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converting material contained within said sealed cavity. The wavelength converting member has high total forward transmission of
light, high thermal conductivity, high strength and provides excellent protection for the wavelength converting member against oxy -
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Wavelength converting element comprising ceramic capsule

FIELD OF THE INVENTION

The present invention relates to a wavelength converting element comprising a
sealed ceramic capsule containing wavelength converting material, and to the use of such
wavelength converting elements in a solid-state light emitting arrangement and/or as a color

wheel for a digital image projector.

BACKGROUND OF THE INVENTION

Light-emitting diode (LED) based illumination devices are increasingly used
for a wide variety of lighting applications. LEDs offer advantages over traditional light
sources, such as incandescent and fluorescent lamps, including long lifetime, high lumen
efficacy, low operating voltage and fast modulation of lumen output.

Efficient high-power LEDs are often based on blue light emitting materials.
To produce an LED based illumination device having a desired color (e.g., white) output, a
suitable wavelength converting material, commonly known as a phosphor, may be used
which converts part of the light emitted by the LED into light of longer wavelengths so as to
produce a combination of light having desired spectral characteristics. The wavelength
converting material may be applied directly on the LED die, or it may be arranged at a certain
distance from the phosphor (so-called remote configuration).

Many inorganic materials have been used as phosphor materials for
wavelength conversion. However, many inorganic phosphors, in particular red phosphors,
suffer from the disadvantage that the conversion spectrum peak is relatively wide, and that a
large amount of infrared or near-infrared light is generated, to which the human eye has low
or no sensitivity. Another important disadvantage of many conventional phosphors is the
relatively large Stokes’ loss (the energy difference between the absorbed wavelength and the
emitted wavelengths). The Stokes’ loss, but also the emission of infra-red wavelengths, may
cause problems with regard to thermal management, since heat absorbed by the phosphor
must be carried off in order to avoid degeneration and thermal quenching of the wavelength

converting material.
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In order to avoid generation of large amount of infra-red radiation, the use of
red quantum dots has been proposed. Quantum dots have a narrow conversion (emission)
peak and do not produce infrared light, which increases the efficiency of an LED based
device. However, quantum dots, which are usually provided in a transparent matrix of
silicone or acrylic polymer, are highly sensitive to oxidation, and must therefore be protected
from oxygen and water in order to avoid degradation.

US 2012/0113672 discloses quantum dot encapsulation and matrix materials,
including quantum dot films with protective barriers. However, a general problem with
various known encapsulations is that the barrier material either has undesirably low light
transmission, which reduces the device efficiency, or that the barrier materials are highly

expensive, which effectively prevents their use in many applications.

SUMMARY OF THE INVENTION

It is an object of the present invention to at least partly overcome these
problems, and to provide a wavelength converting member which effectively prevents
degradation of an oxidation-sensitive wavelength converting material, and which is improved
in terms of light transmission and/or cost-efficiency.

According to a first aspect of the invention, this and other objects are achieved
by a wavelength converting member comprising
- a sealed capsule at least partly made of sintered polycrystalline ceramic, for
example sintered polycrystalline alumina, said capsule defining at least one sealed cavity;
and
- a wavelength converting material contained within said sealed cavity.

The use of polycrystalline ceramic, in particular poly-crystalline alumina, is
advantageous since it is more cost-efficient than e.g. sapphire, while still having a high total
forward transmission of light (TFT), typically at least 75 %, and low light absorption. The
polycrystalline ceramic capsule also has high thermal conductivity, high strength, and can be
hermetically sealed to protect the wavelength converting material from degradation by water
or oxygen. The thermal conductivity of a polycrystalline alumina may have a thermal
conductivity of e.g. 30-40 W/mK, which may help to keep the wavelength converting
material sufficiently cool (e.g. below 100°C) to prevent thermal ageing. With respect to
mechanical strength, a capsule made of polycrystalline ceramic may withstand internal gas

pressures of at least 20 bar.
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In embodiments on the invention, the polycrystalline ceramic may be doped
with ZrO, and/or MgO. Doping may contribute to increased light transmission. For example,
a polycrystalline alumina plate doped with ZrO, and/or MgO may have a TFT higher than
80 %, e.g. 82 %.

In embodiments of the invention, the polycrystalline ceramic may have an
average grain size in the range of from 0.3 to 150 um, for example from 10 to 60 um, such as
from 15 to 30 um.

The polycrystalline ceramic, and in particular polycrystalline alumina, used for
the capsule may have a total forward hemispherical transmission for wavelengths in the range
of from 400 to 700 nm of at least 80% , as measured in air.

Typically, the sealed capsule may comprise a first portion and a second
portion, wherein at least one of said first portion and second portion is made of said sintered
polycrystalline ceramic. For instance, at least one of said bottom portion and said top portion
may comprise at least one sintered polycrystalline ceramic material selected from the group
consisting of sintered spinel, yttrium aluminum garnet (YAG) and AION.

Furthermore, said capsule typically comprises an opening for accessing the
cavity before sealing thereof, said opening being sealed by a sealing material. At least one of
said bottom portion and said top portion may be at least partially transparent or translucent.
Optionally, one of said bottom portion and said top portion may be reflective.

The sealing material may be selected from the group consisting of epoxy, glass
frit (typically low melting glass frit), alumina, and metal (typically low melting metal).
Advantageously, these materials have low gas permeability and/or no or low light absorption,
and may be applied on a very small area using known techniques. According to embodiments
of the invention, the sealed capsule may be hermetically or at least pseudo-hermetically
sealed.

The wavelength converting member may have a flat shape, for example flat
polygonal or disc-like shape, or a curved shape, depending on the intended application.

In embodiments of the invention, the wavelength converting material may
comprise quantum dots. Quantum dots generally have a small Stokes’ loss and narrow
emission band, which means a reduced risk of overheating the phosphor. In other
embodiments, the wavelength converting material may comprise an organic or inorganic
wavelength converting material. Typically, the wavelength converting material may be mixed

with a carrier material, for example an acrylic polymer or silicone. The carrier material is



WO 2014/053951 PCT/IB2013/058839
4

preferably transparent or translucent. The carrier material may be curable, for example UV
curable.

In embodiments of the invention, the wavelength converting material and any
carrier material may optionally not completely fill said sealed cavity. In other embodiments,
the carrier material may comprise pores.

Furthermore, the wavelength converting member may comprise at least one
spacer arranged within said sealed capsule. Optionally, said spacer may bridge the sealed
cavity. Alternatively, at least one spacer may be arranged on one inner surface of capsule and
protrude into the sealed cavity (not necessarily contacting the opposite inner surface of the
capsule).

In embodiments of the invention, the wavelength converting material may
further comprise a wavelength converting material, typically a conventional inorganic or
organic wavelength converting material, arranged on an outer surface of said sealed capsule.
Such an outer phosphor layer may be adapted to compensate for any non-uniformity of the
converted light emitted by the wavelength converting material contained within the sealed
cavity.

The wavelength converting member according to embodiments of the
invention may form a wavelength converting window of high total forward transmission.

In embodiments of the invention, the sealed capsule may define a plurality of
individual, sealed cavities, each comprising an opening for accessing the respective cavity
before sealing of said opening, wherein said opening is sealed with a sealing material. For
example, a first sealed cavity may comprise at least a first wavelength converting material
and a second sealed cavity may comprise at least a second wavelength converting material.
Optionally, at least one cavity may lack wavelength converting material. Hence, at least one
of said sealed cavities comprises a wavelength converting material. A wavelength converting
member defining a plurality of sealed cavities may be useful as a color wheel, e.g. for
application in digital image projection.

Hence, in another aspect, the invention provides a color wheel comprising a
wavelength converting member as described herein, typically a wavelength converting
member comprising a plurality of cavity segments. The wavelength converting member of
the color wheel is typically rotatable around a rotation axis (R) extending in the normal
direction to the plane of the wavelength converting member.

In yet another aspect, the invention provides a light emitting arrangement

comprising
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- a solid state light source adapted to emit light of a first wavelength range; and
- a wavelength converting member as described herein arranged to receive light
emitted by the solid state light source, wherein the wavelength converting material is adapted
to convert light of said first wavelength range into a second wavelength range. The
wavelength converting member may form a light exit window of the light emitting
arrangement.

In a further aspect, the invention relates to a digital image projector
comprising a color wheel or a light emitting arrangement as described herein.

It is noted that the invention relates to all possible combinations of features

recited in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other aspects of the present invention will now be described in more
detail, with reference to the appended drawings showing embodiments of the invention.

Fig. 1 shows a cross-sectional side view of a wavelength converting member
according to embodiments of the invention.

Fig. 2 shows a cross-sectional side view of a wavelength converting member
according to other embodiments of the invention.

Fig. 3 shows a cross-sectional side view of a wavelength converting member
according to other embodiments of the invention.

Fig. 4 shows a top view of a wavelength converting member according to an
embodiment of the invention.

Fig. 5 is a cross-sectional side view of the wavelength converting element of
figure 4.

Fig. 6 is a top view of a wavelength converting element according to another
embodiment of the invention, suitable for use as a color wheel.

Fig. 7 is a cross-sectional side view of wavelength converting element
according to another embodiment of the invention, also suitable for use as a color wheel.

Fig. 8 is a cross-sectional side view of a light emitting arrangement according
to embodiments of the invention.

As illustrated in the figures, the sizes of layers and regions are exaggerated for
illustrative purposes and, thus, are provided to illustrate the general structures of
embodiments of the present invention. Like reference numerals refer to like elements

throughout.
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DETAILED DESCRIPTION

The present invention will now be described more fully hereinafter with
reference to the accompanying drawings, in which currently preferred embodiments of the
invention are shown. This invention may, however, be embodied in many different forms and
should not be construed as limited to the embodiments set forth herein; rather, these
embodiments are provided for thoroughness and completeness, and fully convey the scope of
the invention to the skilled person.

Figure 1 illustrates a wavelength converting member 100 according to
embodiments of the invention. The wavelength converting member 100 comprises a sealed
capsule made of two separate portions, a first or bottom portion 101 and a second or top
portion 102. The portions 101, 102 are shaped to allow the formation of a cavity when they
are aligned and joined together at their edges. To this end, the portion 101 may have a low
wall, while the portion 102 may be flat. The cavity defined by the portions 101, 102 is
occupied by a wavelength converting material 105. Typically, the wavelength converting
material is introduced into the cavity (after joining of the two portions 101, 102 to form the
capsule) via a hole 104 formed in the bottom portion 101, which after introduction of the
wavelength converting material has been sealed by a seal 103. Hence, the wavelength
converting member forms a sealed capsule containing the wavelength converting material.

The first portion 101 and/or the second portion 102 typically comprises a
sintered polycrystalline ceramic, for example sintered polycrystalline alumina. Other
ceramics that may be used for parts the first portion and/or the second portion include
sintered spinel, yttrium aluminum garnet (YAG), or aluminium oxynitride (AION), all of
which are polycrystalline. It is also contemplated that one of the portions 101, 102 could be
made of sapphire which is a single crystal material.

The hole 104 may be formed during manufacture of the portion 101, or it may
be drilled or laser cut. Alternatively, to form the capsule, two individual plate-shaped
portions may be joined by a joint applied along the circumference of at least one of the plate-
shaped portions, but leaving a hole 104 at at least one position. In the embodiment shown in
Fig. 1, the joint may be a polycrystalline ceramic of the same type as at least one of the
portions 101, 102, so that after sintering the joint becomes integral with one or both of the
portions 101, 102.

Alternatively, in some embodiments, a hole may be drilled or laser cut in

either of the portions 101, 102.
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Fig. 2 shows a variation of the embodiment of Fig. 1. In Fig. 2, the portion 101
and the portion 102 are joined together by at least one third, lateral portion 106a-b. In the
case of a circular (disc-shaped) wavelength converting member, the lateral portion may be a
single portion. Alternatively, for example with a polygonal wavelength converting member, it
is envisaged that there may be a plurality of lateral portions, for example three or four lateral
portions. The lateral portion, or at least one of the lateral portions, as the case may be, has a
through hole for introduction of the wavelength converting material into the cavity formed by
joining the first portion 101, the second portion 102 and the lateral portion(s) 106a-b. The
portions 101, 102, and 106a-b may be co-sintered to form the capsule.

Fig. 3 illustrates yet another solution for forming the wavelength converting
member 100. In this figure, the first, plate-shaped portion 101 has an opening 104 to allow
introduction of the wavelength converting material 105. The portions may be co-sintered or
joined by a joint. After introduction, the opening has been sealed by the seal 103.

As mentioned above, at least one of the first portion 101 and the second
portion 102 may be made of sintered polycrystalline alumina. For example, a sintered
polycrystalline alumina material as described in WO 03/059839 may be used. In some
embodiments, the polycrystalline alumina may be doped with ZrO, and/or MgO. Optionally,
one or more other rare earth oxide dopants may be used, typically in addition to said ZrO,
and/or MgO. Such other suitable dopants include Er,03, La,03, Lu; O3, and Yb,Os Doping
may contribute to increased light transmission.

The polycrystalline alumina may have a porosity of less than 1 % by volume,
for example less than 0.1 %, such as about 0.01 % by volume. The low porosity results in
very little back-scattering of light and thus high forward transmission of light.

The total forward transmission (TFT) of sapphire, measured in air, is 86 %.

7 % of the incident light is reflected back at the first interface (air/sapphire) and another 7 %
is reflected back at the second interface (sapphire/air). The TFT of sapphire is not dependent
on the thickness of the sample, since it is very pure and solid material (no porosity). Ideally,
the TFT of the sintered polycrystalline ceramic (typically alumina) used for the sealed
capsule according to embodiments of the invention may be 86 %. However, the TFT may be
lower than 86 %, since it is dependent on several other parameters: the porosity remaining
after sintering (preferably less than 1 %), the degree of contamination, ¢.g. by metals, which
may absorb light, and the thickness of the capsule portions. In embodiments of the invention,
the TFT of the sintered polycrystalline ceramic, typically polycrystalline alumina, may be at
least 82 % as measured in air with perpendicular light of 350-800 nm, for a polycrystalline
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ceramic sample of 1 mm thickness. For example, a polycrystalline alumina sample was found
to have a TFT of about 84 %. The TFT dependence on sample thickness may be roughly
linear.

As used herein, by “transparent” is meant that a material has a total forward
transmission of light (TFT) corresponding to at least 90 %, preferably at least 95 %, of the
TFT of sapphire. Furthermore, by “translucent” is meant that most light is transmitted
(excluding Fresnel reflection), but that in contrast to a transparent material, a translucent
material deflects light over a certain angular range. According to embodiments of the
invention, the polycrystalline ceramic used for at least one of the first and second portions of
the capsule may have a total forward transmission of light (400-700 nm) of at least 70 %,
preferably at least 75 %, for example at least 78 %, such as at least 80 % or even at least
82 %.

The grain size of the polycrystalline alumina before sintering may be in the
range of from 0.3 to 150 um, for example from 10 to 60 um, such as from 15 to 30 um.

The portions 101, 102 and, where applicable, portion(s) 106a-b, may be
formed by injection molding followed by sintering. Alternatively, the portions may be
produced by one of the following techniques: gel casting, slip casting, uniaxial pressing, and
extrusion. The cavity diameter may be in the range of from about 1 to 50 mm, depending on
the intended use. For example, for a wavelength converting member intended as a light exit
window in a vicinity LED module, the diameter of the cavity containing the wavelength
converting material may be in the range of from 6 to 20 mm, while for a wavelength
converting member intended as a light exit window in a remote LED module, the diameter of
the cavity containing the wavelength converting material may be about 50 mm. The
diameters of the individual portions 101, 102 will be about the same or larger compared to
the diameter of the cavity containing the wavelength converting material. The thickness of
the first and second portions 101, 102 may typically be in the range of from 0.3 to 1 mm. The
thickness of the wavelength converting layer contained in the cavity may be for example
from 30 to 500 um. Hence, the cavity containing the wavelength converting material may be
at least 30 um. In some embodiments, the cavity may have a height exceeding the thickness
of the layer of wavelength converting material.

In some embodiments it may be desirable to produce a capsule defining a
cavity of different height at different positions, by making at least one of the portions 101,
102 with locally increased thickness. For example, the height of the cavity could be a

function of the radius of the capsule. Variations in cavity height may result in variations in
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the amount or concentration of wavelength converting material, and could be utilized in order
to achieve variations in e.g. color temperature. Alternatively, when intended for use in a light
emitting arrangement, the cavity could have a lesser height at positions that are to be aligned
with a light source, ¢.g. an LED, so as to contain a lesser the amount of wavelength
converting material at these positions, which may reduce local temperature increases (hot
spots) in the wavelength converting member. Capsule portions of uneven thickness may
advantageously be manufactured by injection molding.

As mentioned above, the first and second portions may be joined by a joint
(not shown in Figs. 1-3). In some embodiments, the joint may be a polycrystalline ceramic,
¢.g. alumina powder, of the same type as at least one of the portions 101, 102, applied before
the final sintering step, so that after sintering the joint becomes integral with one or both of
the portions 101, 102. Alternatively, the joint may be glass frit, which may be used for
joining two already sintered portions 101, 102. Alternatively, the green state joining may be
performed by plastic welding techniques such as ultrasonic welding or hot gas welding and
the like

After forming the capsule by joining portions 101, 102 and where applicable
any other portions such as lateral portion(s) 106a-b, the wavelength converting material may
be introduced into the capsule via the opening 104. The wavelength converting material to be
introduced is typically in a fluid state. The filling may be done using various methods, for
example by capillary forces, by vacuum filling (e.g. at a pressure of 1 bar), by evacuating the
capsule followed by pressure filling (e.g. up to 20 bar), by syringe, etc. In particular when
using capillary filling or vacuum filling, it may be advantageous to have at least two openings
104.

In embodiments of the invention, the wavelength converting material to be
introduced into the capsule may be provided as a wavelength converting layer coated on a
carrier sheet of transparent material. In such embodiments, the opening 104 should have the
shape of a slit of suitable dimensions to allow introduction of the sheet into the capsule, in the
plane of the capsule. Furthermore, in such embodiments, the capsule may be filled with an
inert gas before introduction of the sheet coated with the wavelength converting material.

After introduction of the wavelength converting material, the opening 104 may
be sealed. The seal may be a hermetic seal. For sealing the opening 104, various techniques
may be used. For example, gas-tight epoxy may be applied to seal the opening 104.
Alternatively, a droplet of low melting temperature glass frit may be applied to seal the

opening 104. Other examples of sealing techniques include laser melting of a small piece of
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ceramic (e.g. alumina) to form a seal, and ultrasonic welding of a plug or thin disc of a metal
having a low melting temperature to form a seal. The material used for the seal 103 may at
least partly fill the opening 104. Preferably, the material used for the seal may have low light
absorption.

The wavelength converting material used in the wavelength converting
member according to the invention may comprise at least one type of quantum dots.

Quantum dots are small crystals of semiconducting material generally having
a width or diameter of only a few nanometers. When excited by incident light, a quantum dot
emits light of a color determined by the size and material of the crystal. Light of a particular
color can therefore be produced by adapting the size of the quantum dots. In embodiments of
the present invention, the quantum dots may for example have a size in the range of from 1 to
10 nm in at least one direction. As an alternative to quantum dots, quantum rods may be used,
which may have a width in the range of from 1 to 10 nm and a length of up to 1 mm or more.
Additionally, quantum dots have very narrow emission band. Presently most quantum dots
with emission in the visible range are based on cadmium selenide (CdSe) with shell such as
cadmium sulfide (CdS) and zinc sulfide (ZnS). Cadmium free quantum dots such as indium
phosphide (InP), and copper indium sulfide (CulnS,) and/or silver indium sulfide (AgInS;)
can also be used. Any type of quantum dot known in the art may be used in the present
invention, provided that it has the appropriate wavelength conversion characteristics. For
example, in embodiments of the invention, quantum dots comprising CdSe, InP, CulnS,, or
AgInS; may be used. However, it may be preferred for reasons of environmental safety and
concern to use cadmium-free quantum dots or at least quantum dots having low cadmium
content.

In embodiments of the invention, the wavelength converting material may
comprise an organic or inorganic phosphor, typically in addition to quantum dots. Examples
of suitable organic phosphors are organic luminescent materials based on perylene
derivatives, for example compounds sold under the name Lumogen® by BASF. Examples of
suitable compounds include, but are not limited to, Lumogen®™ Red F305, Lumogen® Orange
F240, Lumogen® Yellow F083, and Lumogen® F170. Examples of inorganic wavelength
converting materials may include, but are not limited to, cerium (Ce) doped YAG (Y3Al50;2)
or LuAG (LusAlsO;,). Examples of other suitable inorganic phosphors materials may
include, but are not limited to ECAS (ECAS, which is Ca; xAlSiNs:Eux wherein 0<x<1;
preferably 0<x<0.2) and BSSN (BSSNE, which is Ba, ,M\Sis.yAlyNg,Oy:Eu, wherein M
represents Sr or Ca, 0<x<I1 and preferably 0<x<0.2, 0<y<4, and 0.0005<z<0.05).



WO 2014/053951 PCT/IB2013/058839
11

Typically, the wavelength converting material further comprises a matrix
material, in which the quantum dots, and optionally any organic and/or inorganic
phosphor(s), are dispersed. Preferably, the matrix material has a high degree of transparency
and low light absorption. For example, the matrix material may be silicone or a polymer,
such as an acrylic polymer. Advantageously, in some embodiments, a polymer or a pre-
polymer (which is not fully polymerized) may be introduced into the capsule via the opening
104 in a liquid state at room temperature. It may be desirable to avoid use of solvents which
would require drying or extraction via the fill hole.

In embodiments of the invention, the matrix material may be curable. In such
embodiments, after introduction of the wavelength converting material into the capsule and
sealing of the opening 104, the matrix material may be cured, e.g. thermally or by UV light.
However, curing may also be performed before sealing of the capsule, ¢.g. under an inert
atmosphere. Advantageously, UV curing may be performed slowly, at low temperature,
which reduces shrinkage of the matrix material and gas bubble formation that may lead to an
inhomogencous wavelength converting layer. In homogeneous distribution of the wavelength
converting material may result in non-uniform color appearance of a light emitting
arrangement using the capsule, and even to leakage of completely non-converted light either
at the position of a bubble or at the edge of the cavity. In general, color homogeneity of the
emitted light and color uniformity of different parts produced is desirable.

In an embodiment of the invention where the matrix material is non-curable, it
may be possible to introduce the wavelength converting material into the capsule at a higher
temperature and, after introduction and sealing, allow the wavelength converting material to
cool down and form a solid inside the sealed capsule. Alternatively, the wavelength
converting material may be introduced as a fluid and may remain a fluid inside the capsule.

During production and/or operation, the wavelength converting member of the
present invention may be exposed to high temperatures. Since the thermal expansion
coefficients of the wavelength converting material and the rest of the capsule, in particular
portions 101, 102 and optionally lateral portion(s) 106a-b, may be different, the wavelength
converting material and the capsule may expand to different extents, resulting in stresses
being built up within the wavelength converting member. Generally, the matrix of the
wavelength converting material may expand more than the capsule. To avoid or at least
reduce any stress resulting from differences in thermal expansion, the wavelength converting

material may be applied to only partially fill the cavity within the capsule. For example,
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voids may be left at one or more edges of the cavity. Another alternative is to use a matrix
material comprising pores, for example a matrix material having a porosity of up to 5 %.

Another problem related to thermal expansion of a wavelength converting
material is a color shift as the volume concentration of quantum dots is reduced due to
expansion of the matrix material. In order to reduce or prevent such a color shift, in an
embodiment of the invention the wavelength converting material may be applied to adhere to
the interior walls of the capsule, leaving a void in the center of the capsule. Alternatively, an
additional layer of matrix material without quantum dots or phosphors may be applied to
form a layer adjacent to the wavelength converting material, which in combination with the
shape of the cavity may be arranged to prevent the wavelength converting material to expand
in the in-plane (e.g., radial) direction. Voids may be left at the edges of the cavity to allow the
additional layer of matrix material to expand in the in-plane direction.

Generally, the dimensional accuracy of the sintered ceramic portions, in
particular sintered alumina portions, used for forming the capsule is about 0.5-1 %.
Inaccuracies may arise during injection molding (hot product may deform when it is removed
from the mold), or during sintering (e.g. due to local temperature differences in the oven). As
a result, the dimensions of the cavity and therefore also the thickness of the layer of
wavelength converting material contained therein, may vary between individual wavelength
converting members. Variations in wavelength converting layer thickness may lead to
undesirable variations in color temperature.

To increase the dimensional accuracy of the cavity, one solution may be to
arrange spacers within the capsule. Spacers may be protruding elements arranged on, or
forming part of, at least one of the portions 101, 102 of the capsule. The spacers may
typically have a flat top portion which may contact the opposite portion 101, 102. In one
example, protruding elements could be injection molded together with either one, or both, of
the portions 101, 102. Alternatively, alumina spheres or an alumina ring could be placed
between the portions 101, 102 so as to be positioned within the cavity when the portions 101,
102 are assembled.

For example, each of the portions 101, 102 illustrated in Fig. 1 could be
injection molded to have a plurality of spacers protruding from the surface of the portion
intended to face the interior of the capsule (the cavity). Before joining the portions 101, 102,
adhesive may be applied on the top surface of at least some of the spacers, which are

intended to contact the cavity-facing surface of the opposite portion 101, 102. Next, the two
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portions 101, 102 may be joined as described above to form the capsule, optionally by
slightly pressing the portions together, followed by sintering.

For example, a disc-shaped wavelength converting member having a diameter
of 16 mm may comprise five spacers, regularly distributed over the surface area of the
wavelength converting member, each spacer having a height of 1 mm.

Alternatively, a gap can be defined by a sacrificial layer of organic material or
metal that is removed before the final sintering process. Such a layer can be removed by e.g.
dissolution in solvent, reaction (such as oxidation by firing in air), depolymerization (e.g.
depolymerization of polyoxymethylene catalyzed by nitric acid vapor), or evaporation.

Another way to reduce or avoid problems with undesirable variations of color
temperature due to dimensional in accuracy of the wavelength converting material may be to
adjust the wavelength converting capacity of the wavelength converting member. For
example, for a wavelength converting material having a slightly smaller cavity volume, a
slightly higher concentration of quantum dots and optionally organic or inorganic phosphor
could be used in order to compensate for the smaller volume of wavelength converting
material. Alternatively or additionally, after introduction of the wavelength converting
material and sealing of the capsule, the color temperature may be measured and a small
amount of organic or inorganic phosphor may be applied on an outer surface of the
wavelength converting member, in any suitable distribution pattern, adapted to compensate
for the difference in color temperature of the wavelength converting material within the
capsule as compared to a reference.

Fig. 4 illustrates another embodiment of the invention, showing a top view of a
disc-shaped wavelength converting member 400, and Fig. 5 illustrates a cross-sectional side
view of the same. In this embodiment, a disc-shaped first portion 401 makes up most of the
body of the wavelength converting member. The first portion 401 has a shoulder along its
circumference. A ring-shaped second portion 402 is arranged to cover the shoulder area and
thus define a cavity into which a wavelength converting material 405 may be inserted via two
openings in the second portion 402. The cavity is ring-shaped except for an interruption
between said openings. The openings are sealed with seals 403a, 403b (shown in Fig. 4). The
wavelength converting member 400 may be mounted on a rotatable shaft, typically via a
central through hole 406 made in the disc-shaped first portion 401. The wavelength
converting member is then rotatable around a rotational axis R, shown in Fig. 5.

In embodiments of the invention, the wavelength converting member may be

adapted to form a color wheel, e.g. for use in an image projector. A digital image projector
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may use a rotatable color wheel for conversion of primary light (typically blue light) from a
solid state light source into a variety of secondary colors. Light emitted by the light source is
typically shaped by one or more optical components (e.g. focused by a condensing lens)
before reaching the color wheel. According to embodiments of the invention, a color wheel
may comprise a wavelength converting member as described in more detail below. The color
wheel typically comprises a plurality of segments comprising different wavelength
converting materials for conversion into different colors, and may be rotated so as to position
any one of the wavelength converting segments in front of the light beam, one in order to
provide conversion into the desired color. The color-converted light leaving the color wheel
(transmitted or reflected) may then be focused by at least one lens onto a digital micro-mirror
device, before being projected (by at least one projection lens) onto a screen as an image.

An embodiment of a wavelength converting member particularly suitable for
use as a color wheel is shown in Fig. 6. Similarly to the embodiment of Fig. 4, the
wavelength converting member 600 comprises a disc-shaped first portion 601 having a
shoulder along its circumference. However, the wavelength converting member 600 of this
embodiment comprises a ring-shaped second portion 602 which defines a plurality of part-
circular cavity segments, rather than forming a single ring-shaped cavity. The cavity
segments are typically not in communication with each other. The cavity segments, filled
with wavelength converting material, are denoted 605a-c in Fig. 6. Each cavity segment has
at least one opening for introduction of the wavelength converting material after joining of
the portions 601, 602; in the embodiment shown in Fig. 6, each cavity segment has two
openings, positions marked in the figure by the presence of seals 603a-f. The cavity segments
may be equal in size or may be different in size, depending on the intended application.
Typically, the cavity segments may contain different wavelength converting materials.
Furthermore, it is not necessary that all wavelength converting materials comprise quantum
dots. For example, a first cavity segment may contain a first wavelength converting material
605a comprising a green phosphor or green quantum dots, or a mixture thereof; a second
cavity segment may comprise a second wavelength converting material 605b comprising red
quantum dots, a red phosphor, or a mixture thereof; and a third cavity segment may comprise
a third wavelength converting material 605¢ comprising a yellow phosphor or yellow
quantum dots. Alternatively, one of the cavity segments may be left void of wavelength
converting material, in order to allow transmission of light from a light source, ¢.g. a blue

light emitting diode.
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Fig. 7 shows an alternative embodiment of a wavelength converting member
700 for use as a color wheel. In this embodiment, at least two different wavelength
converting materials 705, 706 are contained each in a cavity segment as shown in Fig. 6.
However, it is also possible to use a single wavelength converting material 705 contained
within a nearly ring-shaped cavity as shown in Figs. 4-5. The cavity or cavity segments are
defined by a first ring-shaped portion 701 and a second ring-shaped portion 702 joined
together as described above and thus forming a ring-shaped capsule. The portions 701, 702
are also mounted on a disc-shaped carrier 707, which may be a metal disc. As shown in Fig.
7, the carrier 707 may be provided with a central through hole 708, ¢.g. for mounting on a
rotatable member, such as a rotatable shaft. The wavelength converting member 700 may
thus be rotatable around the rotation axis R. Alternatively, instead of a through hole 708, an
adaptor element could be provided on the carrier 707 for mounting e.g. on a rotatable
member. Similarly, instead of the through hole 406 shown in Figs. 4 and 5, the portion 401
could comprise a recess or be provided with (e.g. glued to) other means for mounting the
wavelength converting member e.g. on a rotatable member.

The wavelength converting members 600, 700 may be substantially planar,
with the rotation axis R extending in the normal direction to the plane of the wavelength
converting member.

A rotatable member, ¢.g. a shaft, may be made of any suitable material,
including sintered polycrystalline ceramic. In some embodiments, a wavelength converting
member for use as a color wheel may be integral with a rotatable shaft, e.g. by injection
molding a portion of the capsule, for example the portion 601 having a shaft. Alternatively,
the portions of the capsule, e.g. portions 601, 601 and a rotatable shaft could be produced
separately and the shaft may be inserted into a central hole and joined by a shrink fit process.

The rotatable member, e.g. shaft, is typically connected to an electrical engine
to control the rotation of the color wheel.

In embodiments of the invention, in particular when intended as a color wheel,
the wavelength converting member may further comprise additional optically functional
layers applied onto a surface of the capsule, typically onto an outer surface (i.c. not intended
to face the cavity) of the first portion 101, 401 and/or the second portion 102, 402. An
example of such an optically functional layer is a reflective layer, which may be
advantageous if the wavelength converting member is applied as a color wheel in a projector
operating in reflective mode. Another example of such an optically functional layer is a

dichroic filter, which may be provided to transmit blue light, such that primary, blue light
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emitted by a light source may be received and converted by the wavelength converting
member, and to reflect secondary, converted light, such that any backscattered secondary,
converted light may be redirected and may exit the wavelength converting member in the
desired direction.

As mentioned above, in embodiments of the invention the wavelength
converting member may be adapted to form a light exit window of a light emitting
arrangement employing a solid state light source. Fig. 8 illustrates a light emitting
arrangement 800 comprising a plurality of solid state light sources 801, typically light
emitting diodes, arranged on a printed circuit board 802. A reflective material 803 may be
provided between and around the light sources 801. The light sources 801 are surrounded by
at least one reflective wall 804, which also acts to support a light exit window corresponding
to a wavelength converting member 100 as described above with reference to Fig. 1. During
operation, primary light emitted by the light sources 801 is transmitted through the portion
102 of the wavelength converting member 100, is received and at least partially converted
into secondary light by the wavelength converting material. Secondary light, and primary
light that is not converted, is subsequently transmitted via the portion 101 of the wavelength
converting member and thus may exit the light emitting arrangement.

The solid state light sources used may be LEDs or laser diodes. In some
embodiments the solid state light source may be a blue light emitting LED, such as GaN or
InGaN based LED, for example emitting primary light of the wavelength range from 440 to
460 nm. Alternatively, the solid state light source may emit UV or violet light which is
subsequently converted into light of longer wavelength(s) by one or more wavelength
converting materials. Furthermore, although Fig. 8 shows a plurality of light sources, it is
contemplated that a light emitting arrangement according to embodiments of the invention
may comprise a single light source.

Light emitting arrangement according to embodiments of the invention may be
adapted for a variety of applications. For example the light emitting arrangement may be
used in a flash light for a camera, in a flash light (torch), or in a backlight for a display.

The person skilled in the art realizes that the present invention by no means is
limited to the preferred embodiments described above. On the contrary, many modifications
and variations are possible within the scope of the appended claims. For example, the
capsule may be provided with a surface structure on at least one of the portions, on an outer
surface thereof and/or on an inner surface (i.c., facing the cavity) thereof. Outer surface

structures may for example be applied in order to modify the optical properties of the
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capsules, whereas inner surface structures may improve the flow of the wavelength
converting material (including carrier) during the process of filling the capsule.

Additionally, variations to the disclosed embodiments can be understood and
effected by the skilled person in practicing the claimed invention, from a study of the
drawings, the disclosure, and the appended claims. In the claims, the word "comprising" does
not exclude other elements or steps, and the indefinite article "a" or "an" does not exclude a
plurality. The mere fact that certain measures are recited in mutually different dependent

claims does not indicate that a combination of these measured cannot be used to advantage.
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CLAIMS:

1. A wavelength converting member (100, 400, 600, 700) comprising

- a sealed capsule at least partly made of sintered polycrystalline ceramic, for
example sintered polycrystalline alumina, said capsule defining at least one sealed cavity;
and

- a wavelength converting material (105, 405, 605a-c) contained within said

sealed cavity.

2. A wavelength converting member according to claim 1, wherein the sealed
capsule comprises a first portion (101, 401, 601, 701) and a second portion (102, 402, 602,
702), and wherein at least one of said first portion and second portion is made of said sintered

polycrystalline ceramic.

3. A wavelength converting member according to claim 1, wherein said capsule
comprises an opening (104) for accessing the cavity before sealing thereof, said opening

being sealed by a sealing material (103, 403, 603a-f).

4. A wavelength converting member according to claim 1, wherein said

polycrystalline ceramic is doped with ZrO, and/or MgO.

5. A wavelength converting member according to claim 1, wherein said

wavelength converting material comprises quantum dots.

6. A wavelength converting layer according to claim 1, wherein the wavelength

converting material is mixed with a carrier material.

7. A wavelength converting material according to claim 1, wherein said
wavelength converting material and any carrier material does not completely fill said sealed

cavity.
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8. A wavelength converting member according to claim 6, wherein the carrier
material comprises pores.
9. A wavelength converting member according to claim 1, further comprising at

least one spacer arranged within said sealed capsule.

10. A wavelength converting member according to claim 3, wherein said sealing

material is selected from the group consisting of epoxy, glass frit, alumina, and metal.

11. A wavelength converting member according to claim 1, wherein the sealed

capsule is hermetically or pseudo-hermetically sealed.

12. A wavelength converting member (600, 700) according to claim 1, wherein
said sealed capsule defines a plurality of individual, sealed cavities, at least one of said sealed
cavities comprising a wavelength converting material , each sealed cavity comprising an
opening for accessing the respective cavity before sealing of said opening, wherein said

opening is sealed with a sealing material (603a-f).

13. A color wheel (600, 700) comprising a wavelength converting member
according to claim 12, wherein the wavelength converting member is rotatable around a

rotation axis (R) extending in the normal direction to the plane of the wavelength converting

member.

14. A light emitting arrangement (800) comprising

- a solid state light source (801) adapted to emit light of a first wavelength
range; and

- a wavelength converting member (100) according to claim 1 arranged to
receive light emitted by the solid state light source, wherein the wavelength converting
material is adapted to convert light of said first wavelength range into a second wavelength

range.

15. A digital image projector comprising a color wheel according to claim 13 or a

light emitting arrangement according to claim 14.
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