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(57) Abstract: There is herein described a method of making a single crystal wavelength conversion element from a polycrystalline
wavelength conversion element, a single crystal wavelength conversion element, and a light source containing same. By making the
single crystal wavelength conversion element from a polycrystalline wavelength conversion element, the method provides greater
flexibility in creating single crystal wavelength conversion elements as compared to melt grown methods for forming single crystals.
Advantages may include higher activator contents, forming more complex shapes without machining, providing a wider range of
possible activator gradients and higher growth rates at lower temperatures.
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Method of Making a Single Crystal Wavelength Conversion Element, Single

Crystal Wavelength Conversion Element, and Light Source Containing Same

Cross References to Related Applications

[0001] The present application is an international application that claims the benefit
of U.S. Provisional Application No. 62/159,476 filed May 11, 2015, which is herein

incorporated by reference

Background
[0002] Optical elements for high efficiency conversion of the monochromatic light

emitted by light emitting diodes (LEDs) or lasers may be comprised of
photoluminescent materials, such as inorganic phosphors, that at least partially
convert the primary light emitted by these devices into a longer wavelength secondary
light which can be used to achieve a different single color emission or a white light. A
preferred conversion material is cerium-activated yttrium aluminum garnet (YAG:Ce)
which is used in combination with a blue-emitting LED to generate white light. In some
applications, conversion is achieved with conversion elements comprised of
polycrystalline ceramics or single crystal materials. Such solid ceramic converters are
preferred for high power applications because of their ability to better dissipate the
heat generated by the conversion process. Polycrystalline materials are more
preferred because single crystals are generally more expensive and limited in their

applicability.

[0003] More particularly, single crystals are generally grown by slowly pulling a
seeded crystal from a melted liquid with techniques such as the Czochralski (CZ)
method. Unfortunately, such growth methods limit the concentration of activator ions
that can be incorporated in the host lattice because of (1) the ionic size mismatch
between the activator ions and the host lattice ions, and (2) the segregation
coefficients of the activator ions. This consequently leads to an upper limit of about
0.33% Ce substitution for Y or Lu in garnet-based phosphors such as YAG:Ce or

cerium-activated lutetium aluminum garnet (LUAG:Ce.) CZ grown crystals are also
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subject to optically heterogeneous structures such as cores, facets around the outer

region, and striations which makes them less suitable for certain applications.

[0004] Some applications of optical single crystals may also benefit from a
concentration gradient of activator ions which is difficult to generate in melt grown
crystals. Gradients might be introduced by diffusion but this limits the location of the
gradients (e.g., only higher outside where the dopant can be applied for diffusion).
Furthermore, single crystals pulled from a melt are generally cylindrical in shape and

need extensive machining to make desired shapes and physical features.

[0005] In sum, current melt-grown single crystals have limited activator contents,
limited placements for activator concentration gradients, limited as-grown shapes,

slow melt processing, and optical heterogeneities.

Summary of the Invention
[0006] It is an object of the invention to obviate the disadvantages of the prior art.

[0007] It is another object of the invention to provide a method of making a single
crystal wavelength conversion element that offers greater flexibility in forming single

crystal wavelength conversion elements.

[0008] It is a further object of the invention to provide a single crystal wavelength

conversion element and a light source containing same.

[0009] In accordance with an object of the invention, there is provided a method of

making a single crystal wavelength conversion element comprising the steps of:
(a) obtaining a polycrystalline wavelength conversion element optionally
containing a grain growth promoter;

(b) attaching a seed crystal to a surface of the polycrystalline wavelength

conversion element wherein the seed crystal is attached by use of the grain growth
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promoter at least when the polycrystalline wavelength conversion element does not

contain the grain growth promoter; and

(c) sintering the polycrystalline wavelength conversion element at a
temperature and for a time sufficient to form the single crystal wavelength conversion

element.

[0010] In accordance with another object of the invention, there is provided a single
crystal wavelength conversion element comprising a single crystal of a phosphor
selected from:
(a) (A1xCex)3Bs0O12, wherein A is at least one of Y, Sc, La, Gd, Lu, and Tb,
B is at least one of Al, Ga and Sc, and 0.005=x=<0.1;

(b)  (A1xCex)3(Als-2yMgySiy)O12 wherein A is at least one of Y, Lu, Tb, and
Gd, 0.005=x<0.1, and O<y=<2;

(c) (A1xCex)3AlsySiyO12.yNy wherein A is at least one of Y, Lu, Tb, and Gd,
0.005=x<0.1, and 0<y<0.5;

(d)  (A1xCex)2CaMgz2SizO12 wherein A is at least one of Y, Lu, Tb, and Gd,

and 0<x=<0.1;

(e)  (AE1xEux)2SisNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(f) (AE1xEux)AISiN3 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(9) (AE1xEux)sGasNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(h)  (AE1xEux)Si202N2 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(i) (AExEuy)Sit2-2x-3yAl2x+3yOyN16.y wherein AE is at least one of Ca, Sr, and
Ba, 0.2<x<2.2 and O<y=<0.1;
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() (AE1xEux)2SiO4 wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1; and

(k) (AE1xEux)3SiOs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1.

[0011] In accordance with a further object of the invention, there is provided a light
source comprising a light emitting diode (LED) that emits a primary light and a single
crystal wavelength conversion element that converts at least a portion of the primary

light to a secondary light.

Brief Description of the Drawings
[0012] Figure 1 is a schematic illustration of a method of forming a polycrystalline

wavelength conversion element.

[0013] Figure 2 is a schematic illustration of a method of forming a single crystal

wavelength conversion element.

[0014] Figure 3 is a cross-sectional illustration of a first embodiment of an LED light
source having a single crystal wavelength conversion element according to this

invention.

[0015] Figure 4 is a cross-sectional illustration of a second embodiment of an LED
light source having a single crystal wavelength conversion element according to this

invention.

[0016] Figure 5 is a cross-sectional illustration of a third embodiment of an LED
light source having a single crystal wavelength conversion element according to this

invention.
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Detailed Description of the Invention

[0017] For a better understanding of the present invention, together with other and
further objects, advantages and capabilities thereof, reference is made to the following
disclosure and appended claims taken in conjunction with the above-described

drawings.

[0018] References to the color of a phosphor, LED, laser or conversion material
refer generally to its emission color unless otherwise specified. Thus, a blue LED

emits a blue light, a yellow phosphor emits a yellow light and so on.

[0019] As used herein, a “single crystal wavelength conversion element” means a
crystalline photoluminescent ceramic material that has a generally continuous crystal
lattice, with substantially no grain boundaries, throughout the conversion element.
Some defects and grain boundaries are contemplated to exist within the single crystal
wavelength conversion element provided such imperfections do not substantially
interfere with the properties of the conversion element to behave as a single crystal.
This may be contrasted with a polycrystalline wavelength conversion element
(PCWCE) which is comprised of a photoluminescent ceramic material that has
numerous grains (crystallites) of varying size and orientation throughout the

conversion element.

[0020] The present invention offers more flexibility in the crystal attributes (higher
activator content, better concentration gradient control, better optical homogeneity,
better single crystal shape control) and a lower cost process over melt-grown crystals.
In particular, it is expected that activator concentrations may be increased by nearly
an order of magnitude. For example, in garnet-based phosphors, the concentration of
Ce may be increased from a 0.33% molar substitution of Ce ions for Y or Lu ions in
YAG or LUAG single crystals to at least a 4-5%Ce substitution. This increase is
achieved by first forming a polycrystalline wavelength conversion element (PCWCE)
having the desired higher activator concentration and then converting the PCWCE into
a single crystal. Because the conversion element was first formed as a polycrystalline
ceramic, it is possible to incorporate a higher activator concentration into the host

lattice.
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[0021] Single crystals grown from polycrystalline ceramics may be fabricated in a
wide variety of shapes because of the flexibility in the methods by which polycrystalline
ceramics are made. In particular, shapes such as domes and platelets with holes,
notches, surface texture or other features can be molded easily in the green (unfired)
state ceramics which are sintered to form a polycrystalline ceramic and then converted
to single crystals. Such shapes and features would involve a significant amount of
expensive machining time and material losses if they had to be machined from a single

crystal boule drawn from a melt.

[0022] It is also simpler to form a polycrystalline ceramic with a concentration
gradient, e.g., by laminating layers with different activator concentrations. Once
formed, the polycrystalline ceramic having the activator gradient may then be
converted into a single crystal containing the desired activator gradient. This method
therefore allows for the formation of concentration gradients or refractive index
gradients that cannot be achieved by melt growth methods (e.g., low-high-low

gradients through the thickness of a slab or radially across a cylinder).

[0023] Another advantage of the method of the present invention is the high crystal
growth rates that may be achieved at lower temperatures when starting with a
polycrystalline ceramic. In particular, single crystals made by melt grown methods
must be pulled slowly from the melt at temperatures above the melting temperature of
the material and thus only a growth rate of about 0.2mm/hr may be achieved whereas
in polycrystalline ceramics that growth rate may be up to several mm/hr at several
hundred degrees below the melting temperature of the material. This combination of
accelerated crystal growth rate and lower processing temperatures can lead to
significant cost savings. In addition, by converting polycrystalline wavelength
conversion elements into single crystals, one should be better able to grind the
conversion element into a thin ceramic layer (e.g., 10-30um) which is something that
is difficult to achieve with a PCWCE as polycrystalline ceramics tend to fracture due

to crack induced damage from the grinding process.
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[0024] In one embodiment, the single crystal wavelength conversion element is
comprised of a garnet-based phosphor which may be represented by the general
formula (A1xCex)3Bs0O12, wherein A is at least one of Y, Sc, La, Gd, Lu, and Tb, B is at
least one of Al, Ga and Sc, and wherein x is preferably from 0.005 to 0.1, more
preferably from 0.005 to 0.05 and even more preferably from 0.005 to 0.02. In a
preferred embodiment, A is at least one of Y, Gd, Lu and Tb and B is Al. More
preferably, the phosphor is one of (Y1xCex)sAlsO12 or (Lui-xCex)sAlsO12, wherein x is
from 0.005 to 0.05, and preferably from 0.005 to 0.02. Further examples of phosphors

that may be used in the present invention include:
(@)  (A1xCex)3(Als-2yMgySiy)O12 wherein A is at least one of Y, Lu, Tb, and
Gd, 0.005=x<0.1, and O<y=<2;

(b) (A1xCex)3AlsySiyO12.yNy wherein A is at least one of Y, Lu, Tb, and Gd,
0.005=x<0.1, and 0<y<0.5;

(c) (A1xCex)2CaMg2SizsO12 wherein A is at least one of Y, Lu, Tb, and Gd,
and 0<x=<0.1;

(d)  (AE1xEux)2SisNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(e) (AE1xEux)AISiN3 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(f) (AE1xEux)sGasNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(@)  (AE1xEux)Si202N2 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(h) (AExEuy)Sit2-2x-3yAl2x+3yOyN16.y wherein AE is at least one of Ca, Sr, and
Ba, 0.2<x<2.2 and O<y=<0.1;

(i) (AE1xEux)2SiO4 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;
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() (AE1xEux)3SiOs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(K) (AE1xEux)LiAlsN4 wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1.; and

(h (AE1xEux)MgsSiN4 wherein AE is at least one of Ca, Sr, and Ba and
0<x<0.1.

[0025] A method of making a polycrystalline wavelength conversion element is
shown in Figure 1. The method includes the steps of. (a) combining a precursor
material with an organic binder material and optionally a grain growth promoter to form
a green state mixture, (b) shaping the green state mixture to form a green state shape
of the wavelength conversion element, such as a plate or dome; (c) heating the green
state shape to remove the binder and form a pre-fired ceramic material;, and (d)
sintering the pre-fired ceramic material to form a polycrystalline ceramic wavelength
conversion element having the desired shape. Preferably, the heating in step (c) may
be performed at a temperature up to 1150°C. The pre-fired ceramic material is
preferably sintered at 1500°C-1825°C. More preferably, the pre-fired ceramic material
is sintered in a wet hydrogen or wet hydrogen-nitrogen atmosphere (-10°C to 15°C

dewpoint).

[0026] Preferably, the precursor material is an inorganic luminescent material such
as one of the phosphors described above. More preferably, the precursor material
comprises a garnet-based phosphor such as cerium-activated yttrium aluminum
garnet (YAG:Ce) or cerium-activated lutetium aluminum garnet (LUAG:Ce) and the
grain growth promoter is SiO2. In an alternate method, the green state mixture may
contain more than one precursor materials and heating of the green state shape
causes the precursor materials to react to form a luminescent ceramic material. For
example, the green state mixture may comprise a mixture of oxides formulated to
produce the desired luminescent ceramic, such as a mixture of Y203, Al203 and CeO2.
Methods for forming the green state shape include injection molding, tape casting, dry

pressing, slip casting, or extrusion.
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[0027] In a preferred method shown in Figure 2, a single crystal wavelength
conversion element may be made from the polycrystalline wavelength conversion
element (PCWCE) by the steps of: (a) attaching a seed crystal to the polycrystalline
wavelength conversion element and (b) heating the polycrystalline wavelength
conversion element at a temperature and for a time sufficient to convert the
polycrystalline wavelength conversion element to a single crystal. As shown in
Figure 2, if the PCWCE does not contain the grain growth promoter, then the grain
growth promoter is used to attach the seed crystal to the PCWCE. The grain growth
promoter may also be used for attaching the seed crystal even if the grain growth
promoter is already present in the PCWCE. The grain growth promoter (e.g., SiO2)
forms a liquid phase at elevated temperature which accelerates the grain growth rate.
For garnet-based conversion elements such as YAG:Ce and LUAG:Ce the bonded
PCWCE/seed crystal is heated to a temperature from 1700-1850°C for preferably one
to 48 hours.

[0028] Preferably, the surface of the polycrystalline wavelength conversion
element where the seed crystal is attached has been polished smooth and flat. More
preferably, the seed crystal has also been polished smooth and flat to promote an
intimate contact between the seed crystal and PCWCE. It is believed that the
thermodynamics drives the single crystal grain growth as long as the surface energy
of the seed crystal is much less than that of the fine grains in the polycrystalline
ceramic. This condition is quite accessible as the radius of curvature of the single
crystal is typically much larger than that of the grains in the polycrystalline ceramic
provided the ceramic grain size remains less than several microns. In particular, the
seed crystal should be significantly larger (>1-2 orders of magnitude) larger than the
grain size of the PCWCE. The seed crystal is preferably CZ grown, cut from the boule,

and polished very flat.

[0029] Figure 3 illustrates the use of a single crystal wavelength conversion
element in a phosphor-converted LED (pc-LED) configuration. In particular, a light
source 100 in the form of a pc-LED having a single crystal wavelength conversion

element 104 is shown. The single crystal wavelength conversion element is

-9
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comprised of a single crystal phosphor material, for example, a luminescent cerium-
activated yttrium aluminum garnet, Y3AlsO12:Ce. The wavelength conversion element
104 generally has a thickness of between 20um and 500um and preferably between
100um and 250um. In a preferred embodiment, the wavelength conversion element

has the shape of a flat plate, although it is not limited to such.

[0030] Primary light 106 emitted from light-emitting surface 107 of the blue-emitting
LED die 102 passes into wavelength conversion element 104 which converts at least
a portion of the blue light into a secondary light 116 having a different peak wavelength,
e.g., a yellow light. The color of the light eventually emitted from the light-emitting
surface 120 of conversion element 104 will depend on the ratio of the amount of
unconverted primary light 106 that passes through the wavelength conversion element
to the amount of primary light that is converted to secondary light 116 within the
conversion element. In some applications, all of the primary light 106 is absorbed and

only converted light 116 is emitted (full conversion.)

[0031] By converting polycrystalline ceramics into single crystals with a preferred
orientation (from the seed crystal), it may be possible to grow the LED GaN or InGaN
epitaxial layers directly on the wavelength conversion element. Referring to Figure 4,
a light source 200 is illustrated having a similar configuration to the pc-LED shown in
Figure 3 except that the LED 202 has been grown on the surface of the single crystal
wavelength conversion element 204. In particular, the LED 202 is comprised of a
plurality of epitaxially grown layers 226 on oriented crystal surface 218. Preferably,
the LED 202 comprises a plurality of GaN/InGaN layers and emits a blue primary light
in a range from about 420nm to about 490nm. Similar to Figure 3, primary light 206 is
emitted from the LED 202 and passes into conversion element 204 where it is at least
partially converted to secondary light 216. (The different device orientations shown in
Figs. 3-5 are provided merely for ease of illustration and should not be construed as a
limitation on the invention.) In a preferred embodiment, it is desirable to make a single
crystal YAG:Ce conversion element with a (111) orientation parallel to the surface as
a substrate to grow GaN/InGaN LED upon. Using the wavelength conversion element
as the substrate for the epitaxial layers also eliminates and the requirement for drawn,

cut and polished sapphire as a growth substrate thereby lowering costs.

-10-
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[0032] In cases where the single crystal will serve as a substrate for epitaxial
growth, the crystal structure should be evaluated to determine any mismatch between
axes in the unit cell that present a hexagonal in-plane array and the a-b lattice
parameters of GaN/InGaN. Moderate mismatch discrepancies can be addressed by
a strain relief superlattice between the single crystal wavelength conversion element
and the GaN/InGaN. Additionally, using a single crystal substrate made from a
PCWCE as a substrate for epitaxial growth has advantages that cannot be met with
traditional single crystals. For example, as discussed above, the method of this
invention allows the single crystal wavelength conversion element to be initially
constructed from thin laminated ceramic layers. This technique may be used to modify
the surface layer of the conversion element on which the epitaxial growth occurs. In
particular, it may be possible by adding or removing activator ions from the surface
layer to fine tune the crystal lattice in a way to decrease the mismatch between single
crystal substrate and growth layer resulting in decreased dislocations in the epitaxial
growth layer. For instance, in YAG the lattice dimension difference between doped
and non-doped YAG is in the range of 0.02%. Such an embodiment is illustrated in
Figure 5 which shows a light source 200’ that is similar to light source 200 of Figure 4.
In this case however the single crystal wavelength conversion element 204’ has a
surface layer 230 in which the crystal lattice has been adjusted to reduce lattice
mismatch between the conversion element 204’ and the epitaxially grown layers 226

on oriented crystal surface 218.

[0033] In addition, a laminate layer upon which the epitaxial layer is grown could
be of a different chemistry, but same space group. For example: a laminated
polycrystalline LUAG phosphor converter could have a top layer of YAG (undoped =
no light output) as thin as a few microns, which is converted to (1 1 1) single crystal.
This would result in a shift in the a-b lattice parameter of ~0.9% reducing mismatch
and associated dislocations in the epitaxial growth layer. For less of a change, the

undoped YAG layer could be shuffled to a lower position in the laminate stack.

[0034] In another embodiment, the process for forming the single crystal involves

stamping a faceted face in a green-state ceramic, sintering to form a polycrystalline

-11-
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material, converting the polycrystalline material to single crystal, and growing
GaN/InGaN epitaxial layer(s) on the faceted face. If the optical axis deviates from the
average normal on each of the facets, this will create an LED with higher extraction
efficiency and a broader emission cone. Alternately the GaN/InGaN layers could be
grown on a flat side of the single crystal wavelength conversion element which has

facets on the emitting side.

[0035] In yet another embodiment, the process may involve fashioning a green-
state ceramic dome or dome array, sintering to a polycrystalline state, converting to
single crystal, and growing GaN/InGaN layers to form a hemi-spherical LED or LED

array.

[0036] While there have been shown and described what are at present considered
to be preferred embodiments of the invention, it will be apparent to those skilled in the
art that various changes and modifications can be made herein without departing from

the scope of the invention as defined by the appended claims.

-12-
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What is claimed is:

1. A method of making a single crystal wavelength conversion element

comprising the steps of:

(a) obtaining a polycrystalline wavelength conversion element optionally

containing a grain growth promoter;

(b) attaching a seed crystal to a surface of the polycrystalline wavelength
conversion element wherein the seed crystal is attached by use of the grain growth
promoter at least when the polycrystalline wavelength conversion element does not

contain the grain growth promoter; and

(c) sintering the polycrystalline wavelength conversion element at a
temperature and for a time sufficient to form the single crystal wavelength conversion

element.

2. The method of claim 1 wherein the polycrystalline wavelength conversion
element and the seed crystal each have a polished flat surface and the polished flat

surfaces are attached to each other in step (b).

3. The method of claim 1 wherein the single crystal wavelength conversion
element comprises a garnet-based phosphor (A1-xCex)3sBsO12, wherein A is at least
one of Y, Sc, La, Gd, Lu, and Tb, B is at least one of Al, Ga and Sc, and wherein x is
preferably from 0.005 to 0.1.

4. The method of claim 3 wherein x is from 0.005 to 0.05.

5. The method of claim 3 wherein x is from 0.005 to 0.02.

-13-
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6. The method of claim 3 wherein the grain growth promoter is SiOa.

7. The method of claim 1 wherein the single crystal wavelength conversion

element comprises a phosphor selected from:

(a)

(A1xCex)3(Als-2yMgySiy)O12 wherein A is at least one of Y, Lu, Tb, and
Gd, 0.005sx<0.1, and O<y=2;

(A1xCex)3AlsySiyO12.yNy wherein A is at least one of Y, Lu, Tb, and Gd,
0.005=x<0.1, and 0<y<0.5;

(A1xCex)2CaMg2SisO12 wherein A is at least one of Y, Lu, Tb, and Gd,

and 0<x=<0.1;

(AE1xEux)2SisNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(AE1xEux)AISiN3 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(AE1xEux)sGasNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(AE1xEux)Si202N2 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(AExEuy)Sit2-2x-3yAl2x+3yOyN16.y wherein AE is at least one of Ca, Sr, and
Ba, 0.2<x<2.2 and O<y=<0.1;

(AE1xEux)2SiO4 wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1;

(AE1xEux)3SiOs wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1;

-14-
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(K) (AE1xEux)LiAlsN4 wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1; and

(h (AE1xEux)MgsSiN4 wherein AE is at least one of Ca, Sr, and Ba and
0<x<0.1.

8. The method of claim 3 wherein the temperature is from 1700°C to 1850°C and

the time is from one hour to 48 hours.

9. The method of claim 1 wherein step (a) comprises:

combining a precursor material with an organic binder material and optionally

a grain growth promoter to form a green state mixture;

shaping the green state mixture to form a desired shape of the polycrystalline

wavelength conversion element;

heating the green state shape to remove the binder and form a pre-fired

ceramic material; and

sintering the pre-fired ceramic material to form the polycrystalline ceramic

wavelength conversion element having the desired shape.

10. A single crystal wavelength conversion element comprising a single crystal of

a phosphor selected from:

(a) (A1xCex)3Bs0O12, wherein A is at least one of Y, Sc, La, Gd, Lu, and Tb,
B is at least one of Al, Ga and Sc, and 0.005=x=<0.1;

(b) (A1xCex)3(Als-2yMgySiy)O12 wherein A is at least one of Y, Lu, Tb, and
Gd, 0.005sx<0.1, and O<y=2;

(c) (A1xCex)3AlsySiyO12.yNy wherein A is at least one of Y, Lu, Tb, and Gd,
0.005=x<0.1, and 0<y<0.5;
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(d)  (A1xCex)2CaMgz2SizO12 wherein A is at least one of Y, Lu, Tb, and Gd,

and 0<x=<0.1;

(e)  (AE1xEux)2SisNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(f) (AE1xEux)AISiN3 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(9) (AE1xEux)sGasNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(h)  (AE1xEux)Si202N2 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(i) (AExEuy)Sit2-2x-3yAl2x+3yOyN16.y wherein AE is at least one of Ca, Sr, and
Ba, 0.2<x<2.2 and O<y=<0.1;

() (AE1xEux)2SiO4 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(k) (AE1xEux)3SiOs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(h (AE1xEux)LiAlsN4 wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1; and

(m)  (AE1xEux)MgsSiN4 wherein AE is at least one of Ca, Sr, and Ba and
0<x<0.1.

11.  The single crystal wavelength conversion element of claim 10 wherein the
phosphor is (A1-xCex)3Bs012, wherein A is at least one of Y, Sc, La, Gd, Lu, and Tb,
B is at least one of Al, Ga and Sc, and 0.005=x=<0.1.
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12.  The single crystal wavelength conversion element of claim 11 wherein
0.005=x<0.05.

13.  The single crystal wavelength conversion element of claim 11 wherein
0.005=x<0.02.

14.  The single crystal wavelength conversion element of claim 11 wherein A is at
least one of Y, Gd, Lu and Tb and B is Al.

15.  The single crystal wavelength conversion element of claim 11 wherein the
phosphor is selected from (Y1xCex)3AlsO12 or (Lu1xCex)3AlsO12, wherein
0.005=x<0.05.

16. A light source comprising: a light emitting diode (LED) that emits a primary
light and a single crystal wavelength conversion element that converts at least a
portion of the primary light to a secondary light, the single crystal wavelength

conversion element comprising a single crystal of a phosphor selected from:

(a) (A1xCex)3Bs0O12, wherein A is at least one of Y, Sc, La, Gd, Lu, and Tb,
B is at least one of Al, Ga and Sc, and 0.005=x=<0.1;

(b)  (A1xCex)3(Als-2yMgySiy)O12 wherein A is at least one of Y, Lu, Tb, and
Gd, 0.005=x<0.1, and O<y=<2;

(c) (A1xCex)3AlsySiyO12.yNy wherein A is at least one of Y, Lu, Tb, and Gd,
0.005=x<0.1, and 0<y<0.5;

(d)  (A1xCex)2CaMgz2SizO12 wherein A is at least one of Y, Lu, Tb, and Gd,

and 0<x=<0.1;

(e)  (AE1xEux)2SisNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;
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(f) (AE1xEux)AISiN3 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(9) (AE1xEux)sGasNs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(h)  (AE1xEux)Si202N2 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(i) (AExEuy)Sit2-2x-3yAl2x+3yOyN16.y wherein AE is at least one of Ca, Sr, and
Ba, 0.2<x<2.2 and O<y=<0.1;

() (AE1xEux)2SiO4 wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(k) (AE1xEux)3SiOs wherein AE is at least one of Ca, Sr, and Ba and
0<x=<0.1;

(h (AE1xEux)LiAlsN4 wherein AE is at least one of Ca, Sr, and Ba and

0<x=<0.1; and

(m)  (AE1xEux)MgsSiN4 wherein AE is at least one of Ca, Sr, and Ba and
0<x<0.1.

17.  The single crystal wavelength conversion element of claim 16 wherein the
phosphor is (A1-xCex)3Bs012, wherein A is at least one of Y, Sc, La, Gd, Lu, and Tb, B
is at least one of Al, Ga and Sc, and 0.005=x<0.1.

18.  The light source of claim 16 wherein the LED is comprised of epitaxial layers

grown on a surface of the single crystal wavelength conversion element.
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19.  The light source of claim 18 wherein the single crystal wavelength conversion
element has a surface layer in which the crystal lattice is adjusted to reduce lattice

mismatch between the conversion element and the epitaxial layers.

20.  The light source of claim 19 wherein the phosphor is (Lu1xCex)3AlsO12
wherein 0.005=x<0.1 and the surface layer is comprised of an undoped yttrium

aluminum garnet (YAG).
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