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phosphor element (100) comprises a substrate (110) and a layer of phosphor material (130). The substrate has an array of blind mi -
croholes (112) in a surface thereof. The layer of phosphor material (130) is provided on a bottom surtace (116) of each of the micro -
holes (112). The layer of phosphor material (130) is formed such that no phosphor material is deposited on a wall (114) of the re -
spective microhole (112) above an uppermost continuous surface of the respective layer of phosphor material. The phosphor element
is manufactured by fabricating a substrate having an array of blind microholes in a surface thereof, and depositing a layer of phos-
phor material on a bottom surtace of each of the microholes such that no phosphor material is deposited on a wall of the respective
microhole above an uppermost continuous surface of the respective layer of phosphor material.
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MICRO PHOSPHOR ELEMENTS AND FABRICATION METHODS OF MICRO PHOSPHOR
ELEMENTS

FIELD OF THE INVENTION

The invention relates generally to phosphor elements for use in

projection light sources of image projectors or headlamps.
BACKGROUND OF THE INVENTION

In recent years, there has been a desire to create more compact image
projectors. Commonly, image projectors have been used only in a limited number of
applications (cinema, business presentation meetings, lectures etc...) because of their
size and power requirements. Due to these requirements, it is generally practical to
use image projectors only in fixed configurations (on a ceiling shelf, on a separate
projection room etc...).

The recent interest in more compact image projectors has resulted in
projectors that use non-traditional sources of illumination, such as LED or laser
sources. These relatively newer illumination sources bring with them a whole new set
of problems. For example, projectors utilizing laser illumination sources may create an
optical effect called "speckle” which is annoying/disturbing to the human eye,

One way to overcome the problems deriving from these newer light
sources is to obtain the necessary colors (red, green, and blue) by illuminating three
different types of phosphors with laser light. This phosphor emission does not create
speckle, and allows the use of a single high power laser. Due to the potential for the
use of phosphor emission in hewer image projectors, improvements in phosphor
elements for use in image projectors are desired.

SUMMARY OF THE INVENTION

Aspects of the present invention are directed to phosphor elements and
methods of manufacturing phosphor elements.

In accordance with one aspect of the present invention, a method of
manufacturing a phosphor element for a projection light source is disclosed. The
method comprises fabricating a substrate having an array of blind microholes in a
surface thereof, and depositing a layer of phosphor material on a bottom surface of
each of the microholes such that no phosphor material is deposited on a wall of the
respective microhole above an uppermost continuous surface of the respective layer of
phosphor material.

In accordance with another aspect of the present invention, a phosphor
element for a projection light source is disclosed. The phosphor element comprises a

substrate and a layer of phosphor material. The substrate has an array of blind

SUBSTITUTE SHEET (RULE 26)
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microholes in a surface thereof. The layer of phosphor material is provided on a bottom
surface of each of the microholes. The layer of phosphor material is formed such that
no phosphor material is deposited on a wall of the respective microhole above an
uppermost continuous surface of the respective layer of phosphor material.
BRIEF DESCRIPTION OF THE DRAWINGS

The invention is best understood from the following detailed description
when read in connection with the accompanying drawings, with like elements having
the same reference numerals. When a plurality of similar elements are present, a
single reference numeral may be assigned to the plurality of similar elements with a
small letter designation referring to specific elements. When referring to the elements
collectively or to a non-specific one or more of the elements, the smali letter
designation may be dropped. According to common practice, the various features of
the drawings are not drawn to scale unless otherwise indicated. To the contrary, the
dimensions of the various features may be expanded or reduced for clarity. Included in
the drawings are the following figures:

FIG. 1A is a diagram illustrating a top view of an exemplary phosphor
element in accordance with aspects of the present invention;

FIG. 1B is a diagram illustrating a cross-sectional side view of the
exemplary phosphor element of FIG. 1A;

FIG. 2 is a diagram illustrating an exploded cross-sectional side view of
an alternative embodiment of the phosphor element of FIG. 1A;

FIG. 3 is a diagram illustrating an exemplary method for manufacturing a
phosphor element in accordance with aspects of the present invention;

FIGS. 4A-4C are diagrams illustrating one process for depositing a layer
of phosphor material in accordance with aspects of the present invention;

FIGS. 5A-5C are diagrams illustrating another process for depositing a
layer of phosphor material in accordance with aspects of the present invention; and

FIGS. 6A-6B are diagrams illustrating yet another process for depositing
a layer of phosphor material in accordance with aspects of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The embodiments of the invention described herein relate to improved
phosphor elements for use in projection light sources. These phosphor elements
include phosphor material that is used to create a full color spectrum during projection
of an image. While the embodiments of the present invention are described herein with
respect to use in image projectors, other uses for the disclosed phosphor elements like

headlamps and headlights will be readily apparent to those of ordinary skill in the art.
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- The embodiments of the invention described herein are particularly
advantageous due to their precise localization of the phosphor material. The disclosed
phosphor elements comprise an array of microholes in which the phosphor materials
may be precisely placed. Additionally, the disclosed embodiments are particularly
advantageous due to their ability to precisely focus the light from the phosphor
material using reflective material on the walls of the microholes. The disclosed
methods also enable simple and cost-effective processes for fabricating the phosphor
elements described herein. , ’

Referring now to the drawings, FIGS. 1A and 1B illustrate an exemplary
phosphor element 100 in accordance with aspects of the present invention. Phosphor
element 100 may be usable in an projection light source. As a general overview,
phosphor element 100 includes a substrate 110 and a layer of phosphor material 130.
Additional details of phosphor element 100 are described herein.

Substrate 110 forms the basis of phosphor element 100. As shown in
FIGS. 1A and 1B, substrate 110 has an array of blind microholes 112 formed in an
upper surface thereof. It will be understood by one of ordinary skill in the art that the
number and layout of microholes 112 shown in FIG. 1A is for the purpose of illustration,
and is not intended to be limiting. Substrate 110 may include any number and layout
of microholes 112 as necessary to produce a desired light emission using phosphor
element 100,

Preferably, substrate 110 comprises a material that effectively
dissipates/transmits heat, and is a good reflector. Accordingly, substrate 110 may
comprise a metallic, reflective material. In one exemplary embodiment, all or a portion
of substrate 110 is formed from reflective material. Where only a portion of substrate
110 is formed from reflective material, it is desirable that the portion of substrate 110
forming walls 114 of microholes 112 be formed from the reflective material. In another
exemplary embodiment, substrate 110 is formed from a non-reflective material that is
at least partially coated with a reflective material. Where substrate 110 is only partially
coated with reflective material, it is desirable that the parts of substrate 110 forming
walls 114 of microholes 112 be coated with the reflective material. Suitable reflective
materials for use with the present invention include, for example, silver, aluminum,
stainless steel, and/or alloys or combinations thereof. Suitable non -reflective materials
for forming an inner portion of substrate 110 include, for example, nickel and/or nickel
alloys. Other suitable reflective and non-reflective materials will be known to one of
ordinary skill in the art from the description herein.

Microholes 112 are shaped and sized to promote the emission of light

from the phosphor material in a given direction away from substrate 110. In an
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exemplary embodiment, the diameter at the top of each microhole 112 is larger than
the diameter along the bottom surface 116 of each microhole 112, as shown in FIG. 1B.
For example, microholes 112 may have a conical shape, a pyramidal shape, a
tetrahedral shape, or a combination of such shapes. The diameter at the top of each
microhole 112 may be between approximately 300-600 microns. The diameter at the
bottom of each microhole 112 may be approximately 100 microns. Microholes 112 may
be approximately 1-2 mm deep in substrate 110, and may be spaced such that there
are between approximately 10-100 microns between each microhole 112,

Substrate 110 may be formed from one or more separate pieces. In one
exemplary embodiment, substrate 110 comprises a unitary piece of material, as shown
in FIG. 1B (e.g., a single piece of reflective material). In another exemplary
embodiment, substrate 110 comprises two or more pieces of material attached via an
adhesive. A substrate formed from two or more pieces of material is shown in FIG. 2.
As shown in FIG. 2, substrate 110 comprises a frame portion 118 in which the array of
microholes 112 are formed. Substrate 110 also comprises a base portion 120 which is
formed as a flat piece of material. Base portion 120 may then be adhered to frame
portion 118 such that an upper surface of base portion 120 forms the bottom surface
116 of each .of the microholes 112. Base portion 120 may be adhered to frame portion
118 with a layer of adhesive (not shown). Suitable adhesives for attaching base
p'ortion 120 to frame portion 118 will be known to one of ordinary skill in the art from
the description herein,

In one exemplary embodiment of substrate 110, frame portion 118 and
base portion 120 are formed from different materials. For example, frame portion 118
comprises a reflective material (such as any of the reflective materials set forth above),
and base portion 120 comprises either the same reflective material or a transmissive
material. Suitable optically transmissive materials for use as base portion 120 include,
for example, glass. Other suitable transmissive materials will be known to one of
ordinary skill in the art from the description herein. This embodiment of phosphor
element 100 may be particularly desirable in order to allow excitation of the phosphor
material in microholes 112 by a laser positioned below the bottom surface of substrate
110 (i.e., in order to allow excitation of the phosphor material by transmitting the laser
beam through base portion 120).

In the above-described embodiment, base portion 120 may further
comprise a dichroic mirror layer.122 formed on the surface of base portion 120 forming
the bottom surface 116 of each microhole 112 (i.e., the upper surface of base portion
120, as Shown in FIG. 2). The use of dichroic mirror layer 122 may be particularly

desirable to allow transmission of the laser beam through base portion 120 to the
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phosphor material in microholes 112, while reflecting lig ht emitted by the phosphor
material out toward the top of microholes 112, ,

The layer of phosphor material 130 is provided on the bottom surface
116 of each microhole 112. The layer of phosphor material 130 includes a plurality of
nano- or micro-scale phosphor grains that are configured to absorb light from an
illumination source (e.g., a laser) and re-emit light at optical wavelengths (e.g., red,
green, or blue light). As shown in FIG, 1B, the layer of phosphor material 130 in each
of the microholes 112 may have a substantially uniform height and volume. The layer
of phosphor material may have a height of approximately 100 microns. The layer of
phosphor material 130 is formed in each microhole 112 such that no phosphor material
is deposited on walls 114 of the respective microhole 112 above an uppermost
continuous surface of the layer of phosphor material 130. In other words, no phosphor
material contacts the walls 114 of the microholes 112 except the material forming part
of the layer 130. Processes for forming the layer of phosphor material 130 such that no
phosphor material is deposited on walls 114 are described in greater detail herein.

Phosphor element 100 is not limited to the above-described features, but
may include alternative or additional features that would be understood to those of
ordinary skill in the art.

For example, phosphor element 100 may further comprise a plurality of
optical elements 140. Optical elements 140 may be provided in each of the microholes
112 on top of the layer of phosphor material 130. In an exemplary embodiment,
optical elements 140 comprise refractive lenses. Other suitable optical elements will be
known to one of ordinary skill in the art from the description herein. Optical elements
140 may be provided in phosphor element 100 in order to further promote the emission
of light from the phosphor material in a given direction away from substrate 110.

FIG. 3 illustrates an exemplary method 200 for manufacturing a
phosphor element in accordance with aspects of the present invention. The
manufactured phosphor element may be usable in a projection light source. As a
general overview, method 200 includes fabricating a substrate and depositing a layer of
phosphor material. Additional details of method 200 are described herein with respect
to the components of phosphor element 100.

In step 210, a substrate is fabricated. In an exemplary embodiment,
substrate 110 is fabricated. As set forth above, substrate 110 has an array of blind
microholes 112 formed in a surface thereof. Microholes 112 are shaped and sized to.
promote the emission of light from the phosphor material in a given direction away
from substrate 110. The array of blind microholes 112 may be formed using any of the

processes described below.
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_ In an exemplary embodiment, step 210 comprises electroforming the
substrate on a negative mold. In this embodiment, a mold may be provided having a
éurface corresponding to a negative of the upper surface of substrate 110. The mold
can be prefabricated (e.g. from brass) using vibration assisted machining or other
conventional micromachining techniques. “The mold surface includes an array of micro-
projections corresponding in shape and size to the array of microholes 112 to be
formed in substrate 110. Substrate 110 may then be fabricated on the surface of the
mold using a conventional electroforming process. This process may be particularly
suitable for forming microholes having a pyramidal or tetrahedral shape.

In another exemplary embodiment, step 210 comprises drilling the array
of microholes 112, In this embodiment, a piece of material is selected to be used as

substrate 110 (e.g., a piece of reflective material such as aluminum or stainless steel).

- The array of blind microholes 112 are then drilled in the surface of the piece of
- material. Microholes 112 may be drilled, for example, by a laser milling/ablation

process with a pico-second pulsed laser. Muitiple microholes 112 may be drilled
simultaneously by using a laser with parallel beam-splitting. When the holes are
formed in this manner, it may be desirable to smooth the walls 114 of microholes 112
via an electropolishing process. This process may be particularly suitable for forming
microholes having a conical shape.

Step 210 may further comprise coating the walls of the microholes with a
layer of reflective material. As set forth above, substrate 110 may be formed from
reflective material. Where substrate 110 is not formed from reflective material, it may
nonetheless be coated with reflective material. In an exemplary embodiment, step 210
comprises coating the walls 114 of microholes 112 with a layer of reflective material.
The reflective material may be coated on substrate 110, for example, by an
electroplating process. Alternatively, the reflective material may be coated on -
substrate 110 by first coating a negative mold with a layer of reflective material, and
then electroforming substrate 110 on the mold (and on. the layer of reflective material).
Suitable materials for use as the reflective material are set forth above in the
description of substrate 110.

It will be understood by one of ordinary skill in the art that the processes
for fabricating a substrate are described above for the purposes of illustration, and are
not intended to be limiting. Substrate 110 may be fabricated using any other suitable
process known to one of ordinary skill in the art.

In step 220, a layer of phosphor material is deposited on a bottom
surface of each of the microholes. In an exemplary embodiment, the layer of phosphor

material 130 is deposited on the bottom surface 116 of each of the microholes 112.
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The layer of phosphor material 130 may be deposited such that the layer of phosphor
material 130 in each of the microholes 112 has a substantially uniform height and
volume, ,

As set forth above, the layer of phosphor material 130 is deposited in
each microhole 112 such that no phosphor material is deposited on walls 114 of the
respective microhole 112 above an uppermost continuous surface of the layer of
phosphor material 130. In other words, following deposition of the layer of phosphor
material 130, no phosphor material contacts the walls 114 of the microholes 112 except
the material forming part of the layer 130. The layer of phosphor material 130 may be
formed using any of the processes described below.

Prior to step 220, it may be desirable to create a slurry of the phosphor
material in order to ease the deposition of the phosphor material at the bottom of
microholes 112. The slurry may be formed using an optically transparent carrier which
offers good thermal conductivity and is optochemically stable under illumination by the
light used to excite the phosphor particles. In an exemplary embodiment, the carrier
comprises a combination of silicone (e.g., Dow Corning EG6301) and photoresist (e.g.,
Micro-Chem SU8). The phosphor slurry can be prepared in the desired weight ratio (or
phosphor density) using a lab mixer.

In an exemplary embodiment, step 220 comprises depositing phosphor
material in each of the microholes 112, and spinning substrate 110 such that the
phosphor material is forced into a layer on the bottom surface 116 of each of the
microholes 112, In this embodiment, a suitable amount of phosphor material is
deposited on top of substrate 110 such that it seeps into each of the microholes 112
(though not in a layer on the bottoms thereof). After the phosphor material is
deposited, air may desirably be removed from the phosphor material, for example, by
exposing substrate 110 with the phosphor material to a vacuum. After the air has been
removed from the phosphor material, excess phosphor material is scraped from the top
of substrate 110, and substrate 110 is spun around a preselected axis. Spinning
substrate 110 subjects the phosphor material in microholes 112 to a centrifugal force,
which forces the phosphor material into a layer of phosphor material 130 at the bottom
of each microhole 112. Because the phosphor particles are heavier than the material of
the slurry, the phosphor materials move toward the bottom surfaces 116 of microholes
112. .This spinning continues until no phosphor material is left on the walls 114 of the
microholes 112 above the uppermost continuous surface of the layer of phosphor
material 130. After the above spinning step, it may be desirable to briefly spin
substrate 110 in an opposite direction in order to homogenize the layer of phosphor

material 130.
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Step 220 may utilize a different process when substrate 110 is formed
from more than one separate piece. In an exemplary émbodiment, step 210 comprises
forming substrate 110 from two separate pieces. In this embodiment, step 210
comprises forming an array of microholes 112 in frame portion 118. The array of
microholes 112 may be formed in frame portion 118 by either electroforming frame
portion 118 or by drilling holes in frame portion 118, svubstantially as described above.
‘Step 210 then further comprises adhering base portion 120 to frame portion 118 such
that a surface of base portion 120 forms the bottom surface 116 of each microhole 112.
Where base portion 120 includes a dichroic mirror layer 122, step 210 may comprise
the step of forming the dichroic mirror layer 122 on the surface of base portion 120
prior to adhering base portion 120 to frame portion 118. Suitable processes for
forming dichroic mirror layer 122 on a piece of material will be known to one of
ordinary skill in the art from the description herein.

In this embodiment, step 220 comprises depositing the layer of phosphor
material 130 on base portion 120 (or dichroic mirror layer 122 of base portion 120)
before adhering frame portion 118 to base portion 120. A numbeér of different
processes may be utilized for depositing the layer of phosphor material 130 on base
portion 120.

| In one process 300 for depositing the layer of phosphor material 130, a
plurality of dots of phosphor material are lithographically deposited on base portion 120
in an array corresponding to the positions of the bottoms of microholes 112, As shown
in FIG. 4A, a mixture of phosphorus material and curable materials 302 is deposited on
base bortion 120. The curable materials may be light-curable materials (such as SU-8
photoresist) or thermal-curable materials (such as EG-6301 encapsulant provided by
Dow Corning of Midland, Michigan, USA). In FIG. 4B, a photomask 304 is positioned
above the phosphorous mixture 302. The phosphorous mixture. 302 is cured by
exposure to a light source positioned above photomask 304 (as illustrated by arrows in
FIG. 4B. After the exposed portions of the phosphorous mixture 302 are cured, the
uncured portibns are dissolved, resulting in a plurality of dots of phosphor material
corresponding to the layers of phosphor material 130, as shown in FIG. 4C.

In another process 310 for depositing the layer of phosphor material 130,
a plurality of dots of phosphor material are deposited by imprinting a mold having a
plurality of recesses in an array corresponding to the positions of the bottoms of
microholes 112. As shown in FIG. 5A, a mixture of phosphorus material and curable
materials 312 is deposited on base portion 120. In FIG. 5B, a mold 314 is pressed into
the phosphorous mixture 312. The phosphorous mixture 312 within mold 314 is cured

by exposure to pressure from mold 314 and a heat source (illustrated by arrows in
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FIG. 5B. After curing, mold 314 is removed, resulting in a plurality of dots of phosphor
material corresponding to the layers of phosphor material 130, as shown in FIG. 5C.

In yet another process 320 for depositing the layer of phosphor material
130, a plurality .of dots of phosphor material are provided within a thin metal sheet (or
foil) having a plurality of holes in an array cbrresponding to the positions of the
bottoms of microholes 112, As shown in FIG. 6A, a plurality of holes are formed in a
thin sheet of metal foil 322, the holes corresponding to the positions of the bottoms of
microholes 112. The sheet of metal foil 322 is then provided on base portion 120. In
FIG. 6B, phosphor material is forced into the holes in foil 322. The phosphor material
may be forced into the holes by scraping an excess amount of phosphor over the holes
and along the surface of foil 322. The resulting plurality of dots of phosphor material
correspond to the layers of phosphor material 130. Foil 322 may or may not be
removed prior to adhering frame portion 118 to base portion 120.

After any of the above processes is implemented, frame portion 118 is
adhered to base portion 120 (as similarly shown in FIG. 2). _

Method 200 is not limited to the above described steps, but may include
alternative or additional steps, as would be understood by one of ordinary skill in the
art.

For example, method 200 may further include the step of curing the layer
of phosphor material. In an exemplary embodiment, phosphor element 100 including
the layer of phosphor material 130 may be subjected to high temperatures sufficient to
cure the phosphor material.

For another example, method 200 may further include the step of
forming an optical element in each of the microholes on top of the layer of phosphor
material. In an exemplary embodiment, optical element 140 is formed in each of the
microholes 112 on top of the layer of phosphor material 130. Optical element 140 may
be formed, for example, from the material provided in the slurry of phosphor material.
In other words, during spinning of the substrate with the phosphor material, as the
layer of phosphor material forms on the bottom of microholes 112, the remainder of the
slurry (e.g., silicone) forms a layer on top of the phosphor material. This layer may
function as a refractive lens based on the materials used for the phosphor material
slurry and the speed of spinning of substrate 110.

In another exemplary embodiment, a separate optical element is formed
in each microhole 112 by adding a preselected material {o each hole after formation of
the layer of phosphor material 130. The optical element may be, for example, a
positive lens. The preselected material may be, for example, silicone or epoxy. The

preselected material may be provided on top of optical element 140; in other words,
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the preseletted material may form a separate optical element on top of the optical
element 140 formed by the material in the phosphor slurry. In this embodiment, the
material from the phosphor slurry (e.g. silicone) is hardened before the preselected
material is added. After being added, any excess of the preselected material may be
removed (e.g., by scraping), and the material may be hardened (e.g. by curing). The
preselected material may be selected to have a higher refractive index than the
material from the phosphor slurry, in order to converge the light emitted by the layer of
phosphor material 130. This embodiment may be particularly suitable for forming an
effective positive microlens array on system 100 that is intrinsically aligned with the
phosphor materials in microholes 112.

Although the invention is illustrated and described herein with reference
to specific embodiments, the invention is not intended to be limited to the details
shown. Rather, various modifications may be made in the details within the scope and

range of equivalents of the claims and without departing from the invention.
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What is Claimed:

1. A method of manufacturing a phosphor element for a projection
light source, the method comprising:

fabricating a substrate having an array of blind microholes in a surface
thereof; and

depositing a layer of phosphor material on a bottom surface of each of
the microholes such that no phosphor material is deposited on a wall of the respective
microhole above an uppermost continuous surface of the respective layer of phosphor
material.

2. The method of claim 1, wherein the fabricating step comprises
electroforming the substrate on a negative mold.

3. The method of claim 1, wherein the fabricating step comprises
drilling the array of microholes in a piece of material.

4., The method of claim 1, wherein the substrate comprises a
reflective material.

5. The method of claim 1, wherein the fabricating step comprises
coating the walls of the microholes with a layer of reflective material.

6. The method of claim 1, wherein a diameter at a top of each of the
microholes is larger than a diameter at a bottom of each of the microholes.

7. The method of claim 6, wherein the microholes have a conical
shape.

8. The method of claim 6, wherein the microholes have a pyramidal
or tetrahedral shape. ,

9. The method of claim 6, wherein the diameter at the top of each of
the microholes is between approximately 300 microns and 600 microns.

10. The method of claim 1, wherein the depositing step comprises
depositing the phosphor material in each of the microholes, and spinning the substrate
such that the phosphor material is forced into a layer on the bottom surface of each of
the microholes.

11. The method of claim 10, further comprising the step of removing
air from the phosphor material after the depositing of the phosphor material and before
the spinning of the substrate.

12, The method of claim 1, wherein the fabricating step comprises
forming the array of microholes in a frame portion, and adhering the frame portion to a
base portion such that a surface of the base portion forms the bottom surface of each of

the microholes.
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13. The method of claim 12, wherein the frame portion comprises a
reflective material, and the base portion comprises a transmissive material.

14. The method of claim 13, wherein the base portion further
comprises a dichroic mirror on the surface of the base portion forming the bottom
surface of each of the microholes.

.15, The method of claim 12, wherein the depositing step comprises
depositing the layer of phosphor material on the base portion before the adhering of
the frame portion to the base portion.

16. The method of claim 15, wherein the depositing step comprises
lithographically depositing a plurality of dots of phosphor material. '

17. The method of claim 1, wherein the layer of phosphor material in
each of the microholes has a substantially uniform height and volume.

18. The method of claim 1, further comprising the step of curing the
layer of phosphor material.

19. The method of claim 1, further comprising forming a lens in each
of the microholes on top of the layer of phosphor material,

20. A phosphor element for a projection light source comprising:

a substrate having an array of blind microholes in a surface thereof; and

a layer of phosphor material on a bottom surface of each of the
microholes, the layer of phosphor material formed such that no phosphor material is
deposited on a wall of the respective microhole above an uppermost continuous surface
of the respective layer of phosphor material.

21. The phosphor element of claim 20, wherein the substrate
comprises a reflective material.

22. The phosphor element of claim 20, wherein the substrate

comprises a layer of reflective material coating the walls of the microholes.

23. The phosphor element of claim 20, wherein a diameter at a top of

each of the microholes is larger than a diameter at a bottom of each of the microholes.
' 24. The phosphor element of claim 23, wherein the microholes have a

conical shape.

25. The phosphor element of claim 23, wherein the microholes have a
pyramidal or tetrahedral shape.

26. The phosphor element of claim 23, wherein the diameter at the
top of each of the microholes is between approximately 300 microns and 600 microns.

27. The phosphor element of claim 20, wherein the substrate .

comprises a frame portion in which the array of microholes are formed, and a base
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portion adhered to the frame portion such that a surface of the base portion forms the
bottom surface of each of the microholes.

28. The phosphor element of claim 27, wherein the frame portion
comprises a reflective material, and the base portion comprises a transmissive
'material. ‘

_ 29. The phosphor element of claim 28, wherein the base portion
further comprises a dichroic mirror on the surface of the base portion forming the
bottom surface of each of the microholes. ‘

30. The phosphor element of claim 20, wherein the layer of phosphor
material in each of the microholes has a substantially uniform height and volume.

31. The phosphor element of claim 20, further comprising a lens in

each of the microholes on top of the layer of phosphor material.
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