 mol% of one or more
other metals having coordination
number 6,

PCT/CH2016/000082
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X independently represents anions
selected from the group consisting
of €1, Br, and I, cyanide, and thio-

cyanate,

a represents 1,
b represents 1,
C represents 3;

- are of size between 3 nm and 3000 nm,

- are of a different chemical composition
and/or a different size than the first,
second and any of the ¥-1 other further
luminescent crystals,

- emit light of a further wavelength in
response to excitation by light with a
wavelength shorter than the further
wavelength, wherein the further wave-
length is different from the first
wavelength, is different from the sec~
ond wavelength, and is différeht of any
of the N-1 other further wavelengths,

- preferably wherein each further polymer
compeosition comprises a further polymer
{(n2f), and

- wherein the further polymer (n2f) is
not disscolvable in the encapsulation
polymer, and vice versa.

7. The luminescent component according to
any of the preceding claims,

wherein the encapsulation polymer is a poly-
mer selected from the list of acrylate polymers, car-
bonate polymers, sulfone polymers, epoxy polymers, vinyl
polymers, urethane polymers, ester polymers, styrene pol-
ymers, silicone polymers, olefin polymers and cyclic ole-
fin copolymers, preferably silicones, cyclic olefin co-

polymers and halogenated vinyl polymers, and

PCT/CH2016/000082
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preferably wherein the encapsulation polymer
has a water vapor transmission rate of less than 0.2 g mm
m-? day~t,

wherein the first polymer (12), second poly-
mer (22) 1f present, and any further polymer (n2f) if
present 1s independently selected from the group of poly-
acrylates, including co-polymers, polystyrenes, sili-
cones, and cyclic olefin copolymers.

8. The luminescent component according to
any one of the preceding claims,

wherein the first luminescent crystals (11),
the second luminescent crystals (21) if present, and any
luminescent crystals (nlf) if present independently are
of size between 5 nm and 100 nm, and / or

wherein a mean diameter of the first elements
{1y, second elements (2) if present, and any further ele-
ments {(nf) if present independently is between 1 pm and
500 pm, preferably between 5 pum and 100 pm.

8. The luminescent component according to
any of the preceding claims 3 to 6,

wherein the first luminescent crystals (11)
are selected from the group consisting of:

- CsPbBrxli-x, whereby 0Sx<2

- CsPbClyBri.y-,I., where 0<y<l, 2<2<3-y, and

wherein the second luminescent crystals (21)
are selected from the group consisting of:

—~ CsPbBryxls-x, where 25x<3

~ CsPbClyBr;Iz.y-z, where 0<y<l, 1<z<3-y.

10. The luminescent component according to
claim 6,

wherein N is between 3 and 28.

11. The luminescent component according to
any of the preceding claims,

wherein the first element (1) comprises first
luminescent crystals (11) only and is free from any other
luminescent crystals,

PCT/CH2016/000082
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wherein the second element (2), 1f present,
bomprises second luminescent crystals (21) only and is
free from any other luminescent crystals

wherein the further element, if present, com-
prises further luminescent crystals (nlf) only and is
free from any other luminescent crystals.

12. A light emitting device, comprising

a luminescent component (4) according to any
of the preceding claims,

a light source for emitting blue light,

wherein the light source is arranged for ex-
citing the luminescent component (4}, and / or

wherein the light emitting device is one of
an LCD display, an OLED display, a Light Emitting Diode
(LED) or an Organic Light Emitting Diode (OLED).

13. The light emitting device according to
claim 12,

wherein the light source is an LED chip (6]},
and

wherein the luminescent component (4) at
least partly encloses the LED chip (6).

14. The light emitting device according to
claim 12,

wherein the light source is an LED chip (6},

wherein the luminescent component (4) is ar-
ranged distant from the LED chip (6), and

preferably, wherein the LED chip (6) is at
least partly covered by a phosphor-free enclosure (7).

1s. Use of a luminescent component of any
of the preceding claims 1 to 11, for emitting white light
in response to the luminescent component (4) being radi-
ated by blue light, in particular as a backlight in a
liquid crystal display.

16. Method for manufacturing a luminescent
component according to any of the preceding claims 1 to
11, comprising

PCT/CH2016/000082
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providing a first polymer solution comprising
the first luminescent crystals (11},
one of
a) extracting multiple first elements (1) from
5 the first polymer sclution by one of spray-~
drying, or precipitation, or
b} hardening the first polymer soclution into
the first solid polymer composition, and
crushing the first solid polymer composi-
10 tion resulting in multiple first elements
(1),
mixing the first elements (1) into a solution
including the encapsulation polymer, and
providing the luminescent component {4) by

15 hardening and / or drying the encapsulation polymer.
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