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.SEMICONDUCTOR LIGHT EMITTING DEVICES WITH
OPTICAL COATINGS AND METHODS OF MAKING SAME

FIELD OF THE INVENTION
[0001] This invention relates to lighting devices, and more particularly to

semiconductor light emitting devices including wavelength conversion materials.

'BACKGROUND
[0002] Light emitting diodes and laser diodes are well known solid state
electronic devices capable of generatiﬂg light upon application of a sufficient voltage.
Light emitting diodes and laser diodes may be generally referred to as light emitting
devices ("LEDs"). Light emitting devices generally include a p-n junction formed in
an epitaxial layer grown on a substrate such as sapphire, silicon, silicon carbide,
gallium arsenide and the like. The wavelength distribution of the light generated by
the LED generally depends on the material from which the p-n junction is fabricated
and the structure of the thin epitaxial layers that make up the active region of the
device.
[0003] Typically, an LED chip includes a substrate, an n-type epitaxial region
formed on the substrate and a p-type epitaxial region formed on the n-type epitaxial
region (or vice-versa). In order to facilitate the application of a voltage to the device,
an anode ohmic contact is formed on a p-type region of the device (typically, an
exposed p-type epitaxial layer) and a cathode ohmic contact is formed on an n-type
fegion of the device (such as the substrate or an exposed n-type epitaxial layer). In
other embodiments, a substrate need not be included. Accordingly, the term "diode"
or "chip" typically refers to the structure that minimally includes two semiconductor
portions of opposite conductivity types (p and n) along with some form of ohmic
contacts to permit current to be applied across the resulting p-n junction.
[0004] It is known to enclose an LED chip in a package that can perform a
number of functions and provide a number of benefits. For example, an LED package
can provide mechanical support and environmental protection for the chip, as well as

providing electrical leads for connecting the chip to an external circuit, and heatsinks
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for efficient heat extraction from the chip. An LED package can also perform optical
functions. For example, an LED package can include optical materials and/or
structures, such as lenses, reflectors, light scattering layers, etc., that can direct light
output by the semiconductor chip in a desired manner.

[0005] In a typical LED package 10 illustrated in Fig. 1, an LED chip 12 is
mounted on a reflective cup 13 by means of a solder bond or conductive epoxy. One
or more wirebonds 11 connect the ohmic contacts of the LED chip 12 to leads 15A
and/or 15B, which may be attached to or integral with the reflective cup 13. The
reflective cup 13 may be filled with an encapsulant material 16 containing a
wavelength conversion material such as phosphor particles. The entire assembly may
then be encapsulated in a clear protective resin 14, which may be molded in the shape
of a lens to collimate the light emitted from the LED chip 12.

[0006] The color emitted by an LED is largely defined by the material from
which it is formed. Chips formed of gallium arsenide (GaAs) and gallium phosphide
(GaP) tend to emit photons in the lower energy (red and yellow) portions of the
visible spectrum. Materials such as silicon carbide (SiC) and the Group III nitrides
(e.g., AlGaN, InGaN, AllnGaN) have larger bandgaps and thus can genérate photons
with greater energy that appear in the green, blue and violet portions of the visible
spectrum as well as in the ultraviolet portions of the electromagnetic spectrum.
[0007] It is often desirable to incorporate phosphor into an LED package to
enhance the emitted radiation in a particular frequency band and/or to convert at least
some of the radiation to another frequency band. In general, light is emitted by a
phosphor when a photon having energy higher than a bandgap of the phosphor
material passes through the phosphor and is absorbed. When the photon is absorbed,
an electronic carrier in the phosphor is stimulated from a resting state to an excited‘
state. When the electronic carrier decays back to a resting state, a photon can be
emitted by the phosphor. However, the emitted photon may have an energy that is
less than the energy of the absorbed photon. Thus, the emitted photon may have a
-wavelength that is longer than the absorbed photon.

[0008] The term "phosphor" is used herein to refer to any materials that
absorb light at one wavelength and re-emit light at a different wavelength, regardless
of the delay between absorption and re-emission and regardless of the wavelengths
involved. Accordingly, the term "phosphor" is used herein to refer to materials that

are sometimes called fluorescent and/or phosphorescent. In general, phosphor
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particles absorb light having shorter Wavelengthé and re-emit light having longer
wavelengths. As such, some or all of the light emitted by the LED chip at a first
wavelength may be absorbed by the phosphor particles, which may responsively emit
light at a second wavelength. For example, a single blue emitting LED chip may be
surrounded with a yellow phosphor, such as cerium-doped yttrium aluminum garnet
(YAQG). The resulting light, which is a combination of blue light and yellow light,
may appear white to an observer.

[0009] Methods of applying phosphor to an LED chip include conformal
coating methods and mini-glob methods. Conformal coatings are traditionally applied
by dipping, spraying or simple flow coating. However, conformal coating methods
may waste phosphor as the coating is typically not specific to a small target area. In
mini-glob methods, a small amount of resin carrying a dispersed phosphor is applied
to a specific location(s) of a surface of an LED chip. Although more efficient in the
amount of phosphor used and the dCCT (Delta Color Coordinate Temperature, i.c.,
the range of color temperatures emitted from a device when viewed from full range of
angles) obtained, conventional mini-glob methods may not be as conversion-efficient
as conformal coating methods. As such, methods of applying phosphor that achieve
both conversion efficiency and efficiency in the amount of phosphor used, as well as

dCCT obtained, are desired.

SUMMARY
[0010] It should be appreciated that this Summary is provided to introduce a
selection of concepts in a simplified form, the concepts being further described below
in the Detailed Description. This Summary is not intended to identify key features or
essential features of this disclosure, nor is it intended to limit the scope of the
invention. _
[0011] According to some embodiments of the present invention, a method of
making a semiconductor light emitting device (i.e., an LED chip) having one or more
light emitting surfaces includes positioning a stencil on a substrate such that a chip
disposed on the substrate is positioned within an opening in the stencil. Phosphor-
containing material (e.g., silicone) is deposited in the opening to form a coating on
~ one or more light emitting surfaces of the chip. The one or more light emitting
surfaces emit light having a first dominant waveleﬁgth upon the application of a

voltage to the chip. The phosphor particles convert light emitted by the one or more
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light emitting surfaces to light having a second dominant wavelength different from
the first dominant wavelength.

[0012] . In some embodiments, the opening substantially conforms to a shape
of the chip. As such, the phosphor-containing material forms a coating on the one or
more light emitting surfaces that conforms to the shape of the chip. In other words,
each coating layer above a respective light emitting surface has a respective surfacé
that is substantially parallel with the underlying light emitting surface. In other
embodiments, the opening does not substantially conform to a shape of the chip. As
such, the phosphor-containing material forms a coating on‘the one or more light |
. emitting surfaces with a shape different from that of the chip. In other words, one or
more coating layer above a respective light emitting surface has a respective surface
that is not substantially parallel with the underlying light emitting surface.

[0013] The phosphor-containing material is cured with the stencil still in
place. Various curing methods may be utilized such as, for example, heat curing,
optical curing, or room temperature curing. After curing, the stencil is removed from
the substrate and the coated chip is separated from the substrate. The chip may then
be subjected to further processing such as, for example, additional molding operations
for forming a final lens shape.

[0014] In order to facilitate separation of the stencil from the chip without
damaging the cured coating or the chip, a mold release material may be applied to the
stencil prior to depositing the phosphor-containing material in the opening. In some
embodiments, the stencil may be formed from or coated with a material that facilitates
separation of the stencil from the chip. For example, the stencil may be formed of
material having a coefficient of thermal expansion that is different from that of the |
cured phosphor-containing material. In some embodiments, the stencil may be
formed from or coated with material having lower surface energy than that of the
cured phosphor-containing material, such as polytetrafluoroethylene and parylene.
[0015] In order to maintain the stencil in proper registration with the light
emitting element, the stencil may be secured to the substrate, for example, via an
adhesive. In addition, the stencil and substrate may be sealed by a barrier material to
prevent leakage of the phosphor-containing material between the stencil and substrate.
In some embodiments, an adhesive may also serve as a barrier material.

[0016] In some embodiments, the phosphor particles in the material deposited

within the opening are caused to become arranged in a densely packed layer at the one
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or more light emitting surfaces of the chip, prior to curing. The material is then cured
to lock the densely packed layer in position at.the one or more light emitting surfaces.
Because the densely packed layer of phosphor particles is located at the one or more
light emitting surfaces, coating material above the densely packed layer of phosphor
particles is devoid of phosphor particles, and can be temoved and/or reduced, if
desired. Also, because the densely packed layer of phosphor particles is in contacting
relationship with the one or more '1ight emitting surfaces, heat transfer between the
phosphor particles and the chip may be substantially improved over conventional
LEDs. For example, an average distance that heat generated by the phosphor particles
travels from the densely packed layer to the chip is substantially less than about half a
thickness of the coating.

[0017] In some embodiments, causing the phosphor particles in the material to
become arranged in a densely packed layer at the one or more light emitting surfaces
includes subjecting the chip to centrifugal force. In some embodiments, causing the
phosphor particles in the material to become arranged in a densely packed layer at the
1ight emitting surface includes subjecting the phosphor-containing material to at least
one harmonic vibration, for example, via a vibration table.

[0018] In other embodiments, causing the phosphor particles to become
arranged in a densely packed layer at the one or more light emitting surfaces includes
heating the material to a predetermined temperature for a predetermined time to lower
the viscosity of the material such that the phosphor particles can settle under the force
of gravity. In some embodiments, the material may be directly heated. In some
embodiments, the material may be directly heated and/or indirectly heated via the
chip. In other embodiments, causing the phosphor particles to become arranged in a
densely packed layer at the one or more light emitting surfaces includes applying a
solvent, such as hexane or xylene, to the deposited phosphor-containing material prior
to curing the material.

[0019] In other embodiments, the viscosity of the phosphor-containing
material can be lowered via the addition of a solvent, such as hexane or xylene. The
solvent reduces viscosity by breaking the polymer chains (e.g., silicone chains) of the
phosphor-containing material, causing the phosphor particles to drop out. The solvent
is subsequently removed, for example, via evaporation prior to curing of the
phosphor-containing materjal. The polymer chains become re-established upon

removal of the solvent.
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[0020] In some embodiments, cured material above the densely packed layer
of phosphor particles that is devoid of phosphor particles may be removed to decrease
the thickness of the coating on the chip.
| [0021] According to some embodiments of the present invention, a stencil
may be configured to apply a coating to a plurality of chips. The stencil is positioned
such that each one of a plurality of light emitting semiconductor elements disposed on
a substrate is located within a corresponding one of a plurality of openings in the
stencil. The phosphor-containing material is then deposited in each of the openings
and cured, as described above. Also, the phosphor particles may be caused to form a
densely packed layer at the one or more light emitting surfaces, as described above.
[0022] According to some embodiments of the present invention, a
semiconductor light emitting device (e.g., LED chip) has at least one light emitting
surface that emits light having a first dominant wavelength upon the application of a
voltage to the chip, and a coating of phosphor-containing material (e.g., silicone) on
the at least one light emitting surface, wherein the phosphor particles convert light
emitted by the light emitting surface to light having a second dominant wavelength
different from the first dominant wavelength. The coating is fofmed by depositing a
phosphor-containing material in an opening of a stencil in which the chip is
positioned. The material is cured and then the stencil is removed. In some
embodiments, phosphor particles in the coating material are arranged in a densely
packed layer within the coating at the at least one light emitting surface, and such that
the at least one light emitting surface is in contacting relationship with the layer of
phosphor particles. .
[0023] According to other embodiments of the present invention, a method of
making a semiconductor light emitting device includes positioning a stencil on a
substrate such that a semiconductor light emitting element disposed on the substrate is
positioned within an opening in the stencil, and depositing a phosphor-containing
material in the opening to form a coating on a light emitting surface of the
semiconductor light emitting element. Phosphor particles in the material are caused
to become arranged in a densely packed layer Within the material at the light emitting
surface when the amount of phosphor-containing material is sufficient to convert light
to a desired color point. The material is then cured without disturbing the densely
packed layer of phosphor particles. In some embodiments, light conversion by the

phosphor-containing material is measured substantially in real time as the phosphor-
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containing material is being applied to the light emitting surface. The phosphor
particles are caused to become arranged in a densely packed layer at the light emitting
surface by applying a solvent to the phosphor-containing material. The solvent is
removed prior to curing. The stencil is then removed from the substrate.

[0024] It is noted that aspects of the invention described with respect to one
embodiment may be incorporated in a different embodiment although not specifically
described relative thereto. That is, all embodiments and/or features of any
embodiment can be combined in any way and/or combination. Applicant reserves the
right to change any originally filed claim or file any new claim accordingly, including
the right to be able to amend any originally ﬁled claim to depend from and/or
incorporate any feature of any other claim although not originally claimed in that
manner. These and other objects and/or aspects of the present invention are explained

in detail below.

BRIEF DESCRIPTION OF THE DRAWINGS
[0025] " The accompanying drawings, which are included to provide a further
understanding of the invention and are incorporated in and constitute a part of this

application, illustrate certain embodiment(s) of the invention.

[0026] Fig. 1 is a cross-sectional side view illustrating a conventional
packaged LED.
[0027] Fig. 2A is a cross sectional view of an LED chip positioned within an

opening of a stencil, according to some embodiments of the present invention, and

wherein the opening substantially conforms to a shape of the chip.

[0028] Fig. 2B illustrates phosphor-containing material deposited in the
opening of the stencil of Fig. 2A to form a coating on the light emitting surfaces of the
chip.

[0029] Fig. 2C illustrates the coated chip of Fig. 2B separated from the

substrate and the stencil.

[0030] Fig. 3A is a cross sectional view of an LED chip positioned within an
opening of a stencil, according to some embodiments of the present invention, and
wherein the opening does not conform to a shape of the chip.

[0031] Fig. 3B illustrates phosphor-containing material deposited in the
opening of the stencil of Fig. 3A to form a coating on the light emitting surfaces of the

~chip.



WO 2012/040093 PCT/US2011/052120

[0032] Fig. 3C illustrates the coated chip of Fig. 3B separated from the
substrate and the stencil.

[0033] . Fig. 4A is a cross sectional view of an LED chip positioned within an
opening of a stencil, according to some embodiments of the present invention, and

wherein the opening does not conform to a shape of the chip.

[0034] Fig. 4B illustrates phosphor-containing material deposited in the
opening of the stencil of Fig. 4A to form a coating on the light emitting surfaces of the
chip.

[0035] Fig. 4C illustrates the chip of Fig. 4B after phosphor particles in thé

coating material have become arranged in a densely packed layer at the light emitting
surfaces of the chip. |

[0036] Fig. 4D illustrates the coated chip of Fig. 4C separated from the
substrate and the stencil.

[0037] Fig. 5 is a plan view of a stencil having a plurality of openings for

. receiving a corresponding plurality of LED chips for éoating, according to some
embodiments of the present invention.

[0038] Fig. 6 is a cross-sectional view of a plurality of LED chips on a
substrate that have been coated via the stencil of Fig. 5.

[0039] Figs. 7-9 are flow charts of operations for making semiconductor light

emitting devices, according to embodiments of the present invention.

DETAILED DESCRIPTION
[0040] The present invention now will be described more fully with reference -
to the accompanying drawings, in which 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 so that this disclosure will be thorough and complete, and Wﬂl fully
convey the scope of the invention to those skilled in the art. In the drawings, the size
and relative sizes of layers and regions may be exaggerated for clarity. Like numbers
refer to like elements throughout.
[0041] It will be understood that when an element such as a layer, region or
substrate is referred to as being "on" another element, it can be directly on the other
element or intervening elements may also be present. It will be understood that if part

of an element, such as a surface, is referred to as "inner," it is farther from the outside
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of the device than other parts of the element. Furthermore, relative terms such as
"beneath" or "overlies" may be used herein to describe a relationship of one layer or
region to another layer or region relative to a substrate or base layer as illustrated in
the figures. It will be understood that these terms are intended to encompass different
orientations of the device in addition to the orientation depicted in the figures.
Finally, the term "directly” means that there are no intervening elements. As used
herein, the term "and/or" includes any and all combinations of one or more of the
associated listed items.

[0042] It will be understood that, although the terms first, second, etc. may be
used herein to describe various elements, components, regions, layers and/or sections,
these elements, components, regions, layers and/or sections should not be limited by
these terms. These terms are only used to distinguish one element, component,
region, layer or section from another region, layer or section. Thus, a first element,
component, region, layer or section discussed below could be termed a second
element, component, region, layer or section without departing from the teachings of
the present invention.

[0043] The term "densely packed", as used herein means that a first layer or
stratum contains a high concentration of phosphor particles and a second layer or
stratum above the first layer contains a substantially lower concentration of phosphor
particles than the first layer/stratum. The term "densely packed" also refers to any
particle packing that has a particle density greater than that which would occur
naturally or if the technique applied was not used. For example, if a layer of phosphor
particles typically has a thickness of "X", causing the particles to become densely
packed in accordance with embodiments of the present invention would result in a
thickness of "<X".

[0044] Embodiments of the invention are described herein with reference to
cross-sectional, perspective, and/or plan view illustrations that are schematic
illustrations of idealized embodiments of the invention. As such, variations from the
shapes of the illustrations as a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, embodiments of the invention should not be
construed as limited to the particular shapes of regions illustrated herein but are to
include deviations in shapes that result, for example, from manufacturing. For
example, a region illustrated or described as a rectangle will, typically, have rounded

or curved features due to normal manufacturing tolerances. Thus, the regions
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illustrated in the figures are schematic in nature and their shapes are not intended to
illustrate the precise shape of a region of a device and are not intended to limit the
scope of the invention.

[0045] Unless otherwise defined, all terms (including technical and scientific
terms) used herein have the same meaning as commonly understood by one of
ordinary skill in the att to which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictionaries, should be interpreted
as having a meaning that is consistent with their meaning in the context of the
relevant art and this specification and will not be interpreted in an idealized or overly
formal sense unless expressly so defined herein.

[0046] Embodiments of the present invention utilize a shaped cavity structure
to accurately distribute phosphor based on the emission characteristics of a chip being
used. Different shapes can be used to produce different amounts of phosphor applied
to different faces/facets of a chip to better balance conversion efficiency.

[0047] Referring to Fig. 2A, a stencil 20 is positioned on a substrate 22 such
that a semiconductor light emitting element or LED chip 30 disposed on the substrate
22 is positioned within an opening 21 in the stencil 20. In order to. maintain the
stencil 20 in proper registration with the chip 30, the stencil 20 may be adhesively
secured (e.g., via a silicone adhesive) to the substrate 22. Other methods of securing
the stencil 20 to the substrate 22 may be used, as well. In addition, the stencil 20 and
substrate 22 may be seeﬂed by a barrier material (not shown) to prevent leakage
between the stencil 20 and substrate 22 of phosphor-containing material 40 deposited
into the opening 21., In some embodiments, an adhesive, such as silicone adhesive,
may also serve the function of a barrier material. }

[0048] In the illustrated embodiment of Fig. 2A, the stencil opening 21
substantially conforms to a shape of the chip, as illustrated. For example, the chip 30
includes an upper light emitting surface 30a and angled, opposed side light emitting
surfaces 30b, 30c. The stencil opening 21 includes corresponding, opposed angled -
walls 21a, 21b, wherein wall 21a is substantially parallel with light emitting surface
30b and wherein wall 21b is substantially parallel with light emitting surface 300 
Although not illustrated, the illustrated chip 30 may also include opposed front and/or
rear light emitting surfaces. The stencil opening 21 would also include corresponding
opposed walls that conform to the shape of the front and/or rear surface, as wouldbe

understood by one skilled in the art.
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[0049] The LED chip 30 may be a light emitting diode, a laser diode and/or
other semiconductor device that includes one or more semiconductor layers, which
may include silicon, silicon carbide, gallium nitride and/or other semiconductor
materials, a substrate which may include sapphire, silicon, silicon carbide and/or other
microelectronic substrates, and one or more contact layers, which may include metal
and/or other conductive layers. In some embodiments, ultraviolet, blue and/or green
LEDs may be provided. The design and fabrication of LEDs are well known to those
having skill in the art and need not be described in detail herein.

[0050] LEDs, according to some embodiments of the present invention, may
include structures such as the gallium nitride-based LED and/or laser structures
fabricated on a silicon carbide substrate such as those devices manufactured and sold
by Cree, Inc. of Durham, N.C. The present invention may be suitable for use with
LED and/or laser structures as described in U.S. Pat. Nos. 6,201,262; 6,187,606;
6,120,600; 5,912,477; 5,739,554; 5,631,190; 5,604,135; 5,523,589; 5,416,342,
5,393,993; 5,338,944; 5,210,051; 5,027,168, 4,966,862 and/or 4,918,497, assigned to
the assignee of the present invention, the disclosures of which are incorporated herein
by reference in their entirety as if set forth fully herein. Other suitable LED and/or
laser structures are described in published United States Patent Application
Publication No. US 2003/0006418 Al entitled Group III Nitride Based Light Emitting
Diode Structures With a Quantum Well and Superlattice, Group III Nitride Based
Quantum Well Structures and Group III Nitride Based Superlattice Structures,
published Jan. 9, 2003, as well as published United States Patent Application
Publication No. US 2002/0123164 A1l entitled Light Emitting Diodes Including
Modifications for Light Extraction and Manufacturing Methods Therefor, both
assigned to the assignee of the present invention, the disclosures of both of which are
hereby incorporated herein by reference in their entirety as if set forth fully herein.
Furthermore, phosphor coated LEDs, such as those described in U.S. Patent
Publication No. 2004/0056260 A1, entitled Phoéphor-Coated Light Emitting Diodes
Including Tapered Sidewalls and Fabrication Methods Therefor, the disclosure of
which is incorporated by feference herein as if set forth fully, may also be suitable for
use in embodiments of the present invention.

[0051] In order to facilitate separation of the stencil 20 from the chip 30

without damaging the cured coating or the chip, a mold release material may be
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applied to the stencil 20 prior to depositing the phosphor-containing material in the
opening 21.

[0052] . In other embodiments, the stencil 20 may be formed from or coated
with a material that facilitates separation of the stencil from the chip. For example,
the stencil 20 may be formed of material having a coefficient of thermal expansion
that is different from that of the cured phosphor-containing material 40 (Fig. 2B) -
and/or chip 30. In some efnbodiments, the stencil 20 may be formed from or coated
with material having lower surface energy than that of the cured phosphor-containing
material 40, such as polytetrafluoroethylene (e.g., Teflon® brand materials) and
parylene. For example, in some embodiments, the stencil 20 is a sheet of
polytetrafluoroethylene with one or more openings 21 formed therein. Fig. 5,
described below, illustrates a stencil 20 having a plurality of openings 21 formed
therein in an array, according to some embodiments of the present invention.

[0053] In other embodiments, the stencil 20 may comprise a frame (e.g., metal
or other rigid or semi-rigid material) coated with polytetrafluoroethylene, parylene, or
another material having lower surface energy than that of the cured phosphor-
containing material 40. In other embodiments, the stencil 20 may comprise tape
material, such as polyethylene tape.

[0054] In Fig. 2B, a phosphor-containing material 40 has been injected or
otherwise deposited in the stencil opening 21 and substantially fills the opening 21 so
as to cover the chip 30 and form a coating 32 on the light emitting surfaces 30a, 30b,
30c, thereof. The phosphor-containing material 40 may be, for example, a transparent
epoxy, silicone or other curable polymer. The light emitting surfaces 30a-30c of the
chip 30 emit light having a first dominant wavelength upon the application of a
voltage to the chip 30. The phosphor particles P in the coating material 40 convert
light emitted by the light emitting surfaces 30a-30c¢ to light having a second dominant
wavelength different from the first dominant wavelength. As used herein, "light"
refers to any radiation, visible and/or invisible (such as ultraviolet) that is emitted by
an LED chip. Moreover, as used herein, the term "transparent” means that at least
some optical radiation that enters the coatiﬁg of phosphor-containing material 40 is
emitted from the coating of phosphor-containing material 40.

[0055] Phosphor particles P utilized in embodiments of the present invention
may include Cerium-doped Yttrium Aluminum Garnet (YAG) and/or other

conventional phosphors. The phosphor particles P may be mixed into a paste or
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solution of transparent material comprising silicone using conventional mixing
techniques, to thereby provide the phosphor-containing material 40. In some
embodiments, the phosphor-containing material 40 may include a binder, such as an
epoxy, a silicon-based matrix and/or other solvent. In some embodiments, the
phosphor is configured to convert at least some light that is emitted from the light
emitting surfaces 30a-30c such that light that emerges from the LED 30 appears as
white light. The resulting thickness of the phosphor-containing material 40 on the
light emitting surfaces 30a-30c may range between about 2 pm and about 100 pm, in
some embodiments of the invention. However, other thicknesses may be used. The
thickness that is used may be selected to reduce or minimize self-absorption and/or
scattering and may depend on the coating process, the density of the phosphor and/or
the desired application.

[0056] The amount of phosphor in the coating material 40 and the area
covered by the phosphor-containing coating material 40 may be selected to provide a
desired light output. The selection may be made in advance or may be tuned when
the chip 30 is constructed.

[0057] Suitable red phosphors for embodiments of the present invention
include, but are not limited to, Sr2Si5N8:Eu2+, and CaAlSiN3:Eu. Other red
phosphors that can be used include, but are not limited to, phosphors from the Eu2+-
SiAlON family of phosphors, as well as CaSiN2:Ce3+, CaSiN2:Eu2+ and/or
phosphors from the (Ca,Si,Ba)SiO4:Eu2+ (BOSE) family. Suitable yellow phosphors
- include, but are not limited to, Y3A15012:Ce3+ (Ce: YAG), CaAlSiN3:Ce3+, and
phosphors from the Eu2+-SiAlION-family, and/or the BOSE family. Suitable green
phosphors include, but are not limited to, phosphors from the BOSE family, as well as
CaSi202N2:Eu2+. The phosphor may also be doped at any suitable level to provide a
desired wavelength of light output. In some embodiments, Ce and/or Eu may be
doped into a phosphor at a dopant concentration in a range of about 0.1% to about
20%. Suitable phosphors are available from numerous suppliers, including Mitsubishi
Chemical Corporation, Tokyo, Japan, Leuchtstoffwerk Breitungen GmbH,
Breitungen, Germany, and Intematix Company, Fremont, California.

[0058] Other suitable phosphors that may be utilized according to
embodiments of the present invention include nanocrystals (NCs) with a cadmium
selenide (CdSe) core surrounded by a zinc sulfide (ZnS) shell that can convert short

wavelengths to longer ones. Such crystals can effectively absorb UV-green light and
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emit green-red light. The absorption and emission spectra of these NCs can be tuned
by controlling the diameter of the CdSe core and the thickness of the ZnS shell.
Moreover, the NCs have the advantages of high quantum efficiency and
photostability. In particular, mixing the NCs with gold nanoparticles induces
coupling between CdSe/ZnS NCs and surface plasmons (SPs) on the gold that can
enhance the color conversion efficiency. '
[0059] In the illustrated embodiment of Figs. 2B and 2C, phosphor particles P
are illustrated in a substantially uniform distribution in the coating material 32. |
However, as will be described below with respect to Figs. 4A-4B, the phosphor
particles P can be forced to become arranged in a densely packed layer at the light
emitting surfaces of the chip 30.
[0060] Still referring to Fig. 2B, the phosphor-containing material 40 in the
opening 21 is cured and then the stencil 21 is removed. Curing may be performed
using conventional methods dictated by the phosphor-containing material's curing
schedule. This can include heat curing, optical curing or curing at room temperature.
After curing, the stencil is removed from the substrate 22 and the coated chip 30 can
be separated from the substrate 22 for subsequent processing, as illustrated in Fig. 2C.
The coating of phosphor-containing material 40 substantially conforms to the shape of
the chip 30, as illustrated. In other words, each coating layer above a respective light
emitting surface has a respective surface that is substantially parallel with the
“underlying light emitting surface. For example, coating surface 40a is substa.ntiélly
parallel with light emitting surface 30a, coating surface 40b is substantially parallel
with light emitting surface 30b, and coating surface 40c is substantially parallel with
light emitting surface 30c.
[0061] Referring to Figs. 3A-3C, a stencil 20 having an opening 21 that does
.not conform to a shape of the chip 30 is illustrated. The stencil opening 21 includes
substantially vertical opposed walls 21a, 21b instead of angled walls that are
substantially parallel with the light emitting surfaces 30b, 30c. The resulting coating
of phosphor;containing material 40 on the chip 30 has a generally rectangular shape
~ and does not have the same shape as that of the chip 30, as illustrated in Fig. 3C.
[0062] Referring now to Figs. 4A-4D, a chip 30 is positioned within an
opening 21 of a stencil 20 (Fig. 4A) and phosphor-containing material 40 is deposited
in the stencil opening 21 (Fig. 4B) to form a coating on the light emitting surfaces of

the chip, as described above. As illustrated in Fig. 4B, the phosphor particles P are
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substantially uniformly distributed within the coating material 40. Prior to curing of
the phosphor-containing material 40, the phosphor particles P in the coating material
- 40 are caused to become arranged in a densely packed layer L at the light emitting
surfaces of the chip, as illustrated in Fig. 4C. The densely packed layer L of phosphor - -
particles P at each light emitting surface 30a-30c¢ facilitates the transfer of heat from
the phosphor particles P to the chip 30. Moreover, the location of each densely
packed layer L at a respective light emitting surface 30a-30c decreases the average
distance heat generated by the phosphor particles P travels to the chip 30. For
example, the average distance that heat generated by the phosphor particles P travels
from a densely packed layer L to the chip 30 is substantjally less than half the
thickness of the coating 40.
[0063] Because each densely packed layer L of phosphor particles P is located
at a corresponding light emitting surface 30a-30c, coating material 40 above the
densely packed layers L of phosphor particles P is devoid of phosphor particles P, and
can be removed and/or reduced.during subsequent processing of the chip 30, if
desired.
[0064] The phosphor particles P can be encouraged to become arranged in a
densely packed layer L at a chip light emitting surface in various ways. In some
embodiments, the chip 30 and phosphor-containing coating material 40 can be
subjected to centrifugal force, for example, via a centrifuge. In some embodiments;
causing the phosphor particles to become arranged in a densely packed layer at the
light emitting surface includes subjecting the phosphor-containing material to at least
one harmonic vibration, for example, via a vibration table. In other embodiments,
causing the phosphor particles P to become arranged in a densely packed layer L at a
light emitting surface includes heating the coating material 40 to a predetermined
temperature and for a predetermined time to lower the viscosity of the coating
material 40 such that the phosphor particles P can settle at a lighf emitting surface
prior to curing the coating material 40. In other embodiments, causing the phosphor
particles P to become arranged in a densely packed layer at the one or more light |
emitting surfaces comprises applying a solvent, such as hexane or xylene, to the
deposited phosphor-containing material prior to curing the material. The solvent
reduces viscosity of the iiquid material by breaking the polymer chains (e.g., silicone
chains) of the phosphor-containing material. This causes the phosphor particles to

drop out to the light emitting surface. The solvent is subsequently removed, for
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example, via evaporation prior to curing of the phosphor-containing material. Upon
removal of the solvent, the polymer chains become re-established. Because of the
orientation of the various facets of a chip, it may be necessary to rotate or otherwise
reposition a chip to effect settling of phosphor particles to a light emitting surface. .
[0065] Referring to Fig. 5, a stencil 20 for. processing a plurality of chips,
according to some embodiments of the present invention, is illustrated. The
illustrated stencil 20 includes a plurality of openings 21 arranged in an array. The
illustrated stencil 20 includes 220 openings, each having rectangular opening
dimensions of 1.2mm x 1.2mm. Each opening is sized such that a Imm x Imm chip
can be positioned therewithin. In some embodiments, the thicknessi of the stencil 20
is typically between about 1/2H to 2H, where H is the height of the chip being coated.
In somé embodiments, each opening 21 would be L+50um to L+1mm where L is the
dimension of the chip being coated (L could be X or Y).

[0066] In use, the stencil 20 is positioned such that each one of a plurality of
chips disposed on a substrate is located within a corresponding one of a plurality of
openings 21 in the stencil 20. A phosphor-containing material 40 can then be
deposited in each of the openings 21 and cured, as described above.

[0067] When each of the openings 21 in the stencil 2 has the same
configuration, use of the stencil 20 results in the thickness of the coating material on
each of the chips being substantially the same. As such, a plurality of chips having
identical coating configurations can be obtained and the process can be repeated to
produce similar chips. In other embodiments, the stencil 20 may include openings 21
having different configurations to change the coating material thickness at different
locations of different chips.

[0068] Fig. 6 is a cross-sectional view of a plurality of chips on a substrate
that have been coated via the stencil of Fig. 5. The illustrated chips 30 each have a
cured coating of phosphor-containing material 40 on respective light emitting surfaces
30a-30c. The individual chips 30 can be removed from the substrate 22 and
subsequent processing can be performed. .

[0069] Operations for making semiconductor light emitting elements,
according to embodiments of the present invention, are described with reference to
Fig. 7. A stencil is positioned on a substrate such that a chip disposed on the substrate
is positioned within an opening in the stencil (Block 100). A phosphor-containing .

material is deposited in the opening to form a coating on one or more light emitting
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surfaces of the chip (Block 110). In some embodiments, the phosphor particles in the
coating material are caused to become arranged in a densely packed layer at one or
more of the light emitting surfaces (Block 120). The formation of the densely packed
layer may be facilitated by subjecting the light emitting element to centrifugal forces,
such as via a centrifuge (Block 122, Fig. 8), by heating the coating material
sufficiently to reduce viscosity such that the phosphor particles can settle to the chip
surface (Block 124, Fig. 8), and/or by applying a solvent, such as xylene, to the
coating material (Block 126, Fig. 8). The coating material is then cured (Block 130).
The stencil is the removed (Block 140) and the coated chip can be subjected to further
processing operations.

[0070] Referring to Fig. 9, operations for making semiconductor light emitting
elements, according to other embodiments of the present invention, are described. A
stencil is positioned on a substrate such that a chip disposed on the substrate is
positioned within an opening in the stencil (Block 200). A phosphor-containing
material is deposited in the opening to form a coating on a light emitting surface of
the chip (Block 210). The light emitting surface emits light having a first dominant
wavelength upon the application of a voltage to the semiconductor light emitting
element, and the phosphor particles in the phosphor-containing material convert light
emitted by the light emitting surface to light having a second dominant wavelength
different from the first dominant wavelength. The amount of light conversion by the
phosphor particles in the phosphor-containing maférial is measured (Block 220). In
some embodiments, the amount of light conversion by the phosphor particles in the
phosphor-containing material is measured in real time as the phosphor-containing
material is applied to the light emitting surface. In other embodiments, an amount is
added and then light conversion measurements are taken. This iteration is repeated
until a desired color point is reached.

[0071] When the amount of phosphor-containing material is sufficient to
convert light to a desired color point, no more phosphor-containing material is added
to the light emitting surface and the phosphor particles in the material are then caused
to become arranged in a densely packed layer within the material at the light emitting
surface (Block 230). As described above, this may be effected by heating the
phosphor-containing material to lower its viscosity and/or via the addition of a solvent.
that also lowers the viscosity of the phosphor-containing material. The material is

then cured without disturbing the densely packed layer of phosphor particles (Block
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240). If a solvent was used to lower viscosity, the solvent is removed, for example,
via evaporation, prior to curing. The stencil is the removed (Block 250) and the
coated chip can be subjected to further processing operations.

[0072] While particular embodiments are described herein, various
combinations and sub-combinations of the structures described herein are
contemplated and will be appérent to a skilled person having knowledge of this
disclosure. |

[0073] The foregoing is illustrative of the present invention and is not to be
construed as limiting thereof. Although a few exemplary embodiments of this
invention have been described, those skilled in the art will readily appreciate that
many modifications are possible in the exemplary embodiments without materially
departing from the novel teachings and advantages of this invention. Accordingly, all
such modifications are intended to be included within the scope of this invention as
defihed in the claims. Therefore, it is to be understood that the foregoing is
illustrative of the present invention and is not to be construed as limited to the specific
embodiments disclosed, and that modifications to the disclosed embodiments, as well
as other embodiments, are intended to be included within the scope of the appended
claims. The invention is defined by the following claims, with equivalents of the

claims to be included therein.
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WHAT IS CLAIMED IS:

1. A rhethod of making a semiconductor light emitting device,
comprising: .

positioning a stencil on a substrate such that a semiconductor light
emitting element disposed on the substrate is positioned within an opening in the
stencil;

depositing a phosphor-containing material in the opening to form a
coating on one or more light emitting surfaces of the semiconductor light emitting
element;

curing the material; and

removing the stencil from the substrate.

2. The method of Claim 1, wherein curing the material comprises
one of the methods from the group comprising heat curing, optical curing, or room

temperature curing.

3. The method of Claim 1, wherein the opening substantially
conforms to a shape of the light emitting element, and wherein the phosphor-
containing material forms a coating on the one or more light emitting surfaces that

conforms to the shape of the semiconductor light emitting element.

4. The method of Claim 1, wherein the opening has a shape that
does not conform to a shape of the light emitting element, and wherein the phosphor-
containing material forms a coating on the one or more light emitting surfaces that has

a shape different from the shape of the semiconductor light emitting element.
5. The method of Claim 1, wherein a mold release material is
applied to the stencil prior to depositing the phosphor-containing material in the

opening.

6. The method of Claim 1, wherein the stencil comprises material -

having a coefficient of thermal expansion that is different from that of the cured
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phosphor-containing material.

7. The method of Claim 1, wherein the stencil comprises material

having lower surface energy than that of the cured phosphor-containing material.

8. The method of Claim 7, wherein the stencil comprises

polytetrafluoroethylene.

9. The method of Claim 1, wherein the stencil comprises a frame
coated with a material having lower surface energy than that of the cured phosphor-

containing material.

10. The method of Claim 9, wherein the frame is coated with

material selected from the group consisting of polytetrafluoroethylene and parylene.

11.  The method of Claim 1, wherein the stencil is adhesively

secured to the substrate.

12. The method of Claim 1, wherein the stencil and substrate are
sealed by a barrier material to prevent leakage of the phosphor-containing material

between the stencil and substrate.

13. . The method of Claim 1, further comprising:

dausing phosphor particles in the material to become arranged in a
densely packed layer within the material at the one or more light emitting surfaces;
and

curing the material without disturbing the densely packed layer of
phosphor particles.

14.  The method of Claim 13, wherein causing the phosphor
particles in the material to become arranged in a densely packed layer at the one or
more light emitting surfaces comprises subjecting the semiconductor light emitting

element to centrifugal force.
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15.  The method of Claim 13, wherein causing the phosphor
particles to become arranged in a densely packed layer at the one or more light
emitting surfaces comprises heating the material to a predetermined temperature and

for a predetermined time to lower viscosity of the material prior to curing.

16.  The method of Claim 13, wherein causing the phosphor
particles in the material to become arranged in a densely packed layer at the one or
more light emitting surfaces comprises applying a solvent to the deposited phosphor-

containing material prior to curing the material.

17. The method of Claim 16, wherein the solvent is selected from

the group consisting of xylene and hexane.

18.  The method of Claim 1, wherein the semiconductor light
emitting element is selected from the group consisting of light emitting diodes and

laser diodes.

19.  The method of Claim 1, wherein the phosphor-containing

material comprises silicone.

20.  The method of Claim 1, further comprising sepafating the
coated semiconductor light emitting element from the substrate, and subjecting the

semiconductor light emitting element to further processing.

21.  The method of Claim 20, wherein subjecting the semiconductor
light emitting element to further processing comprises removing cured material above

the densely packed layer of phosphor particles that is devoid of phosphor particles.

22.  The method of Claim 1, further comprising:

positioning the stencil such that each one of a plurality of light emitting
semiconductor elements disposed on the substrate is located within a corresponding
one of a plurality of openings in the stencil; and

depositing the phosphor-containing material in each of the openings.
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23.  The method of Claim 22, further comprising separating the

coated semiconductor light emitting elements from the substrate.

24. A semiconductor light emitting device, comprising:

a semiconductor light emitting element having at least one light
emitting surface; and

a coating of phosphor-containing material on the at least one light -
emitting surface, wherein the at least one light emitting surface emits light having a
first dominant wavelength upon the application of a voltage to the semiconductor light
emitting element, wherein the phosphor particles convert light emitted by the light
emitting surface to light having a second dominant wavelength different from the first
dominant wavelength, and wherein the coating is formed by depositing a phosphor-
containing material in an opening of a stencil in which the semiconductor light

emitting element is positioned, curing the material, and then removing the stencil.

25.  The semiconductor light emitting device of Claim 24, wherein
phosphor particles are arranged in a densely packed layer within the coating at the at
least one light emitting surface, and such that the at least one light emitting surface is

in contacting relationship with the layer of phosphor particles.

26.  The semiconductor light emitting device of Claim 24, wherein
coating material above the densely packed layer of phosphor particles is substantially

devoid of phosphor particles.
27.  The semiconductor light emitting device of Claim 24, wherein
the semiconductor light emitting element is selected from the group consisting of light

emitting diodes and laser diodes.

28.  The semiconductor light emitting device of Claim 24, wherein

the coating of phosphor-containing material comprises silicone.
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29. A method of making a semiconductor light emitting device,
comprising:

positioning a stencil on a substrate such that a semiconductor light
emitting element disposed on the substrate is positioned within an opening in the
stencil;

depositing a phosphor-containing material in the opening to form a
coating on a light emitting surface of the semiéonductor light emitting element,
wherein the light emitting surface emits light having a first dominant wavelength
upon the application of a voltage to the semiconductor light emitting element, and
wherein phosphor particles in the phosphor-containing material convert light emitted
by the light emitting surface to light having a second dominant wavelength different
from the first dominant wavelength;

causing phosphor particles in the material to become arranged in a
densely packed layer within the material at the light emitting surface, when the
amount of phosphor-containing material is sufficient to convert light to a desired color
point;

curing the material without disturbing the densely packed layer of
phosphor particles; and

removing the stencil from the substrate.

30.  The method of Claim 29, further comprising measuring light
conversion by the phosphor-containing material as the phosphor-containing material

is being deposited in the stencil opening.
31.  The method of Claim 29, wherein causing the phosphor
particles to become arranged in a densely packed layer at the light emitting surface

comprises applying a solvent to the phosphor-containing material.

32.  The method of Claim 31, further comprising removing the -

solvent prior to curing. -
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