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WAVELENGTH CONVERSION CHIP FOR
USE WITH LIGHT EMITTING DIODES AND
METHOD FOR MAKING SAME

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of prior U.S. patent
application Ser. No. 11/9735,406, titled “Wavelength Conver-
sion Chip For Use With Light Emitting Diodes And Method
For Making Same”, filed on Oct. 19, 2007 now U.S. Pat. No.
7,795,600, which was a continuation-in-part of prior U.S.
patent application Ser. No. 11/389,311 entitled “WAVE-
LENGTH CONVERSION CHIP IN SOLID-STATE LIGHT-
ING AND METHOD FOR MAKING SAME,” filed Mar. 24,

2006 now U.S. Pat. No. 7,285,791, and claims benefit there-
from.

TECHNICAL FIELD

A chip containing a wavelength conversion material and a
method for making the chip. The chip can be used 1n conjunc-
tion with a light emitting diode (LED) to convert light emitted
by the LED into another wavelength.

BACKGROUND

The recent proliferation of solid-state lighting has created
a need for high performance wavelength conversion materi-
als. The standard approach 1s to form wavelength conversion
materials (e.g. phosphors) using solid state processing as
known 1n the art. These phosphors are then ground down to
powders 1n the micron size range and deposited on a surface
using a variety of deposition techniques such as settling,
encapsulation, and spray coating. Large extended area
devices such as cathode ray tubes (CRTs), fluorescent light-
ing, and plasma displays require a large amount of standard
high volume phosphors. These phosphors can be acquired for
less than $100/Kg for the large extended area devices.
Though relatively inexpensive, the phosphors generated
using this method sufifer from high levels of dislocations and
lattice defects. In addition, the compositional purity 1s also
difficult to maintain. In the majority of cases, this does not
represent a major problem because of the reduced excitation
levels. It has been shown, however, 1n accelerated aging stud-
ies that very high excitation levels can degrade the output
luminescence of powdered phosphors severely and impact
overall life performance. These levels of high excitation exist
within solid-state lighting applications. This 1s mainly due to
the small s1ze and concentrated tlux density of the LED die
itself. It 1s also true that 1n the case of individual or arrays of
LEDs, phosphor usage 1s measured in milligrams rather than
grams. It 1s apparent that higher performance wavelength
conversion materials are needed and can be atforded for
applications like solid-state lighting. The expense of higher
performance materials can be absorbed and even offset if the
problems associated with the degradation and reduced con-
version etliciency of phosphors used 1n solid-state lighting
can be overcome.

Several material characteristics contribute to this degrada-
tion and/or loss 1n etficiency problem such as lattice defects,
out-gassing, and compositional purity. It has been shown that
polycrystalline and mono-crystalline phosphor films either
grown on a substrate or as single crystal boules tend to exhibit
much better luminosity and life characteristics than powders.
In addition, every phosphor has a thermal quenching level
that can degrade the output at the temperatures created by
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clevated excitation levels. In the case of powdered phosphors,
this can be a major 1ssue because the phosphor particles are
usually 1solated from any reasonable thermal conduction
path. At very high excitation levels the energy associated with
less than unity quantum efliciency and Stokes shift losses can
induce a significant localized thermal rise within the phos-
phor particles. The need exists for creation of an improved
thermal conduction path for the luminescent material. Also,
because the particles are roughly spherical the packing den-
sity can be sigmificantly degraded. This afiects the tradeoit
between maximum absorption/conversion of the excitation
energy and reabsorption of the emitted light. The scattering
created by the use of a powder can reduce the overall light
output due to the backscattering and subsequent absorption of
the generated light.

Mueller-Mach et al. 1n U.S. Pat. No. 6,696,703 disclose the
deposition of a thin film phosphor directly on the LED die.
However, as-deposited thin film phosphors have relatively
poor wavelength conversion efficiency. A high-temperature
annealing step 1s required in order to properly activate the
phosphor. This annealing step can damage the semiconductor
layers of the LED. In addition, the absorption cross-sections
of most thin film phosphors are low, especially for blue and
near ultraviolet (UV) excitations typically used within solid-
state lighting. It 1s neither economical nor practical 1n most
cases to create a sufficiently thick layer of luminescent mate-
rial directly on the LED. Another drawback to depositing a
phosphor directly on the LED die 1s that a large portion of the
light generated within a deposited phosphor layer can be
trapped due to total internal reflectance. The need therefore
exists for a method to utilize high performance phosphors
within an LED package such that the best phosphor can be
used efliciently (e.g. with sullicient quantity, minimal back-
scatter, and maximum light extraction). The need also exists
for a method to fabricate high efficiency phosphors without
damaging the LED semiconductor layers.

Another important aspect of phosphors relates to charac-
terization and overall device elliciency. Phosphors are typi-
cally characterized in terms of quantum eificiency and Stokes
shift losses. As an example, a powder phosphor layer 1s
deposited on a glass surface and excited. The luminescence 1s
measured as a function of excitation energy and the result 1s
usually compared to a standard phosphor of known quantum
eificiency. The losses associated with Stokes shift can be
subtracted and the result would be the intrinsic quantum
elficiency. Several problems exist with this method of char-
acterization such as backscattered light, coating thickness
variability and light trapping. In the case of phosphor pow-
ders, the majority of the generated light can escape from the
phosphor particles due to their substantially spherical nature
and to scattering centers located on or in the matenal 1tself.
The main problem measuring the efficiency of phosphor pow-
ders 1s backscattering of the light from thick samples. For
deposited phosphor films or grown phosphor boules, how-
ever, the problem of measuring the phosphor efficiency 1s
alfected by light extraction. The majority of the light gener-
ated 1n the phosphor can be trapped within the material itself
due to total internal reflection. Several approaches have been
used to solve the total internal reflection problem including
various roughening techniques and shaping approaches. In
these cases, the overall efficiency becomes as much a function
of the extraction means as the conversion efficiency. Depos-
ited phosphor films have the added complication of a second-
ary substrate material with 1ts associated indices and losses.

Mayer et al. 1n U.S. Pat. No. 6,565,770 describe thin inter-
ference pigment flakes that can be made on a flexible sub-
strate and then mechanically removed by flexing the sub-
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strate. The dichroic reflectors discussed are used in security
enhancement on money and other decorative optical etlects.

The use of luminescent materials 1s discussed but 1s related to
the formation of a particular optical effect such as UV 1illu-
mination for security markings. No explanation for improv-
ing the output efficiency of LEDs or other light emitting
devices 1s discussed and no device based on integrating the
phosphor layer with the excitation source to form an efficient
solid-state lighting element 1s disclosed.

The use of flake-like phosphors 1s also discussed by Aoki et
al. 1n U.S. Pat. No. 6,667,574 for use 1 plasma displays, but
the patent again lacks any reference to solid-state lighting
applications or methods to enhance their output. In addition,
the above two applications are very much cost driven because
of the large areas typically required in making a plasma
display or the marking of money or decorative items. In order
to maximize the performance of these wavelength-converting,
materials high temperature processing 1s preferred.

Mueller-Mach et al. 1n U.S. Pat. No. 6,630,691 disclose a
thin single-crystal phosphor substrate onto which an LED
structure 1s fabricated by epitaxial growth techniques. How-
ever, single-crystal phosphor substrates are expensive and
finding a single crystal phosphor substrate that has the proper
lattice match to allow the growth of the LED structure can be

difficult.

Ng et al. 1n US Patent Application No. 200500066359 dis-
close a planar sheet of a single-crystal phosphor that 1s placed
over the output surface ol an LED as a portion of a preformed
transparent cap. However, single-crystal phosphor sheets
must be grown by epitaxial processes or sliced from bulk
single crystals of phosphor matenal. Single crystal phosphor
sheets are therefore too expensive for most practical applica-
tions. Planar sheets of polycrystalline phosphors are not dis-
closed 1n US Patent Application No. 20050006659. Bonding
the planar sheet of a single-crystal phosphor directly to the
surface of the LED to improve heat dissipation in the phos-
phor sheet 1s also not disclosed.

A need exists to maximize the etficiency of wavelength
conversion materials within a solid-state lighting application
and to improve the thermal conductivity properties of the
materials. In addition, a need exits for low-cost phosphors
that have light extraction enhancements and the ability to
control the level and type of scatter within the phosphor 1n
order to enhance the overall conversion efficiency.

SUMMARY OF THE INVENTION

The objective of this invention 1s to produce high perfor-
mance wavelength conversion chips for solid-state lighting
applications. One embodiment of this invention relates to a
method for forming a high performance wavelength conver-
s1on layer on a substrate, then removing the wavelength con-
version layer from the substrate in a manner that creates thin
wavelength conversion chips of luminescent material that can
then be attached mtimately to LEDs.

Another embodiment of this invention 1s a method for
forming a wavelength conversion chip that optionally
includes an optical coating on at least one surtace the chip.
Example optical coatings include reflective coating layers
that are wavelength dependent or polarization dependent and
photonic bandgap coatings. Also included 1n this invention 1s
the incorporation of single or multilayered antiretlection
coatings on the surface of the wavelength conversion chips 1n
order to reduce Fresnel effects on one or more surfaces.

A method for forming a wavelength conversion chip that
optionally includes one or more vias that are fabricated
through the wavelength conversion chip 1s another embodi-
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ment of this invention. The vias allow for the attachment of
clectrical connections to the upper surface of the LED.

Another embodiment of this mvention 1s a method for
fabricating a wavelength conversion chip that includes
optional light extraction elements that allow light to easily
ex1t from the chip, leading to improved efficiency. The use of
structures within or on the wavelength conversion chip as
well as a variety of sub-wavelength optical elements within or
on the chip can be used to induce controlled scatter or direc-
tional scatter.

Another embodiment of this mvention 1s a method for
fabricating a wavelength conversion chip that includes an
clectrical connection and/or an electrical bond pad.

A further embodiment of this invention 1s a wavelength
conversion chip formed by one of the above processes.

Bonding the wavelength conversion chip to the emitting
surface of an LED to form a solid-state light source 1s another
embodiment of this invention. Because the wavelength con-
version chip 1s attached directly to the LED, the ability to
conductively cool the wavelength conversion chip 1s vastly
improved over a powder phosphor.

Another embodiment of this invention 1s a solid-state light
source that includes a stack of wavelength conversion chips
bonded to an LED. The stack of wavelength conversion chips
can each be fabricated from the same wavelength conversion
material or the chips can be fabricated from different wave-
length conversion materials. The stack allows for an
improved thermal conduction path from each wavelength
conversion chip to the LED. The LED itself has a heat sink to
maintain the LED die at a low temperature during operation.

The wavelength conversion chip can be attached to an LED
by a transparent and thermally conducting bonding layer.
Multiple wavelength conversion chips can be attached 1n a
stack using multiple transparent bonding layers. Since the
wavelength conversion material 1s no longer a light scattering
powder, a further advantage of this approach 1s the reduction
of backscatter of excitation light due to the reduction 1n scat-
tering centers. It 1s also possible to form a much more effec-
tive refractive index match to the LED dieitself. Total internal
reflection within the LED die can be frustrated and the extrac-
tion of photons normally trapped within the LED die can be
improved. Bonding materials can include transparent con-
ducting oxides, inorganic glasses and polymer materials such
as epoxies, acrylates, halogenated polymers, sol-gels, sili-
cones, and xerogels.

The fact that the wavelength conversion chips are formed
independent of the LED die allows for a wide range of phos-
phor processing methods. Conventional processes such as
sol-gel, molecular beam epitaxy (MBE), chemical vapor
deposition (CVD), metal-organic chemical vapor deposition
(MOCVD), sputtering, electron beam evaporation, laser
deposition, liquid phase epitaxy (LPE), spin coating, doctor
blading and tape casting can be used to process phosphors.
Preferred techniques include doctor blading, tape casting,
CVD, MOCVD and sputtering. Also the formation of quan-
tum dot and various other quantum conversion materials by
spin coating, doctor blading, tape casting, self assembly,
lithography, and nanoimprinting can be realized to process
phosphors. These wavelength conversion layers can be grown
on amorphous, poly-crystalline, and single-crystal substrates.
The wavelength conversion layers are usually polycrystal-
line, although single-crystal layers can also be fabricated. The
process for forming the luminescent material can be a batch or
a continuous process. Advances in low temperature process-
ing even allow deposition on flexible organic substrates with
post processing possible after removal of the wavelength
conversion layer from the low temperature substrate. Separa-
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tion from the substrate can be accomplished 1n a variety of
manners including optical, chemical and mechanical means.
More preferred would be the use of laser degradation of the
interface between the substrate and wavelength conversion
layer 1n a manner similar to the release GaN multi-quantum-
well (MQW) LEDs from sapphire single crystal wafers. A
more preferable method would be the fabrication of a wave-
length conversion layer on a flexible polymeric or metallic
continuous web substrate followed by bending the substrate
to mechamically release the phosphor layer. The layer can be
released as a single layer and then diced into chips or the layer
may be patterned directly while on the substrate using a
variety of dicing techniques including but not limited to laser
scribing, mechanical dicing, and lithography and then
released as individual chips.

Another embodiment of this invention 1s the formation of a
release layer between the substrate and the deposited wave-
length conversion layer. This release layer can be removed to
separate the wavelength conversion layer from the substrate
and the release layer.

Because the fabrication of the wavelength conversion chip
1s independent of the LED fabrication, processes such as
annealing, thermal and electron beam aging, recrystalliza-
tion, and other processes known in the art can enhance the
conversion efficiency of the wavelength conversion material
or, 1n the case of phosphor powders, sinter the phosphor
powders 1nto ceramic elements either while the material 1s on
the growth substrate or before application of the wavelength
conversion chip to the LED. The resulting wavelength con-
version chip can be homogeneous, graded, or porous in
nature. Process selection would 1n part be based on a cost/
performance tradeolil. Typical high performance phosphors
can cost over $1000/Kg. The cost of the fabrication process is,
however, only a couple of milligrams per die, which allows
the use of even more expensive approaches without signifi-
cantly impacting part cost. Since wavelength conversion eifi-
ciency can be a major loss factor in many applications, extra
pennies spent on improved wavelength conversion materials
can translate into reduced device count within a given appli-
cation.

A further embodiment of this invention 1s the use of mul-
tiple compositionally distinct luminescent materials that can
be combined either within each wavelength conversion chip
during wavelength conversion layer deposition or as a stack
of chips during application. The combination of quantum
converting structures and more conventional luminescent
material 1s also included 1n this invention.

BRIEF DESCRIPTION OF THE DRAWINGS

A more detailed understanding of the present invention, as
well as other objects and advantages thereol not enumerated
herein, will become apparent upon consideration of the fol-
lowing detailed description and accompanying drawings,
wherein:

FIGS. 1A-1E are side cross-sectional views illustrating
process steps needed to fabricate a wavelength conversion
chup.

FIG. 1F 1s a side cross-sectional view and FIG. 1G 1s a top
plan view of a wavelength conversion chip made by the pro-
cess 1llustrated in FIGS. 1A-1E.

FIGS. 2A-2E are side cross-sectional views illustrating
process steps needed to fabricate a wavelength conversion
chip that includes an optical coating on one surface.
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FIG. 2F 1s a side cross-sectional view and FIG. 2G 1s a top
plan view of a wavelength conversion chip that includes an
optical coating and that 1s made by the process 1llustrated 1n
FIGS. 2A-2F.

FIGS. 3A-3F are side cross-sectional views illustrating
process steps needed to fabricate a wavelength conversion
chip that includes light extracting elements and a through via.

FIG. 3G 1s a side cross-sectional view and FI1G. 3H 15 a top
plan view of a wavelength conversion chip that includes light
extracting elements and a through via and that 1s made by the
process 1llustrated in FIGS. 3A-3F.

FIGS. 4A and 4B illustrate side cross-sectional views of
example light emitting diodes that can be used with this
ivention.

FIG. SA 15 a side cross-sectional view of a solid-state light
source that includes one wavelength conversion chip.

FIG. 5B 1s a side cross-sectional view showing example
light rays emitted by the solid-state light source illustrated 1n
FIG. S5A.

FIG. 6 A 1s a side cross-sectional view of a solid-state light
source that includes two wavelength conversion chips.

FIG. 6B 1s a side cross-sectional view showing example
light rays emitted by the solid-state light source illustrated 1n
FIG. 6A.

FIG. 7A 1s a side cross-sectional view of a solid-state light
source that includes three wavelength conversion chips.

FIG. 7B 1s a side cross-sectional view showing example
light rays emitted by the solid-state light source 1llustrated 1n
FIG. 7A.

FIG. 8A 1s a side cross-sectional view of a solid-state light
source that includes one wavelength conversion chip.

FIG. 8B 1s a side cross-sectional view of a solid-state light
source that includes two wavelength conversion chips.

FIG. 8C 1s a side cross-sectional view of a solid-state light
source that includes three wavelength conversion chips.

FIG. 9A 1s a side cross-sectional view of a solid-state light
source that includes one wavelength conversion chip that has
an optical coating.

FIG. 9B 1s a side cross-sectional view showing example
light rays emitted by the solid-state light source 1llustrated 1n
FIG. 9A.

FIGS. 10A-10E are side cross-sectional views 1llustrating,
process steps needed to fabricate a wavelength conversion
layer.

FIG. 10F 1s a top plan view of a wavelength conversion
layer before 1t 1s segmented into wavelength conversion
chips.

FIG. 10G 15 a side cross-sectional view of an array of
wavelength conversion chips alter segmentation.

FIG. 10H 1s a side cross-sectional view and FIG. 101 1s atop
plan view of a wavelength conversion chip made by the pro-
cess 1llustrated in FIGS. 10A-10G.

FIGS. 11A-11F are side cross-sectional views illustrating,
process steps needed to fabricate a wavelength conversion
layer that includes an optical coating on one surtace.

FIG. 11G 1s a top plan view of a wavelength conversion
layer belfore it 1s segmented into wavelength conversion
chips. The wavelength conversion layer has an optical coating
on one surface.

FIG. 11H 1s a side cross-sectional view of an array of
wavelength conversion chips after segmentation. The wave-
length conversion chips each have an optical coating on one
side.

FIG. 1111s a side cross-sectional view and FI1G. 11J1s atop
plan view of a wavelength conversion chip made by the pro-
cess 1llustrated in FIGS. 11A-11H. The wavelength conver-
s1on chip has an optical coating on one side.
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FIGS. 12A-12F are side cross-sectional views 1llustrating,
process steps needed to fabricate a wavelength conversion

layer that includes vias and light extraction elements.

FIG. 12G 15 a top plan view of a wavelength conversion
layer before 1t 1s segmented into wavelength conversion
chups. The wavelength conversion layer includes vias and
light extraction elements.

FIG. 12H 1s a side cross-sectional view of an array of
wavelength conversion chips after segmentation. The wave-
length conversion chips each have a via and light extraction
clements.

FI1G. 121 1s a side cross-sectional view and FIG. 127 1s a top
plan view of a wavelength conversion chip made by the pro-
cess 1llustrated 1 FIGS. 12A-12H. The wavelength conver-
s1on chip has a via and light extraction elements.

FIGS. 13A-13F are side cross-sectional views 1llustrating
process steps needed to fabricate a wavelength conversion
layer that includes electrical connections (not shown) and
clectrical bond pads.

FIG. 13G 15 a top plan view of a wavelength conversion
layer before 1t 1s segmented into wavelength conversion
chips. The wavelength conversion layer includes electrical
connections and electrical bond pads.

FIG. 13H 1s a side cross-sectional view of an array of
wavelength conversion chips after segmentation. The wave-
length conversion chips each have an electrical bond pad and
an electrical connection (not shown).

FI1G. 131 1s a side cross-sectional view and FIG. 13J 1s a top
plan view of a wavelength conversion chip made by the pro-
cess 1llustrated 1 FIGS. 13A-13H. The wavelength conver-
s1on chip has an electrical connection and an electrical bond
pad.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The preferred embodiments of the present invention will be
better understood by those skilled in the art by reference to the
above listed figures. The preferred embodiments of this
invention illustrated 1n the figures are not intended to be
exhaustive or to limit the invention to the precise form dis-
closed. The figures are chosen to describe or to best explain
the principles of the invention and 1ts applicable and practical
use to thereby enable others skilled in the art to best utilize the
invention. The above listed figures are not drawn to scale. In
particular, the thickness dimensions of the LEDs and wave-
length conversion chips are expanded to better illustrate the
various internal layers of the devices.

An important solid-state light source 1s a blue or ultraviolet
emitting LED used 1n conjunction with one or more wave-
length conversion materials such as phosphors or quantum
dots that convert at least some of the blue or ultraviolet light
to other wavelengths. For example, combining a yellow phos-
phor with a blue emitting LED can result in a white light
source. The yellow phosphor converts a portion of the blue
light into yellow light. Another portion of the blue light
bypasses the yellow phosphor. The combination of blue and
yellow light appears white to the human eye. Alternatively,
combining a green phosphor and a red phosphor with a blue
LED can also form a white light source. The green phosphor
converts a first portion of the blue light 1nto green light. The
red phosphor converts a second portion of the blue light 1nto
red light. A third portion of the blue light bypasses the green
and red phosphors. The combination of blue, green and red
light appears white to the human eye. A third way to produce
a white light source 1s to combine blue, green and red phos-
phors with an ultraviolet LED. The blue, green and red phos-
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phors convert portions of the ultraviolet light into, respec-
tively, blue, green and red light. The combination of the blue,
green and red light appears white to the human eye.

In a typical solid-state light source of the prior art, pow-
dered phosphor materials are mixed into a polymer host mate-
rial and applied to the LED as a thin coating or as a lens-
shaped element. This results 1 wavelength conversion
clements that can degrade under intense 1llumination and that
have poor thermal conductivity to the LED.

Solid-state light sources that are fabricated by depositing a
thin layer of a phosphor directly on the surface of the LED
also have significant deficiencies. It 1s important to separate
the processes for making the wavelength conversion layers
from the processes for fabricating the LED. Some steps
required for optimizing the wavelength conversion layers,
such as thermal annealing, may be imncompatible with main-
taining the output performance of the LED. Forming and
optimizing the wavelength conversion layers separately from
the LED fabrication overcomes such incompatibilities.

One embodiment of this invention 1s a process for forming,
high performance wavelength conversion chips that are fab-
ricated separately from the LED sources and that can be
subsequently bonded onto the light output surfaces of LED:s.
The process can be a batch process or a continuous web
process. The resulting wavelength conversion chips are sub-
stantially planar in order to facilitate bonding to the LED:s.
The length and width dimensions of the wavelength conver-
sion chips can be greater than, equal to or smaller than the
length and width dimensions of the LEDs onto which the
chips will be attached.

The first step 1n the process for forming wavelength con-
version chiups 1s to select a substrate 10, which 1s shown 1n a
side cross-sectional view 1n FIG. 1A. The substrate provides
a physical support for the subsequent deposition of the wave-
length conversion layer. Substrate 10 has a bottom surface 12
and a top surface 14 opposite bottom surface 12. Substrate 10
can be a polymeric material or an morganic material. The
material of substrate 10 can be amorphous, polycrystalline or
a single-crystal and can be a heterogeneous material or a
homogeneous material. If substrate 10 1s a polymeric material
or a thin flexible metal layer, substrate 10 can be a web that
allows for a continuous web process. Depending on the later
process steps, the substrate 10 may need to be transparent to
light so that a laser liftofl process can be used to remove any
deposited wavelength conversion layer. I a mechanical or
chemical process 1s used in later steps to remove any depos-
ited wavelength conversion layer from substrate 10, then
substrate 10 does not need to be transparent. Example trans-
parent polymeric maternials include, but are not limited to,
polyethylene and polyethylene terephthalate (PET). Example
flexible metals include stainless steel, molybdenum and
graphite. Example transparent inorganic materials include,
but are not limited to, sapphire, silica and silicate glasses.
Optionally, the top surface 14 of substrate 10 may include a
release layer (not shown) to facilitate the removal of any
subsequently deposited materials. The release layer 1s
removed by thermal, radiation or mechanical means to sepa-
rate the wavelength conversion layer from the substrate and
the release layer. Example matenals for the release layer
include, but are not limited to, polymer layers, thin metal
layer or inorganic materials that preferentially absorb light.

The next process step 1s to deposit a wavelength conversion
layer 20 on the top surface 14 of substrate 10 as illustrated 1n
a side cross-sectional view 1n FIG. 1B. The wavelength con-
version layer 20 has a bottom surface 22 1n contact with the
top surface 14 of substrate 10 and a top surface 24.
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The wavelength conversion layer 20 1s formed from wave-
length conversion materials. The wavelength conversion
materials absorb light 1n a first wavelength range and emit
light 1n a second wavelength range, where the light of a
second wavelength range has longer wavelengths than the
light of a first wavelength range. The wavelength conversion
materials may be, for example, phosphor materials or quan-
tum dot materials. The phosphor materials may be 1n the form
of powders, ceramics, thin film solids or bulk solids. Preferred
forms are ceramics and thin solid films. The wavelength con-
version layer may be formed from two or more different
wavelength conversion materials. The wavelength conversion
layer 20 may also include optically inert host materials for the
wavelength conversion materials of phosphors or quantum
dots.

Phosphor matenials are typically optical inorganic materi-
als doped with 10ns of lanthanide (rare earth) elements or,
alternatively, 1ons such as chromium, titanium, vanadium,
cobalt, manganese or magnesium. The lanthanide elements
are lanthanum, cerium, praseodymium, neodymium, prome-
thium, samarium, europium, gadolinium, terbium, dyspro-
sium, holmium, erbium, thulium, ytterbtum and lutetium.
Optical inorganic materials include, but are not limited to,
sapphire (Al,O;), gallium arsenide (GaAs), beryllium alumi-
num oxide (BeAl,O,), magnesium fluoride (MgF,), indium
phosphide (InP), gallium phosphide (GaP), yttrium alumi-
num garnet (YAG or Y;Al.O,,), terbium-containing garnet,
yttrium-aluminum-lanthanide oxide compounds, yttrium-
aluminum-lanthanide-galllum oxide compounds, yttrium
oxide (Y,O,), calcium or istrontium or barium halophos-
phates (Ca,Sr,Ba). (PO, ),(CLF), the compound
CeMgAl, ,0,,, lanthanum phosphate (LaPQO,), lanthanide
pentaborate materials ((lanthanide)(Mg,Zn)B.O, ), the com-
pound BaMgAl,,O,,, the compound SrGa,S,, the com-
pounds (Sr,Mg, Ca,Ba)(Ga,Al,In),S,, the compound SrS, the
compound ZnS and nitridosilicate. There are several exem-
plary phosphors that can be excited at 250 nm or thereabouts.
An exemplary red emitting phosphorisY,Q,:Eu’*. An exem-
plary yellow emitting phosphor is YAG:Ce *. Exemplary
green emitting phosphors include CeMgALl, ,O, ,:Tb>*, ((lan-
thanide)PO,:Ce ", Tb>*) and GdAMgB.O, ,:Ce ", Tb>*. Exem-
plary blue emitting phosphors are BaMgAl, ,O,.:Eu”*and
(Sr,Ba, Ca).(PO.),Cl:Eu”*. For longer wavelength LED
excitation 1 the 400-450 nm wavelength region or there-
abouts, exemplary optical inorganic materials include yttrium
aluminum garnet (YAG or Y;AlL.O,,), terbium-containing
garnet, yttrium oxide (Y,O,), YVO,, SrGa,S,, (Sr.Mg,
Ca,Ba)(Ga,AlIn),S,, SrS, and nitridosilicate. Exemplary
phosphors for LED excitation in the 400-450 nm wavelength
region include YAG:Ce’*, YAG:Ho*, YAG:Pr'*, YAG: Tb*,
YAG:Cr'*, YAG:Cr**, SrGa,S,:Eu”*, SrGa,S,:Ce’*, SrS:
Eu**and nitridosilicates doped with Eu**. Other phosphor
materials not listed here are also within the scope of this
invention.

Quantum dot materials are small particles of 1norganic
semiconductors having particle sizes less than about 30
nanometers. Exemplary quantum dot materials include, but
are not limited to, small particles of CdS, CdSe, ZnSe, InAs,
GaAs and GaN. Quantum dot maternals can absorb light at
first wavelength and then emit light at a second wavelength,
where the second wavelength 1s longer than the first wave-
length. The wavelength of the emitted light depends on the
particle size, the particle surface properties, and the inorganic
semiconductor material.

The transparent and optically inert host materials are espe-
cially useful to process phosphor powders or to spatially
separate quantum dots. Host materials include polymer mate-
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rials and 1mnorganic materials. The polymer materials include,
but are not limited to, acrylates, polystyrene, polycarbonate,
fluoroacrylates, chlorofluoroacrylates, perfluoroacrylates,
fluorophosphinate polymers, fluorinated polyimides, polytet-
rafluoroethylene, fluorosilicones, sol-gels, epoxies, thermo-
plastics, thermosetting plastics and silicones. Fluorinated
polymers are especially useful at ultraviolet wavelengths less
than 400 nanometers and infrared wavelengths greater than
700 nanometers owing to their low light absorption in those
wavelength ranges. Exemplary inorganic materials include,
but are not limited to, silicon dioxide, optical glasses and
chalcogenide glasses.

When the wavelength conversion layer 20 1s formed from
phosphor matenals, the phosphors can be deposited by a
variety of technmiques. The techniques include, but are not
limited to, chemical vapor deposition (CVD), metal-organic
chemical vapor deposition (MOCVD), sputtering, electron
beam evaporation, laser deposition, sol-gel deposition,
molecular beam epitaxy (MBE), liquid phase epitaxy (LPE),
spin coating, doctor blading and tape casting. Preferred tech-
niques include doctor blading, tape casting, CVD, MOCVD
and sputtering. When the wavelength conversion layer is
formed from quantum dot materials and inert host materials,
deposition techniques include spin coating, doctor blading or
tape casting, self assembly, lithography, and nanoimprinting.

The thickness of the wavelength conversion layer 20 can
range from about 0.1 micron to about 2000 microns or more.
Preferred thicknesses range from about 0.1 micron to about
500 microns.

The next process step 1s an optional annealing step to
thermally anneal or radiation anneal the wavelength conver-
s1on layer 20 1n order to increase the wavelength conversion
ciliciency of the layer or, 1n the case of a phosphor powder, to
sinter the powder to form a ceramic layer. This step 1s espe-
cially important for thin film phosphors, since as-deposited
thin film phosphors may have low wavelength conversion
elficiency i1 the deposited layer 1s not properly annealed. The
annealing step can be any heat treatment or any radiation
treatment of the wavelength conversion material in the wave-
length conversion layer 20 that anneals the phosphor. Heating
the wavelength conversion material in the wavelength con-
version layer to, for example, 600 degrees Celsius for one
hour can result 1n thermal annealing of the wavelength con-
version material. Appropriate annealing temperatures and
times may vary for different wavelength conversion materi-
als. Example radiation annealing treatments include subject-
ing the wavelength conversion material 1n the wavelength
conversion layer 20 to infrared, visible or ultraviolet light 30
as shown 1n F1G. 1C or subjecting the wavelength conversion
material 1n the wavelength conversion layer to electron beam,
atomic beam or i1on beam bombardment. The radiation
sources may be pulsed or continuous. The light sources may
be incoherent or coherent (e.g. laser) sources.

If the wavelength conversion material 1s a phosphor pow-
der mixed with an organic binder, the annealing step may be
done in two or more steps. For example, a low temperature
(less than 300 degrees Celsius) anneal can be done to remove
the organic binder material. Following the removal of the
organic material, a high temperature (greater than 3500
degrees Celsius) anneal can then be done to sinter the phos-
phor powder 1nto a ceramic solid.

The annealing step 1s 1llustrated 1n FIG. 1C to occur after
the deposition of the wavelength conversion layer and before
segmentation of the layer. However, the annealing step may
also be done later in the process sequence, including after the
wavelength conversion layer 1s removed from the substrate.
Doing the annealing step after the wavelength conversion
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layer 1s removed from the substrate 1s necessary 1f the sub-
strate 10 cannot withstand high temperature or high radiation
processing. The annealing step may be done 1n air, 1n an inert
atmosphere such as nitrogen or argon or 1n a partial vacuum.

The next process step 1s to segment the wavelength con-
version layer 20 into a plurality of wavelength conversion
chips 50. Grooves or streets 40 are formed through the wave-
length conversion layer 20 as shown 1n a side cross-sectional
view 1 FIG. 1D. The streets 40 are fabricated 1n two direc-
tions (only one direction 1s shown) to form a plurality of
wavelength conversion chips 50 that can be square, rectangu-
lar or any other planar geometric shape. The plurality of
wavelength conversion chips 50 1s, at this stage, still attached
to the substrate 10. The wavelength conversion chips have a
top surface 54 and side surfaces 56. The bottom surface 22 of
the wavelength conversion layer 20 1s still attached to the top
surface 14 of substrate 10. The streets 40 can be formed by
techniques that include, but are not limited to, laser scribing,
mechanical scribing or optical lithography accompanied by
wet chemical etching, sputter etching or 1on beam etching.

The final step 1s to remove the plurality of wavelength
conversion chips 50 from substrate 10. For example, the
plurality of wavelength conversion chips 50 can be removed
by directing a pulsed laser beam 60 though substrate 10 to
destroy the adhesion of the bottom surface 22 of the wave-
length conversion layer 20 to the top surface 14 of the sub-
strate 10 as shown 1n a side cross-sectional view in FIG. 1E.
Other methods of removing the plurality of wavelength con-
version chips include thermal, radiation, chemical or
mechanical means. If the chips are fabricated on a continuous
web, mechanically tlexing the web will release the chips. The
removal can be facilitated if the top surface 14 of substrate 10
includes a release layer (not shown) that can be degraded by
thermal, radiation or chemical means. The detached wave-
length conversion chips each have an exposed bottom surface
52.

A side cross-sectional view of wavelength conversion chip
50 1s 1llustrated 1n FIG. 1F. A top plan view of wavelength
conversion chip 30 1s shown 1 FIG. 1G. The wavelength
conversion chip 50 has a bottom surtace 52, a top surface 54
and side surfaces 356.

Another embodiment of this invention 1s a process shown
in FIGS. 2A-2G for forming wavelength conversion chips
that optionally include an optical coating on the top surface of
the chips. Examples of optical coatings include a dichroic
mirror coating that transmits light of a first wavelength range
and reflects light of a second wavelength range, an antiretlec-
tion coating, a reflecting polarizer coating or a photonic band-
gap coating. The elements with the same numerical reference
in FIG. 2 as 1n FIG. 1 are the same elements as 1n FIG. 1 and
have the same properties as the elements in FIG. 1. Some of
the steps ol the process shown 1n FIGS. 2A-2G are identical to
the process steps outlined above in FIGS. 1A-1G. The process
can be either a batch process or a continuous web process. The
resulting wavelength conversion chips are substantially pla-
nar 1n order to facilitate bonding to the LEDs. The length and
width dimensions of the wavelength conversion chips can be
greater than, equal to or smaller than the length and width
dimensions of the LEDs onto which the chips will be
attached.

The first step 1n the process for forming wavelength con-

version chips that include an optical coating 1s to select a
substrate 10, which 1s shown 1n a side cross-sectional view 1n
FIG. 2A. Substrate 10 has a bottom surface 12 and a top
surtace 14 opposite bottom surface 12. Substrate 10 can be a
polymeric material, a metal layer or an 1norganic material.
Example substrate materials are described above for FIG. 1.
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Optionally, the top surface 14 of substrate 10 may include a
release layer (not shown) to facilitate the removal of any
subsequently deposited materials. The release layer may be
activated by thermal, radiation or mechanical means.
Example release layer materials are described above for FIG.

1.

The next process step 1s to deposit a wavelength conversion
layer 20 on the top surface 14 of substrate 10 as 1llustrated 1n
a side cross-sectional view 1n FIG. 2B. The wavelength con-
version layer 20 has a bottom surface 22 1n contact with the
top surface 14 of substrate 10 and a top surface 24.

The wavelength conversion layer 20 1s formed from one or
more wavelength conversion materials. The wavelength con-
version materials may be, for example, phosphor materials or
quantum dot materials or a plurality of such materials. The
wavelength conversion layer 20 may also include optically
inert host materials 1n addition to the phosphors or quantum
dots. Examples of phosphor materials, quantum dot materials
and 1nert host materals are described above for FIGS. 1A-1G.
Deposition methods are also described above for FIG. 1.

An optical coating 70 1s deposited on the top surface 24 of
the wavelength conversion layer 20. The optical coating can
be deposited immediately following the deposition of the
wavelength conversion layer 20 as shown 1n the side cross-
sectional view 1n FIG. 2B. However, 1t 1s within the scope of
this invention that the optical coating may be deposited later
in the overall process. For example, the optical coating may
be deposited after the wavelength conversion layer 1s seg-
mented 1into wavelength conversion chips. Example optical
coatings include reflective coating layers that are wavelength
dependent or polarization dependent, photonic bandgap coat-
ings and single or multilayered antiretlection coatings on the
surface ol the wavelength conversion chips that reduce
Fresnel reflection effects on one or more surfaces.

An example wavelength dependent reflective optical coat-
ing 70 1s a dichroic coating that transmits light having a first
range ol wavelengths and retlects light having a second range
of wavelengths. As a first example, a dichroic coating, 70 can
be deposited on the surface of a green-emitting wavelength
conversion layer 20. The coating 70 can transmit green light
and retlect blue or ultraviolet light. This type of coating 1s
usetul 11 the wavelength conversion chip 50 1s attached to a
blue or ultraviolet LED and the optical coating 70 1s on the
surface of the chip opposite the LED. In this example, blue or
ultraviolet light emitted by the LED that 1s not absorbed
during the first pass through the wavelength conversion layer
20 15 reflected back through the wavelength conversion chip
to interact with the wavelength conversion layer 20 a second
time. This increases the probability that the blue or ultraviolet
light will be absorbed by the wavelength conversion layer and
re-emitted as green light, resulting in a higher output of green
light.

As a second example, a dichroic coating 70 can be depos-
ited on the surface of a green-emitting wavelength conversion
layer 20. The coating 70 can reflect green light and transmiat
blue or ultraviolet light. This type of coating 1s useful i1t the
wavelength conversion chip 50 1s attached to a blue or ultra-
violet LED and the optical coating 70 1s on the surface of the
chip adjacent to the LED. In this example, green light ematted
by the wavelength conversion layer toward the LED 1s
reflected by the coating and directed through the output sur-
face of the wavelength conversion chip opposite the LED.
This reflection and direction prevents the green light from
entering the LED and being partially absorbed by the LED.
The result 1s higher output of green light from the output
surface.
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As a third example of dichroic coatings, a wavelength
conversion chip 50 may have two dichroic coatings deposited
on opposite surfaces of the chip. Two dichroic coatings are
usetul 11 the wavelength conversion chip 50 1s attached to a
blue or ultraviolet LED and the first dichroic coating on the
surface of the chip adjacent to the LED transmits blue or
ultraviolet light and reflects green light and the second dich-
roic coating on the surface of the chip opposite the LED
transmits green light and reflects blue or ultraviolet light.
Both coating enhance the amount of green light emitted by the
wavelength conversion chip.

Another example of a wavelength dependent reflective
optical coating 70 1s a reflecting polarizer composed of linear
subwavelength optical elements. The optical coating 70 can
transmit light that 1s polarized parallel to the linear subwave-
length optical elements and can reflect light that 1s polarized
perpendicular to the linear subwavelength optical elements.

An example of a photonic bandgap optical coating 70 1s a
photonic bandgap structure that provides directionality to
light exiting the wavelength conversion chip. For example,
the photonic bandgap optical coating can be a two-dimen-
sional array of closely spaced vertical pillars on the surface of
the wavelength conversion chip. The array of pillars can
inhibit the transmission of light within the plane of the coating
and direct the emitted light preferentially 1n a direction per-
pendicular to the plane of the coating.

An example of an antireflection optical coating 70 1s a
one-quarter wavelength thick layer of a low refractive index
material such as magnestum fluoride or silicon dioxide. When
the optical coating 70 has a lower refractive index than the
wavelength conversion layer 20 and 1s one-quarter of an opti-
cal wavelength thick, the coating can reduce Fresnel retlec-
tions from the surface of the wavelength conversion chip.

The next process step 1s an optional annealing step to
thermally anneal or radiation anneal the wavelength conver-
sion layer 20 1n order to increase the wavelength conversion
elficiency of the layer or, 1n the case of a phosphor powder, to
sinter the powder to form a ceramic layer. This step 1s impor-
tant for thin film phosphors, since as-deposited thin film
phosphors may have low wavelength conversion efficiency i
the deposited layers are not properly annealed. The annealing
step can be any heat treatment or any radiation treatment of
the wavelength conversion material in the wavelength con-
version layer 20 that anneals the phosphor. Heating the wave-
length conversion material 1 the wavelength conversion
layer to, for example, 600 degrees Celsius for one hour can
result 1n thermal annealing of the wavelength conversion
material. Appropriate annealing temperatures and times may
vary for different wavelength conversion materials. Example
radiation treatments include subjecting the wavelength con-
version material 1n the wavelength conversion layer 20 and
the optical coating 70 to infrared, visible or ultraviolet light 30
as shown 1n FIG. 2C or subjecting the wavelength conversion
material 1n the wavelength conversion layer 20 and the optical
coating 70 to electron beam, atomic beam or 10on beam bom-
bardment. The radiation sources may be pulsed or continu-
ous. The light sources may be incoherent or coherent (e.g.
laser) sources.

As described above for FIG. 1, the annealing step can be
done later 1n the process sequence. For example, the anneal-
ing step can be done after the wavelength conversion chips are
removed from the substrate 10. In addition, if the wavelength
conversion material 1s a phosphor powder mixed with an
organic binder, the annealing step may be done in two or more
parts to first remove the organic binder and second to sinter
the phosphor powder 1nto a ceramic solid
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The next process step 1s to segment the wavelength con-
version layer 20 and the optical coating 70 into a plurality of
wavelength conversion chips 50. Grooves or streets 40 are
formed through the optical coating 70 and the wavelength
conversion layer 20 as shown 1n a side cross-sectional view 1n
FIG. 2D. The streets 40 are fabricated in two directions (only
one direction 1s shown) to form a plurality of wavelength
conversion chips 50 that can be square, rectangular or any
other planar geometric shape. The wavelength conversion
chiups are, at thus stage, still attached to the substrate 10. The
wavelength conversion chips have a top surface 34 and side
surfaces 56. The bottom surface 22 of the wavelength con-
version layer 20 1s still attached to the top surface 14 of
substrate 10. The streets 40 can be formed by techniques that
include, but are not limited to, laser scribing, mechanical
scribing or optical lithography accompanied by wet chemical
ctching, sputter etching or 1on beam etching.

The final step 1s to remove the plurality of wavelength
conversion chips 50 from substrate 10. For example, the
wavelength conversion chips 50 can be removed by directing
a pulsed laser beam 60 though substrate 10 to destroy the
adhesion of the chips to the substrate as shown in a side
cross-sectional view 1n FIG. 2E. Other methods of removing
the wavelength conversion chips include thermal, radiation,
chemical or mechanical means. The removal can be facili-
tated 11 the top surface 14 of substrate 10 includes a release
layer (not shown) that can be degraded by thermal, radiation
or chemical means.

A side cross-sectional view of wavelength conversion chip
50 1s 1llustrated 1n FIG. 2F. A top plan view of wavelength
conversion chip 50 1s shown 1n FIG. 2G. The wavelength
conversion chip 50 has a bottom surface 52, a top surface 54
and side surfaces 56.

Another embodiment of this invention 1s a process shown
in FIGS. 3A-3H for forming wavelength conversion chips
that optionally include vias that extend through the wave-
length conversion chip or that optionally include arrays of
light extracting elements. The elements with the same
numerical reference 1 FIG. 3 as in FIG. 1 are the same
clements as 1n FIG. 1 and have the same properties as the
clements in FIG. 1. Some of the steps of the process shown 1n
FIGS. 3A-3H are identical to the process steps outlined 1n
FIGS. 1A-1G. As 1n the previously disclosed processes, the
process that optionally includes vias or light extracting ele-
ments can be either a batch process or a continuous web
process.

The first step 1n the process for forming wavelength con-
version chiups 1s to select a substrate 10, which 1s shown 1n a
side cross-sectional view in FIG. 3A. Substrate 10 has a
bottom surface 12 and a top surface 14 opposite bottom
surface 12. Substrate 10 can be a polymeric material, a metal
layer or an 1morganic material. Example substrate materials
are described previously. Optionally, the top surface 14 of
substrate 10 may include a release layer (not shown) to facili-
tate the removal of any subsequently deposited matenals. The
release layer may be activated by thermal, radiation or
mechanical means. Example release layer matenals are
described previously.

The next process step 1s to deposit a wavelength conversion
layer 20 on the top surface 14 of substrate 10 as illustrated 1n
a side cross-sectional view 1n FIG. 2B. The wavelength con-
version layer 20 has a bottom surface 22 1n contact with the
top surface 14 of substrate 10 and a top surface 24.

The wavelength conversion layer 20 1s formed from one or
more wavelength conversion materials. The wavelength con-
version materials may be, for example, phosphor materials or
quantum dot materials or a plurality of such materials. The
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wavelength conversion layer 20 may also include optically
inert host materials 1n addition to the phosphors or quantum
dots. Examples of phosphor materials, quantum dot materials
and 1ert host materials are described above for FIGS. 1A-1G.
Deposition methods are also listed previously.

The next process step 1s an optional annealing step 1llus-
trated 1n FI1G. 3C to thermal anneal or radiation anneal the
wavelength conversion material. Details of the annealing step
are described above for FIGS. 1 and 2.

The next process step 1s to segment the wavelength con-
version layer 20 into a plurality of wavelength conversion
chips 50. Grooves or streets 40 are formed through the wave-
length conversion layer 20 as shown 1n a side cross-sectional
view 1n FIG. 3D. The streets 40 are fabricated 1n two direc-
tions (only one direction 1s shown) to form a plurality of
wavelength conversion chips 50 that can be square, rectangu-
lar or any other planar geometric shape. The wavelength
conversion chips 50 are, at this stage, still attached to the
substrate 10. The wavelength conversion chips have a top
surtace 54 and side surtaces 56. The bottom surface 22 of the
wavelength conversion layer 20 1s still attached to the top
surface 14 of substrate 10. The streets 40 can be formed by
techniques that include, but are not limited to, laser scribing,
mechanical scribing or optical lithography accompanied by
wet chemical etching, sputter etching or 1on beam etching.

The next step 1s to form one or more vias and/or one or
more light extracting elements in the wavelength conversion
chips 50. Via 82 1s illustrated in FIGS. 3E-3H. Via 82 is
interior to the edges 56 of the wavelength conversion chip 50
and passes through the wavelength conversion chip 50 from
side 52 to side 54 as shown in FIGS. 3F and 3G. Vias are
required if one wishes to form electrical pathways through the
chip. The vias may be air-filled vias or the vias may be filled
with an electrically conducting material (not shown) such as
a metal.

Light extracting elements 80 are elements that aid in the
removal of light from the wavelength conversion chip 50. In
general, the refractive index of the wavelength conversion
layer 20 1s higher than the refractive index of air. A portion of
the light that 1s emitted by the wavelength conversion matenal
can be trapped mside the wavelength conversion chip 50 by
total internal reflection. Light extracting elements 80 cause a
larger portion of the emitted light to exit the chip. Examples of
light extracting elements 80 include, but are not limited to,
vertical holes, conical-shaped holes, holes with polygonal
cross-sections, conical-shaped bumps, hemispherical-shaped
bumps, bumps with polygonal cross-sections such as pyra-
mids, grooves, ridges and subwavelength optical elements.
Other examples of light extracting elements are arrays of
subwavelength optical elements such as holes or grooves that
are arranged to form photonic crystals. For illustrative pur-
poses, the light extracting elements shown in FIGS. 3E-3H
are conical-shaped holes.

The light extracting elements 80 may be formed on the top
surface 54 of the wavelength conversion chip 50 and may
extend either part way or all the way through the chip. If the
light extracting elements are subwavelength optical elements,
the light extracting elements may be positioned either on the
top surface 54 of the chip or may be fabricated inside the chip.

Vias 82 and light extracting elements 80 may be formed by
techniques that include, but are not limited to, laser ablation,
mechanical etching or by optical lithography accompanied by
wet chemical etching, sputter etching or 1on beam etching.

Vias 82 and light extracting elements 80 are shown 1n FIG.
3E to be fabricated in a process step that occurs after the
segmentation of the wavelength conversion layer 20 into
wavelength conversion chips. However, 1t 1s within the scope
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of this mnvention that the fabrication of vias and light extract-
ing elements may occur before or at the same time as the
segmentation of the wavelength conversion layer.

The final step 1s to remove the plurality of wavelength
conversion chips 50 from substrate 10. For example, the
wavelength conversion chips 50 can be removed by directing
a pulsed laser beam 60 though substrate 10 to destroy the
adhesion of the chips to the substrate as shown in a side
cross-sectional view 1n FIG. 3F. Other methods of removing
the wavelength conversion chips include thermal, radiation,
chemical or mechanical means. The removal can be facili-
tated 11 the top surface 14 of substrate 10 includes a release
layer (not shown) that can be degraded by thermal, radiation
or chemical means.

A side cross-sectional view of wavelength conversion chip
50 1s 1llustrated in FIG. 3G. A top plan view of wavelength
conversion chip 50 1s shown in FIG. 3H. The wavelength
conversion chip 50 has a bottom surface 52, a top surface 54,
side surfaces 56, light extraction elements 80 and via 82.

As stated previously, wavelength conversion chips 50 can
be used 1n conjunction with light emitting diodes to form
solid-state light sources. Two examples of suitable light emit-
ting diode structures are illustrated in F1GS. 4A and 4B. Other
types of light emitting diode structures can also be used with
this 1nvention.

Light emitting diodes can be constructed from 1norganic or
organic materials. Inorganic light-emitting diodes can be fab-
ricated from GaN-based semiconductor materials containing
gallium mitride (GalN), aluminum gallium mitride (AlGaN),
indium gallium nitride (InGaN) and aluminum 1ndium gal-
lium nitride (AllnGalN). Other appropriate LED materials
include, for example, aluminum nitride (AIN), indium nitride
(InN), aluminum gallium indium phosphide (AlGalnP), gal-
lium arsenide (GaAs), mndium gallium arsenide (InGaAs),
indium gallium arsenide phosphide (InGaAsP), diamond or
zinc oxide (ZnQ), for example, but are not limited to such
materials. Especially important LEDs for this invention are
morganic GaN-based LEDs or ZnO-based LEDs that emait
light 1n the ultraviolet and blue regions of the optical spec-
trum.

FIG. 4 A 1s a side cross sectional view of example LED 100.
LED 100 includes a first reflecting electrode 102, a multi-
layer semiconductor structure 104 and a second reflecting
clectrode 106, which 1s on the opposite side of the multi-layer
semiconductor structure 104 from the first reflecting elec-
trode 102. The multi-layer semiconductor structure 104
includes a first doped semiconductor layer 108, an active
region 110 and a second doped semiconductor layer 112,
which 1s on the opposite side of the active region 110 from the
first doped semiconductor layer 108.

The first reflecting electrode 102 and the second reflecting,
clectrode 106 may be fabricated from retlecting metals. For
example, the first reflecting electrode 102 and the second
reflecting electrode 106 may be formed from one or more
metals or metal alloys containing, but not limited to, silver,
aluminum, mickel, titantum, chromium, platinum, palladium,
rhodium, rhenium, ruthenium and tungsten. Preferred metals
are aluminum and silver.

The first reflecting electrode 102 and the second reflecting
clectrode 106 may also optionally include a thin layer (not
shown) of a transparent material 1n addition to the metal layer.
The optional transparent layer 1s located between the metal
layer and the multilayer semiconductor structure 104. Having
a two-layer reflecting electrode increases the reflectivity of
the retlecting electrode compared to a single-layer retlecting
clectrode. Increasing the reflectivity of the reflecting elec-
trode increases the light extraction of LED 100 and the overall
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external quantum efficiency of LED 100. Preferably the
refractive index of the optional transparent layer 1s less than
the refractive index of the semiconductor materials. The pre-
terred refractive index of the optional transparent layer is
between 1.05 and 2.3. The thickness of the optional transpar-
ent layer can be one-quarter wave or thicker than one-quarter
wave. A thickness of one wave 1s defined as the wavelength in
air of the light emitted by the LED divided by the refractive
index of the transparent layer. The preferred thickness of the
transparent layer 1s one-quarter wave or three-quarter wave.
The optional transparent layer can be fabricated, for example,
from dielectric materials such as silicon dioxide (510,), sili-
con nitride (S1;N, ), magnesium fluoride (MgF ) or from elec-
trically conducting materials such as transparent conductive
oxides. Transparent conductive oxides include, but are not
limited to, indium tin oxide, ruthenium oxide, copper-doped
indium oxide and aluminum-doped zinc oxide.

The multi-layer semiconductor structure 104 of the LED
100 1s fabricated, for example, from nitride-based semicon-
ductor materials containing gallium nitride (GalN), aluminum
gallium nitride (AlGaN), indium gallium mitride (InGalN),
aluminum ndium galllum nitride (AllnGaN), aluminum
nitride (AIN) or indium nitride (InN) or alternatively from
/nO-based semiconductor materials.

The active region 110 of the multi-layer semiconductor
structure 104 1s a p-n homojunction, a p-n heterojunction, a
single quantum well or a multiple quantum well of the appro-
priate semiconductor material for the LED 100.

LED 100 1s assumed for purposes of illustration to be a
GaN-based LED. GaN-based LEDs can include the materials

(GaN, AlGaN, InGaN and AlInGaN. It should be noted, how-
ever, that LED 100 may be fabricated from any suitable
light-emitting semiconductor material such as the materials
listed. To briefly summarize the important fabrication steps
for this GalN-based, illustrative example, first a multi-layer
semiconductor structure 104 1s fabricated on a growth sub-
strate (not shown). A second reflecting electrode 106 1s
deposited onto the multi-layer semiconductor structure oppo-
site the growth substrate, followed by the attachment of a
sub-mount (not shown) to the second reflecting electrode.
The structure 1s inverted (thipped) and a liftoll process
removes the growth substrate, exposing the surtace 128 of the
multi-layer semiconductor structure that was originally
attached to the growth substrate. Finally, a first reflecting
clectrode 102 1s deposited and patterned on the exposed sur-
face 128 of the multi-layer semiconductor structure 104
opposite the second retlecting electrode 106.

The details of the structure and fabrication of the illustra-
tive example LED 100 will now be described.

The first doped semiconductor layer 108 1s an n-doped
GaN layer, which 1s epitaxially deposited or otherwise con-
ventionally fabricated on a growth substrate (not shown). The
n-doped GaN semiconductor layer has a first or upper surface
128 and a second or lower surface 126, opposite the first
surface 128.

The active region 110 1s a GaN-based p-n heterojunction,
which 1s epitaxially deposited or otherwise conventionally
tabricated on the first doped semiconductor layer 108. As an
illustrative example, the GaN-based p-n heterojunction can
be a GaN/AlGaNN heterojunction. The GaN-based p-n hetero-
junction active region 110 has a first or upper surface 124,
deposited or fabricated on the second surface 126 of the first
doped semiconductor layer 108, and a second or lower sur-
face 122, opposite the first surface 124.

The second doped semiconductor layer 112 1s a p-doped
GaN layer, which 1s epitaxially deposited or otherwise con-
ventionally fabricated on the active region 110. The p-doped
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GaN semiconductor layer has a first or upper surface 120,
epitaxially deposited or otherwise fabricated on the second
surface 122 of the active region 110, and a second or lower
surface 118, opposite the first surface 120.

The second retlecting electrode 106 of LED 100 1s silver,
which 1s deposited or otherwise conventionally fabricated on
the lower surface 118 of the second doped semiconductor
layer 112. The second reflecting electrode has a first, upper
and 1nner surface 116 and a second, lower or outer surface
114, opposite the first surface 116.

The first reflecting electrode 102 1s aluminum, which 1s
deposited or otherwise conventionally fabricated on the first
doped semiconductor layer 108. The first reflecting electrode
102 has a first, mnner or lower surtace 130, deposited or
tabricated on the first surface 128 of the first doped semicon-
ductor layer 108, and a second, outer or upper surface 132,
opposite the first surface 130.

The mner surface 130 of the first reflecting electrode 102 1s
an 1nner reflecting surface for the multi-layer semiconductor
structure 104 of the LED 100. The outer surface 132 of the
first reflecting electrode 102 1s an outer reflecting surface for
externally incident light directed to LED 100.

The first reflecting electrode 102 only partially covers the
surface 128 of the first doped semiconductor layer 108. Por-
tions of the surface 128 of the first doped semiconductor layer
108, not covered by the first reflecting electrode 102, are
exposed and those exposed portions of the surtace 128 of the
first doped semiconductor layer 108 are an output or exit
surface for the light emitted by the LED 100. The portion of
the surface 128 not covered by the first reflecting electrode
102 may be covered with light extracting elements (not
shown) to improve light extraction from LED 100.

The light emitting diode 100 has a first reflecting electrode
102, a multi-layer semiconductor structure 104 having a first
doped semiconductor layer 108, an active region 110 and a
second doped semiconductor layer 112, and a second retlect-
ing electrode 106.

The active region 110 emaits internally generated light 1in a
wavelength range when a voltage 1s applied across the first
reflecting electrode 102 and the second retlecting electrode
106. The emitting wavelength range of the internally gener-
ated light can include any optical wavelength. For an LED
having a p-n heterojunction active region 110, the emitting
wavelength range typically has a tull width of approximately
50 nm at the half-maximum points of the wavelength range.
For wavelength conversion applications, preferably the emut-
ting wavelength range 1s between about 250 nm and about
500 nm.

The total thickness of the multi-layer semiconductor struc-
ture 104 1s usually on the order of a few microns. For example,
the total thickness of the multi-layer semiconductor structure
104 can be two to five microns.

Example light rays 134 and 138 illustrate internally gener-
ated light that 1s emitted by the active region 110. Internally
generated light ray 134 1s emaitted by active region 110 toward
output surface 128 of LED 100. Internally generated light ray
134 1s directed at an angle 136 that 1s greater than the critical
angle for output surface 128. Internally generated light ray
134 1s reflected by total internal reflection and 1s redirected
toward internal reflective surface 116 of the second reflecting
clectrode 106.

Internally generated light ray 138 1s emitted by active
region 110 toward outer surface 128 of the first semiconduc-
tor layer 108 of LED 100. Internally generated light ray 138
1s directed at an angle 140 that 1s less than the critical angle for
outer surface 128. Internally generated light ray 138 1s trans-
mitted through outer surface 128.
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In the i1llustrative example LED 100, the first doped semi-
conductor layer 108 1s a n-doped layer and the second doped
semiconductor layer 112 1s a p-doped layer. However, the two
layers can be reversed. If the first doped semiconductor layer
108 1s a p-doped layer, then the second doped semiconductor
layer 112 1s an n-doped layer. The two doped semiconductor
layers 108 and 112 will have opposite n and p conductivity
types.

It 1s well known by those skilled in the art that the multi-
layer semiconductor structure 104 may include additional
layers in order to adjust and improve the operation of the LED
100. For example, a current spreading layer may be inserted
between surface 130 of the first reflecting electrode 102 and
surface 128 the first doped semiconductor layer 108. Such a
current spreading layer will have the same conductivity type
as the first doped semiconductor layer and will improve the
uniformity of current injection across the entire active region.
In addition, a current spreading layer may be inserted
between surface 118 of the second doped semiconductor
layer and surface 116 of the second retlecting electrode 106.
The latter current spreading layer will have the same conduc-
tivity type as the second doped semiconductor layer. As
another example, an electron blocking layer may inserted
either between surface 126 of the first doped semiconductor
layer 108 and surface 124 of the active region 110 or between
surface 122 of the active region 110 and surface 120 of the
second doped semiconductor layer. The electron blocking
layer reduces the escape of electrons from the active region.

FIG. 4B 1s a cross sectional view of another example light
emitting diode, LED 150. LED 150 is similar to LED 100
except that LED 150 1s constructed 1n a tlip-chip configura-
tion with both the first retlecting electrode 154 and the second
reflecting electrode 106 located on the same side of the LED
150. In this embodiment, the first doped semiconductor layer
108 has alarger surface area than the active region 110 and the
second doped semiconductor layer 112. A portion 152 of the
first doped semiconductor layer 108 will extend away from
the active region 110 and the second doped semiconductor
layer 112 exposing a portion 152 of the second surface 126 of
the first doped semiconductor layer 108. The first reflecting,
clectrode 154 1s located on the exposed second or inner sur-
face 126 of the first doped semiconductor layer 108 adjacent
to the actionregion 110 instead of the first or outer surface 128
of the first doped semiconductor layer 108. The first reflecting
clectrode 154 has a first or upper surface 158 and a second or
lower surface 156, opposite the first surface 158. The first
surface 158 of the first reflecting electrode 154 1s deposited or
tabricated on the exposed second surface 126 of the first
doped semiconductor layer 108.

The first reflecting electrode 154 1s in electrical contact
with the first doped semiconductor layer 108. The first doped
semiconductor layer 108 functions as a current spreading
layer that directs electrical current from the first reflecting
clectrode 154 to the active region 110.

The first surface 128 of the first doped semiconductor layer
108 has no reflecting electrode on 1its surface. Light emitted
by the active region 110 can exit across the entire area of the
first surface 128 of the first doped semiconductor layer 108.
The entire surface functions as an output surface. The surface
128 may also include optional light extracting elements (not
shown) to improve light extraction from LED 150. The first
reflecting electrode 154, now on the lower side of LED 150,
can retlect both internally generated light and externally 1nci-
dent light.

Solid-state light sources can be constructed by combining
an LED with one or more wavelength conversion chips. Some
illustrative examples are shown 1 FIGS. 5-9. FIGS. 5-7 1llus-
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trate solid-state light sources that have one or more wave-
length conversion chips that include one or more vias and one
or more light extracting elements. The LEDs 1n FIGS. 5-7
cach have a top first reflecting electrode. Vias through the
wavelength conversion chips are required in order to make
clectrical contacts with the first reflecting electrodes. FIG.
8A-8C 1illustrate solid-state light sources that have one or
more wavelength conversion chips that include light extract-
ing elements, but no vias. The LEDs 1 FIGS. 8A-8C each
have first reflecting electrodes on the second or bottom sur-
face of the first semiconductor layer 108. FIG. 9 illustrates a
solid-state light source that has a wavelength conversion chip
that includes an optical coating on the top surface of the chip.
In the latter example, the wavelength conversion chip does
not include a via or a light extracting element.

Another embodiment of this invention 1s solid-state light
source 200 shown 1n a side cross-sectional view 1n FIG. 5A.
Solid-state light source 200 includes LED 100, which has a
top first retlecting electrode 102, wavelength conversion chip
50 and a bonding layer 202. The wavelength conversion chip
50 includes light extracting elements 80 and via 82 that
extends through the chip.

The LED 100 of the solid-state light source 200 emits light
in a first wavelength range. The wavelength conversion chip
50 converts light of a first wavelength range into light of a
second wavelength range, different than the first wavelength
range. The light of a second wavelength range has longer
wavelengths than the light of a first wavelength range.

In FIG. 5A, the wavelength conversion chip covers the
entire surface 128 of LED 100 except for the area occupied by
via 82. It 1s also within the scope of this mnvention that the
wavelength conversion chip 50 may have an area that 1s larger
or smaller than the area of the top surface 128 of LED 100.

The wavelength conversion chip 1s attached to LED 100 by
a transparent and thermally conducting bonding layer 202.
Preferably the refractive index of bonding layer 20215 1.30 or
higher. The high refractive index of the bonding layer frus-
trates total internal reflection and improves the extraction of
photons normally trapped within the LED die. The bonding
layer also provides a thermal conduction path from the wave-
length conversion chip 50 to LED 100. Heat generated inside
the wavelength conversion chip 50 can pass through the bond-
ing layer 202 and through LED 100 to a heat sink (not shown)
attached to the bottom surface 114 of the LED.

Example materials for bonding layer 202 include low melt-
ing point transparent conducting oxides (1TCOs), low melting
point morganic glasses and polymers. Example transparent
conducting oxides include tin oxide, indium oxide, gallium
oxide, mdium tin oxide, ruthenium oxide, copper-doped
indium oxide and aluminum-doped zinc oxide. Low melting
point inorganic glasses include alkali glasses. Polymer mate-
rials include epoxies, acrylates, sol-gels, silicones, chlori-
nated or fluorinated polymers and xerogels. An example tlu-
orinated polymer 1s tetratluoroethylene.

If bonding layer 202 1s a TCO or inorganic glass, sputter-
ing, electron beam evaporation, chemical vapor deposition or
metal-organic chemical vapor deposition can be used to
deposit the bonding layer. If bonding layer 202 1s a polymer,
spin coating or spray coating can be used to deposit the
bonding layer.

Example light rays 204, 206, 208, 210 and 212 in FIG. 3B
illustrate the operation of solid-state light source 200. When
an electrical current 1s applied through LED 100 via the first
reflecting electrode 102 and the second reflecting electrode
106, the active region 110 emits internally generated light.
The wavelength of the internally generated light can be any
optical wavelength. Preferably the wavelength of the inter-

-
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nally generated light 1s 1n the wavelength range from about
250 nm to about 500 nm. For wavelength conversion appli-
cations, usually the wavelength of the internally generated
light 1s 1n the ultraviolet (UV) or blue regions of the optical
spectrum. For illustrative purposes only, LED 100 1s shown to
emit UV light. For example, LED 100 can emit 360 nm UV
light.
Internally generated UV light ray 204 1s emitted by active
region 110 of LED 100. UV light ray 204 1s transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202 and
through the wavelength conversion chip 50 without being
converted. UV light ray 204 exits solid-state light source 200
through surface 54 of the wavelength conversion chip 50.

Internally generated UV light ray 206 1s emitted by active
region 110 of LED 100. UV light ray 206 1s transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202 and nto
the wavelength conversion chip 50. Wavelength conversion
chip 50 converts UV light ray 206 into blue light ray 208. The
conversion of UV light ray 206 to blue light 1s an 1llustrative
example. Depending on the composition of the wavelength
conversion layer, the UV light could be converted instead
into, for example, cyan, green, yellow, red or infrared light.
Blue light ray 208 passes through the remainder of the wave-
length conversion chip 50 and exits solid-state light source
200 through surface 54 of the wavelength conversion chip.

Internally generated UV light ray 210 1s emitted by active
region 110 of LED 100. UV light ray 210 1s transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202 and 1nto
the wavelength conversion chip 50. Wavelength conversion
chip 50 converts UV lightray 210 1nto blue light ray 212. Blue
light ray 212 passes through the remainder of the wavelength
conversion chip 50, 1s extracted from the wavelength conver-
sion chip by light extracting element 80 and exits the solid-
state light source 200. Light extraction element 80 improves
the light extraction efliciency of wavelength conversion chip
50 by reducing the probability of total internal reflection of
light ray 212 at the top surface 54 of the wavelength conver-
s10n chip.

The wavelength conversion chip S0 converts UV light rays
206 and 210 into blue light. Light ray 204 passes through
wavelength conversion chip 50 without conversion. Only a
portion of the UV light emitted by the active region of the
LED that passes through the wavelength conversion chip 1s
converted 1nto blue light.

Another embodiment of this invention 1s solid-state light
source 220 shown 1n a side cross-sectional view 1n FIG. 6A.
Solid-state light source 220 includes LED 100, which has a
top first reflecting electrode 102, two wavelength conversion
chips S0A and 50B and two bonding layers 202A and 202B.
The wavelength conversion chip S0A includes light extract-
ing elements 80 A and via 82A that extends through the chip.
The wavelength conversion chip 50B includes light extract-
ing elements 80B and via 82B that extends through the chip.

LED 100 of solid-state light source 220 emuts light 1n a first
wavelength range. Wavelength conversion chip S0A converts
light of a first wavelength range into light of a second wave-
length range, different than the first wavelength range. The
light of a second wavelength range has longer wavelengths
than the light of a first wavelength range. Wavelength conver-
sion chip 30B converts light of a first wavelength range 1nto
light of a third wavelength range, different than the first
wavelength range and the second wavelength range. The light
of a third wavelength range has a longer wavelength than the
light of a first wavelength range.

10

15

20

25

30

35

40

45

50

55

60

65

22

In FIG. 6 A, the wavelength conversion chips 50A and 50B
cover the entire surface 128 of LED 100 except for the area
occupied by vias 82A and 82B. It 1s also within the scope of
this invention that the wavelength conversion chips S0A and
50B may have an area that 1s larger or smaller than the area of
the top surface 128 of LED 100.

The wavelength conversion chips are attached to LED 100

by transparent and thermally conducting bonding layers
202A and 202B. Preferably the refractive index of bonding

layers 202A and 202B is 1.30 or higher. The high refractive
index of the bonding layers 202A and 202B {frustrates total
internal reflection and improves the extraction of photons
normally trapped within the LED die. The bonding layers also
provide a thermal conduction path from the wavelength con-
version chips S0A and S0B to LED 100. Heat generated
inside wavelength conversion chip S0A can pass through the
bonding layer 202A and through LED 100 to a heat sink (not
shown) attached to the bottom surface 114 of the LED. Heat
generated nside wavelength conversion chip S0B can pass
through the bonding layer 202B, through wavelength conver-
s1on chip 50A, through bonding layer 202 A and through LED
100 to a heat sink (not shown) attached to the bottom surface
114 of the LED. Example materials and deposition methods
for bonding layers 202A and 202B have been listed previ-
ously.

Example light rays 222, 224, 226, 228 and 230 1n FIG. 6B
1llustrate the operation of solid-state light source 220. When
an electrical current 1s applied through LED 100 via the first
reflecting electrode 102 and the second retlecting electrode
106, the active region 110 emits internally generated light.
The wavelength of the internally generated light can be any
optical wavelength. Preferably the wavelength of the inter-
nally generated light 1s 1n the wavelength range from about
250 nm to about 500 nm. For 1llustrative purposes only, LED
100 1s shown to emit UV light. For example, LED 100 can
emit 360 nm UV light.

Internally generated UV light ray 222 1s emitted by active
region 110 of LED 100. UV light ray 222 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A,
through wavelength conversion chip S0A without being con-
verted, through bonding layer 202B and through the wave-
length conversion chip S0B without being converted. UV
light ray 222 exits solid-state light source 220 through surface
548 of the wavelength conversion chip 50B.

Internally generated UV light ray 224 1s emitted by active
region 110 of LED 100. UV light ray 224 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A and
into the wavelength conversion chip S0A. Wavelength con-
version chip 50A converts UV light ray 224 1nto blue lightray
226. The conversion of UV light ray 224 to blue light 1s an
illustrative example. Depending on the composition of the
wavelength conversion layer, the UV light could be converted
instead into, for example, cvan, green, yellow, red or infrared
light. Blue light ray 226 passes through the remainder of the
wavelength conversion chip 50A, through bonding layer
2028, through wavelength conversion chip 50B without
being converted and exits solid-state light source 220 through
surface 54B of the wavelength conversion chip S0B.

Internally generated UV light ray 228 1s emitted by active
region 110 of LED 100. UV light ray 228 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A,
through wavelength conversion chip S0A without being con-
verted, through bonding layer 202B and into the wavelength
conversion chip 50B. Wavelength conversion chip 50B con-
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verts UV lightray 228 into green light ray 230. Green light ray
230 passes through the remainder of the wavelength conver-
sion chip 50B and exits the solid-state light source 220
through surface 54B of the wavelength conversion chip S0B.

The wavelength conversion chip S0A converts UV lightray
224 into blue light. The wavelength conversion chip 50B
converts UV light ray 228 into green light. Light ray 222
passes through wavelength conversion chips 50A and 50B
without conversion. Only a portion of the UV light passing,
through the wavelength conversion chips 1s converted into
blue or green light. The wavelength conversion chip 50B does
not convert the already converted blue light ray 226 from the
wavelength conversion chip 50A. The blue light ray 226 1s
transmitted through the wavelength conversion chip 50B
without being converted.

Another embodiment of this invention 1s solid-state light
source 240 shown 1n a side cross-sectional view 1 FIG. 7A.
Solid-state light source 240 includes LED 100, which has a
top firstretlecting electrode 102, three wavelength conversion
chips S0A, 50B and 50C and three bonding layers 202A,
202B and 202C. The wavelength conversion chip 50A
includes light extracting elements 80A and via 82A that
extends through the chip. The wavelength conversion chip
50B 1ncludes light extracting elements 80B and via 82B that
extends through the chip. The wavelength conversion chip
50C includes light extracting elements 80C and via 82C that
extends through the chip.

LED 100 of solid-state light source 240 emaits light 1n a first
wavelength range. Wavelength conversion chip S0A converts
light of a first wavelength range into light of a second wave-
length range, different than the first wavelength range. The
light of a second wavelength range has longer wavelengths
than the light of a first wavelength range. Wavelength conver-
sion chip S0B converts light of a first wavelength range nto
light of a third wavelength range, different than the first
wavelength range and the second wavelength range. The light
of a third wavelength range has longer wavelengths than the
light of a first wavelength range. Wavelength conversion chip
50C converts light of a first wavelength range 1nto light of a
tourth wavelength range, ditferent than the first wavelength
range and the second wavelength range and the third wave-
length range. The light of a fourth wavelength range has
longer wavelengths than the light of a first wavelength range.

In FIG. 7A, the wavelength conversion chips 50A, 50B and
50C cover the entire surface 128 of LED 100 except for the
area occupied by vias 82A, 828 and 82C. It 1s also within the
scope of this imnvention that the wavelength conversion chips
50A, 50B and 50C may have an area that 1s larger or smaller
than the area of the top surface 128 of LED 100.

The wavelength conversion chips are attached to LED 100

by transparent and thermally conducting bonding layers
202A, 202B and 202C. Pretferably the refractive index of

bonding layers 202A, 202B and 202C i1s 1.30 or higher. The
high refractive index of the bonding layers 202A, 202B and
202C frustrates total internal reflection and improves the
extraction of photons normally trapped within the LED die.
The bonding layers also provide a thermal conduction path
from the wavelength conversion chips 50A, 5S0B and S0C to
LED 100. Heat generated inside wavelength conversion chip
50A can pass through the bonding layer 202A and through
LED 100 to a heat sink (not shown) attached to the bottom
surface 114 of the LED. Heat generated inside wavelength
conversion chip 50B can pass through the bonding layer
202B, through wavelength conversion chip 30A, through
bonding layer 202 A and through LED 100 to a heat sink (not
shown) attached to the bottom surface 114 of the LED. Heat
generated mside wavelength conversion chip 50C can pass
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through the bonding layer 202C, through the wavelength
conversion chip 50B, through the bonding layer 202B,
through wavelength conversion chip S0A, through bonding
layer 202A and through LED 100 to a heat sink (not shown)
attached to the bottom surface 114 of the LED. Example
materials and deposition methods for bonding layers 202A,
202B and 202C have been listed previously.

Example light rays 242, 244, 246, 248, 250, 252 and 254
illustrate the operation of solid-state light source 240. When
an electrical current 1s applied through LED 100 via the first
reflecting electrode 102 and the second reflecting electrode
106, the active region 110 emits internally generated light.
The wavelength of the internally generated light can be any
optical wavelength. Preferably the wavelength of the inter-
nally generated light 1s 1n the wavelength range from about
250 nm to about 500 nm. For 1llustrative purposes only, LED
100 1s shown to emit UV light. For example, LED 100 can
emit 360 nm UV light.

Internally generated UV light ray 242 1s emitted by active
region 110 of LED 100. UV light ray 242 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A,
through wavelength conversion chip S0A without being con-
verted, through bonding layer 202B, through the wavelength
conversion chip 50B without being converted, through bond-
ing layer 202C and through wavelength conversion chip 50C
without being converted. UV light ray 242 exits solid-state
light source 240 through surface 54C of the wavelength con-
version chip S0C.

Internally generated UV light ray 244 1s emitted by active
region 110 of LED 100. UV light ray 224 i1s transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A and
into the wavelength conversion chip S0A. Wavelength con-
version chip 50A converts UV light ray 244 1nto blue lightray
246. The conversion of UV light ray 244 to blue light 1s an
illustrative example. Depending on the composition of the
wavelength conversion layer, the UV light could be converted
instead into, for example, cyan, green, yellow, red or infrared
light. Blue light ray 246 passes through the remainder of the
wavelength conversion chip 50A, through bonding layer
2028, through wavelength conversion chip 50B without
being converted, through bonding layer 202C, through wave-
length conversion chip S0C without being converted and exits
solid-state light source 240 through surface 54C of the wave-
length conversion chip 50C.

Internally generated UV light ray 248 1s emitted by active
region 110 of LED 100. UV light ray 248 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A,
through wavelength conversion chip S0A without being con-
verted, through bonding layer 202B and into the wavelength
conversion chip 50B. Wavelength conversion chip 50B con-
verts UV lightray 248 into green light ray 250. Green lightray
250 passes through the remainder of the wavelength conver-
sion chip 50B, through bonding layer 202C, through wave-
length conversion chip S0C without being converted and exits
the solid-state light source 240 through surface 54C of the
wavelength conversion chip 50C.

Internally generated UV light ray 252 1s emitted by active
region 110 of LED 100. UV light ray 252 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202A,
through wavelength conversion chip S0A without being con-
verted, through bonding layer 202B, through wavelength
conversion chip 50B without being converted, through bond-
ing layer 202C and into the wavelength conversion chip S0C.
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Wavelength conversion chip 50C converts UV light ray 252
into red light ray 254. Red light ray 254 passes through the
remainder of the wavelength conversion chip S0C and exits
the solid-state light source 240 through surface 54C of the
wavelength conversion chip S0C. 5

The wavelength conversion chip S0A converts UV lightray
244 into blue light. The wavelength conversion chip 50B
converts UV light ray 248 into green light. The wavelength
conversion chip 50C converts UV light ray 252 into red light.
Light ray 242 passes through wavelength conversion chips 10
50A, 50B and 50C without conversion. Only a portion of the
UV light passing through the wavelength conversion chips 1s
converted into blue, green or red light. The wavelength con-
version chips 50B and 50C do not convert the already con-
verted blue light ray 246 from the wavelength conversion chip 15
50A. The blue light ray 246 1s transmitted through the wave-
length conversion chips 50B and 50C without being con-
verted. The wavelength conversion chip 50C does not convert
the already converted green light ray 250 from the wavelength
conversion chip S0B. The green light ray 250 1s transmitted 20
through the wavelength conversion chip 50C without being,
converted.

FIGS. 8A-8C illustrate embodiments of this invention that
utilize LED 150. LED 150 has the first reflecting electrode
154 positioned on the bottom surface 126 of the first doped 25
semiconductor 108. Since there 1s no top electrode on LED
150, the wavelength conversion chips do not require via holes
in order to make electrical contact to the first reflecting elec-
trode.

Example light rays will not be 1llustrated 1n FIGS. 8A-8C 30
since the conversion of UV light, for example, into blue,
green or red light occurs in the same manner as previously
illustrated light rays in FIGS. 5, 6 and 7.

Another embodiment of this invention 1s solid-state light
source 300 shown 1n a side cross-sectional view 1n FIG. 8A. 35
Solid-state light source 300 includes LED 150, which has a
first retlecting electrode 154 positioned on the bottom surface
126 of the first doped semiconductor layer 108, wavelength
conversion chip 50 and a bonding layer 202. The wavelength
conversion chip 50 includes light extracting elements 80 and 40
does not include a via.

In FIG. 8A, the wavelength conversion chip covers the
entire surface 128 of LED 150. It 1s also within the scope of
this invention that the wavelength conversion chip 50 may
have an area that 1s larger or smaller than the area of the top 45
surtace 128 of LED 150.

The wavelength conversion chip 1s attached to LED 150 by
a transparent and thermally conducting bonding layer 202.
Preferably the refractive index of bonding layer 202 1s 1.30 or
higher. The high refractive index of the bonding layer 202 50
frustrates total internal reflection and improves the extraction
of photons normally trapped within the LED die. The bonding
layer also provides a thermal conduction path from the wave-
length conversion chip 50 to LED 150. Heat generated inside
the wavelength conversion chip 50 can pass through the bond- 55
ing layer 202 and through LED 130 to a heat sink (not shown)
attached to the bottom surface 114 of the LED. Example
bonding layer materials have been listed previously.

The wavelength conversion chip 50 converts light of a first
wavelength range emitted by LED 150 1nto light of a second 60
wavelength range. For example, wavelength conversion chip
can convert UV light into blue light.

Another embodiment of this invention 1s solid-state light
source 320 shown 1n a side cross-sectional view in FIG. 8B.
Solid-state light source 320 includes LED 150, which has a 65
first retlecting electrode 154 positioned on the bottom surface
126 of the first doped semiconductor layer 108, two wave-
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length conversion chips S0A and S0B and two bonding layers
202A and 202B. The wavelength conversion chip 50A
includes light extracting elements 80A and the wavelength
conversion chip 50B includes light extracting elements 80B.

In FIG. 8B, the wavelength conversion chips 50A and 50B
cover the entire surface 128 of LED 150. It 1s also within the
scope of this invention that the wavelength conversion chips
50A and 50B may have an area that 1s larger or smaller than
the area of the top surface 128 of LED 150.

The wavelength conversion chips are attached to LED 150

by transparent and thermally conducting bonding layers
202A and 202B. Preferably the refractive index of bonding

layers 202A and 202B 1s 1.30 or higher. The bonding layers
also provide a thermal conduction path from the wavelength
conversion chips 50A and 50B to LED 1350. Heat generated
inside wavelength conversion chip S0A can pass through the
bonding layer 202A and through LED 150 to a heat sink (not
shown) attached to the bottom surface 114 of the LED. Heat
generated nside wavelength conversion chip S0B can pass
through the bonding layer 202B, through wavelength conver-
s1on chip 50A, through bonding layer 202 A and through LED
150 to a heat sink (not shown) attached to the bottom surface
114 of the LED. Example materials and deposition methods
for bonding layers 202A and 202B have been listed previ-
ously.

As an 1llustrative example, the wavelength conversion chip
50A converts UV light into blue light. The wavelength con-
version chip 50B converts UV light into green light.

Another embodiment of this invention 1s solid-state light
source 340 shown 1n a side cross-sectional view 1n FIG. 8C.
Solid-state light source 340 includes LED 150, which has a
first retflecting electrode 154 positioned on the bottom surface
126 of the first doped semiconductor layer 108, three wave-
length conversion chips 50A, 50B and 50C and three bonding
layers 202A, 202B and 202C. The wavelength conversion
chip S0A includes light extracting elements 80A. The wave-
length conversion chip S0B includes light extracting elements
80B. The wavelength conversion chip 50C includes light
extracting elements 80C.

In FIG. 8C, the wavelength conversion chips 50A, 50B and
50C cover the entire surface 128 of LED 150. It 15 also within
the scope of this mvention that the wavelength conversion
chips S0A, 50B and 50C may have an area that 1s larger or
smaller than the area of the top surface 128 of LED 150.

The wavelength conversion chips are attached to LED 150

by transparent and thermally conducting bonding layers
202A, 202B and 202C. Preferably the refractive mdex of

bonding layers 202A, 202B and 202C i1s 1.30 or higher. The
bonding layers also provide a thermal conduction path from
the wavelength conversion chips 50A, 50B and 50C to LED
150. Heat generated inside wavelength conversion chip 50A
can pass through the bonding layer 202A and through LED
150 to a heat sink (not shown) attached to the bottom surface
114 of the LED. Heat generated inside wavelength conver-
sion chip 50B can pass through the bonding layer 202B,
through wavelength conversion chip 50A, through bonding
layer 202 A and through LED 150 to a heat sink attached to the
bottom surface 114 of the LED. Heat generated inside wave-
length conversion chip 50C can pass through the bonding
layer 202C, through the wavelength conversion chip S0B,
through the bonding layer 202B, through wavelength conver-

sion chip 50A, through bonding layer 202 A and through LED
150 to a heat sink attached to the bottom surtace 114 of the

LED. Example materials and deposition methods for bonding

layers 202A, 202B and 202C have been listed previously.
As an 1llustrative example, the wavelength conversion chip

50A converts UV light into blue light. The wavelength con-
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version chip 50B converts UV light into green light. The
wavelength conversion chip S0C converts UV light into red
light.

FIGS. 9A and 9B 1illustrate side cross-sectional views of
another embodiment of this invention, solid-state light source
400. Solid-state light source 400 has a wavelength conversion
chip that includes an optical coating. The optical coating 1n

this example 1s a dichroic mirror.
Solid-state light source 400 includes LED 150, which has

a first reflecting electrode 154 positioned on the bottom sur-
tace 126 of the first doped semiconductor layer 108, a wave-
length conversion chip 30 and a bonding layer 202. The
wavelength conversion chip 50 includes an optical coating
70, but 1n this example the wavelength conversion chip does
not include light extracting elements or a via. However, 1t 1s
within the scope of this invention that the wavelength conver-
s10n chip can optionally include light extracting elements and
vias 1n addition to the optical coating 70. It 1s also within the
scope of this invention that a wavelength conversion chip that
has an optical coating may also be used with other types of
LEDs such as LED 100.

In FIG. 9A, the wavelength conversion chip covers the
entire surface 128 of LED 150. It 1s also within the scope of
this ivention that the wavelength conversion chip 50 may
have an area that 1s larger or smaller than the area of the top
surface 128 of LED 150.

The wavelength conversion chip 1s attached to LED 150 by
a transparent and, thermally conducting bonding layer 202.
Preferably the refractive index of bonding layer 202 1s 1.30 or
higher. The bonding layer also provides a thermal conduction
path from the wavelength conversion chip 50 to LED 150.
Heat generated inside the wavelength conversion chip 50 can
pass through the bonding layer 202 and through LED 150 to
a heat sink (not shown) attached to the bottom surface 114 of
the LED. Example bonding layer materials have been listed
previously.

The wavelength conversion layer 20 of the wavelength
conversion chip 50 converts light of a first wavelength range
emitted by LED 1350 into light of a second wavelength range.
For example, the wavelength conversion layer can convert
UV light into green light.

The optical coating 70 1s on the top surface 24 of the
wavelength conversion layer 20 and 1s also on the top surface
54 of the wavelength conversion chip 50. The optical coating
70 1s a dichroic mirror 1n this example. The dichroic mirror
transmits light 1n a first wavelength range and reflects light in
a second wavelength range. For example, i1 the LED 150
emits UV light and the wavelength conversion chip converts
UV light into green light, then the dichroic mirror 1s prefer-
ably designed to transmit green light and to reflect UV light.
The dichroic mirror prevents UV light from exiting the solid-
state light source 400 and causes the UV light to be recycled
back through the wavelength conversion layer a second time
in order to increase the amount of green light produced by the
solid-state light source.

Another example (not shown) of an optical coating 1s a
reflecting polarizer. A reflecting polarizer reflects light of a
first polarization state and transmits light of a second polar-
ization state. The retlected light of a first polarization state 1s
recycled back to LED 150 as externally incident light.

In cases where a portion of the imnternally generated light
emitted by LED 150 1s reflecting by an optical coating and
recycled back to LED 150 as externally incident light, pret-
erably LED 150 1s designed to retlect a significant fraction of
the externally incident light. The overall reflectivity of LED
150 to externally incident light depends on several factors
including the absorption coetlicient of the multi-layer semi-
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conductor structure 104, the reflectivity of the first reflecting
clectrode 154 and the reflectivity of the second reflecting
clectrode 106. By lowering the absorption coeflicient of the
multi-layer semiconductor structure, the reflectivity of LED
150 to externally incident light will increase. Furthermore,
increasing the reflectivity of the first reflecting electrode and/
or the second retlecting electrode will increase the retlectivity
of LED 150 to externally incident light.

In order to maximize the reflectivity of LED 150 to exter-
nally incident light, preterably the absorption coetficient (1.¢.
the thickness-weighted average absorption coelficient of the
multiple layers) of the multi-layer semiconductor structure
104 1n the emitting wavelength range of the internally gener-
ated light is less than 50 cm™'. More preferably, the absorp-
tion coellicient of the multi-layer semiconductor structure in
the emitting wavelength range is less than 25 cm™'. Most
preferably, the absorption coellicient of the multi-layer semi-
conductor structure 1n the emitting wavelength range 1s less
than 10 cm™.

Furthermore, 1n order to improve the reflectivity of LED
150 to externally incident light, preferably the surface 158 of
the first retlecting electrode 154 has a reflectivity greater than
60 percent 1n the emitting wavelength range. More preferably,
the surface 158 of the first retlecting electrode 154 has a
reflectivity greater than 80 percent in the emitting wavelength
range. Suitable materials for the first reflecting electrode that
have a reflectivity greater than 80 percent include aluminum
and silver.

The second retlecting electrode 106 covers a larger surface
area than the first reflecting electrode 154. Consequently, the
reflectivity of the second reflecting electrode 1s more critical
than the reflectivity of the first metal electrode. In order to
improve the retlectivity of LED 150 to externally incident
light, preferably the retlectivity of surface 116 of the second
reflecting electrode 106 1s greater than 85 percent in the
emitting wavelength range. More preferably the reflectivity
of the surface 116 of the second retlecting electrode 1s greater
than 90 percent 1n the emitting wavelength range. Most pret-
erably, the reflectivity of the surface 116 of the second reflect-
ing electrode 1s greater than 95 percent in the emitting wave-
length range. A suitable material for the second reflecting
clectrode that has a reflectivity greater than 95 percent 1s
silver. In the illustrative example for LED 150, the second
reflecting electrode 1s fabricated from silver.

The overall reflectivity of LED 150 to externally incident
light 1s preferably greater than 50 percent. More preferably,
the overall reflectivity of LED 150 to externally incident light
1s greater than 60 percent.

When an electrical current 1s applied through LED 150 via
the first retlecting electrode 154 and the second retlecting
clectrode 106, the active region 110 emits internally gener-
ated light. The wavelength of the internally generated light
can be any optical wavelength. Preferably the wavelength of
the internally generated light 1s 1n the wavelength range from
about 250 nm to about 500 nm. For wavelength conversion
applications, usually the wavelength of the internally gener-
ated light 1s 1n the ultraviolet (UV) or blue regions of the
optical spectrum. For 1illustrative purposes only, LED 150 1s
shown to emit UV light. For example, LED 150 can emit 360
nm UV light.

Example light rays 402, 404 and 406 1llustrate the opera-
tion of solid-state light source 400.

Internally generated UV light ray 402 1s emitted by active
region 110 of LED 150. UV light ray 402 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 150, through bonding layer 202 and

through the wavelength conversion layer 20 a first time with-
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out being converted. UV light ray 402 1s reflected and
recycled back toward LED 150 by optical coating 70, which
1s designed to reflect UV light. UV light ray 402 1s transmuatted
through the wavelength conversion layer 20 a second time
without being converted, through bonding layer 202 a second
time and reenters LED 150 directed toward second reflecting
clectrode 106. Although 1n this example, UV light ray 402
was not converted during either the first or second passage
through the wavelength conversion layer, 1t was possible for
UV light ray 402 to be converted during either transit. The
probability of conversion of the UV light ray 402 to, for
example, green light depends on the absorption coefficient of
the wavelength conversion layer to UV light. Increasing the
number of transits by UV light through the wavelength con-
version layer increases the probability of conversion. It UV
light ray 402 1s subsequently reflected (not shown) by the
second reflecting electrode 106, UV light ray 402 may pass
through the wavelength conversion layer a third time or more
than three times.

Internally generated UV light ray 404 1s emitted by active
region 110 of LED 150. UV light ray 404 is transmitted
through the first doped semiconductor layer 108, through top
surface 128 of LED 100, through bonding layer 202 and nto
the wavelength conversion layer 20 of the wavelength con-
version chip 50. Wavelength conversion layer 20 converts UV
light ray 404 1nto green light ray 406. The conversion of UV
light ray 404 to green light 1s an illustrative example. Depend-
ing on the composition of the wavelength conversion layer,
the UV light could instead be converted 1nto, for example,
blue, cyan, yellow, red or infrared light. Green light ray 406 1s
transmitted through the remainder of the wavelength conver-
s1on layer 20, through optical coating 70, which 1s a dichroic
mirror designed to transmit green light, and exits the wave-
length conversion chip 50 and the solid-state light source 400
through surface 54.

FIGS. 1-3 illustrate examples of the fabrication of wave-
length conversion chips where the wavelength conversion
material 1s deposited on a substrate as a layer and the layer 1s
then segmented into chips while the chips are still attached to
the substrate. In other embodiments of this invention, the
wavelength conversion layer 1s first removed from the sub-
strate prior to segmentation into chips. Examples of such
embodiments are described below.

Another embodiment of this invention 1s a process shown
in FIGS. 10A-101 for forming wavelength conversion chips.
The first step 1n the process for forming wavelength conver-
s10n chips 1s to select a substrate 10, which 1s shown 1n a side
cross-sectional view in FIG. 10A. The substrate provides a
physical support for the subsequent deposition of the wave-
length conversion layer. Substrate 10 has a bottom surface 12
and a top surface 14 opposite bottom surface 12. Substrate 10
can be a polymeric material or an morganic material. The
material of substrate 10 can be amorphous, polycrystalline or
a single-crystal and can be a heterogeneous maternal or a
homogeneous material. If substrate 10 1s a polymeric material
or a thin flexible metal layer, substrate 10 can be a web that
allows for a continuous web process. Depending on the later
process steps, the substrate 10 may need to be transparent to
light so that a laser liftofl process can be used to remove any
deposited wavelength conversion layer. I a mechanical or
chemical process 1s used in later steps to remove any depos-
ited wavelength conversion layer from substrate 10, then
substrate 10 does not need to be transparent. Example trans-
parent polymeric maternials include, but are not limited to,
polyethylene and polyethylene terephthalate (PET). Example
flexible metals include stainless steel, molybdenum and
graphite. Example transparent inorganic materials include,
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but are not limited to, sapphire, silica and silicate glasses.
Optionally, the top surface 14 of substrate 10 may include a
release layer (not shown) to facilitate the removal of any
subsequently deposited materials. The release layer 1s
removed by thermal, radiation or mechanical means to sepa-
rate the wavelength conversion layer from the substrate and
the release layer. Example matenals for the release layer
include, but are not limited to, polymer layers, thin metal
layer or inorganic materials that preferentially absorb light.

The next process step 1s to deposit a wavelength conversion
layer 20 on the top surface 14 of substrate 10 as illustrated 1n
a side cross-sectional view in FIG. 10B. The wavelength
conversion layer 20 has a bottom surface 22 in contact with
the top surface 14 of substrate 10 and a top surface 24.

The wavelength conversion layer 20 1s formed from one or
more wavelength conversion materials. The wavelength con-
version materials may be, for example, phosphor matenals or
quantum dot maternials or a plurality of such materials. The
wavelength conversion layer 20 may also include optically
inert host materials 1n addition to the phosphors or quantum
dots. Examples of phosphor materials, quantum dot materials
and ert host materials are described above for F1G. 1. When
the wavelength conversion layer 20 1s formed from phosphor
materials, the phosphors can be deposited by a variety of
techniques. The techniques include, but are not limited to,
chemical vapor deposition (CVD), metal-organic chemical
vapor deposition (MOCVD), sputtering, electron beam
evaporation, laser deposition, sol-gel deposition, molecular
beam epitaxy (MBE), liquid phase epitaxy (LPE), spin coat-
ing, doctor blading and tape casting. Preferred techniques
include doctor blading, tape casting, CVD, MOCVD and
sputtering. When the wavelength conversion layer 1s formed
from quantum dot materials and 1nert host materials, deposi-
tion techniques include spin coating, doctor blading or tape
casting, self assembly, lithography, and nanoimprinting.

The thickness of the wavelength conversion layer 20 can
range from about 0.1 micron to about 5000 microns or more.
Preferred thicknesses range from about 0.1 micron to about
500 microns.

The next process step shown 1n FIG. 10C 1s removing the
wavelength conversion layer 20 from substrate 10 by sepa-
rating the bottom surface 22 of the wavelength conversion
layer from the top surface 14 of the substrate. Methods of
removing the wavelength conversion layer include using ther-
mal heating to fracture the interface between the layer and the
substrate, directing 1on beam radiation through the wave-
length conversion layer or the substrate to sever the interface,
directing optical radiation such as pulsed laser radiation
through the wavelength conversion layer or the substrate to
sever the interface between the layer and the substrate, or
using chemical or mechanical means to sever the interface. I
the wavelength conversion layer i1s fabricated on a flexible
substrate, mechanically flexing of the wavelength conversion
layer or the flexible substrate will release the layer. The
removal can be facilitated if the top surface 14 of substrate 10
includes a release layer (not shown) that can be degraded by
thermal, radiation, chemical or mechanical means. The
detached wavelength conversion layer has an exposed bottom
surtace 22.

The next process step 1s an optional annealing step 1llus-
trated 1n FIG. 10D to thermally anneal or radiation anneal the
wavelength conversion layer 20 1n order to increase the wave-
length conversion eificiency of the layer or, if the layer
includes a phosphor powder, to sinter the powder to form a
ceramic layer.

The annealing step 1s important for thin film phosphors,
since as-deposited thin film phosphors may have low wave-




US 8,232,534 B2

31

length conversion efficiency 1fthe deposited layer 1s not prop-
erly annealed. The annealing step can be any heat treatment or
any radiation treatment of the wavelength conversion mate-
rial 1n the wavelength conversion layer 20 that anneals the
phosphor. Heating the wavelength conversion material in the
wavelength conversion layer to, for example, 600 degrees
Celstus for one hour can result 1in thermal annealing of the
wavelength conversion material. Appropriate annealing tem-
peratures and times may vary for different wavelength con-
version materials. Example radiation annealing treatments
include subjecting the wavelength conversion material 1n the
wavelength conversion layer 20 to infrared, visible or ultra-
violet light 1010 as shown in FIG. 10D or subjecting the
wavelength conversion material in the wavelength conversion
layer to electron beam, atomic beam or 10n beam bombard-
ment. The radiation sources may be pulsed or continuous. The
light sources may be incoherent or coherent (e.g. laser)
sources.

If the wavelength conversion material 1s a phosphor pow-
der mixed with an organic binder, the annealing step may be
done 1n two or more parts. For example, a low temperature
(less than 300 degrees Celsius) anneal can be done to remove
the organic binder material. Following the removal of the
organic material, a high temperature (greater than 300
degrees Celsius) anneal can then be done to sinter the phos-
phor powder into a ceramic solid. The high temperature
annealing step can be done between two graphite or metal
plates to prevent the wavelength conversion layer from curl-
ing. Other methods, such as annealing a stack of two or more
wavelength conversion layers at the same time, may also be
utilized to prevent curling of the layers.

The annealing step 1s 1llustrated in FIG. 10D to occur after
the removal of the wavelength conversion layer from the
substrate. However, the annealing step may also be done
carlier or later 1n the process sequence, including betfore the
wavelength conversion layer 1s removed from the substrate or
aiter the wavelength conversion layer 1s segmented into chips.
Doing the annealing step after the wavelength conversion
layer 1s removed from the substrate 1s necessary 1f the sub-
strate 10 cannot withstand high temperature or high radiation
processing. The annealing step may be done 1n air, 1n an inert
atmosphere such as nitrogen or argon or 1n a partial vacuum as
appropriate.

The next process step 1s to segment the wavelength con-
version layer 20 into a plurality of wavelength conversion
chups 50. Segmentation can be done in both the X and Y
directions indicated 1 FI1G. 10F. For example, the segmenta-
tion can occur through the wavelength conversion layer at the
dashed lines 1020 illustrated 1n the side cross-sectional view
in FIG. 10E and 1n the top plan view 1n FIG. 10F. The seg-
mention can also occur along the dashed lines 1030 shown in
FIG. 10F. Techniques for doing the segmentation include, but
are not limited to, laser scribing, mechanical scribing, optical
lithography accompanied by wet chemical etching, sputter
ctching or 1on beam etching. After segmenting the wave-
length conversion layer, wavelength conversion chips 50 are
formed. The wavelength conversion chips are illustrated 1n
side cross-sectional views 1 FIGS. 10G and 10H and 1n a top
plan view 1n FI1G. 101. The wavelength conversion chips have
a bottom surface 52, a top surface 54 and side surfaces 36.

FI1G. 101 1llustrates a square shaped wavelength conversion
chup. However, the wavelength conversion chips may have
any shape including, but not limited to, a square, a rectangle,
a polygon, a circle, an oval. Preferably the bottom surface 52
and the top surface 54 of the wavelength conversion chips are
substantially coplanar to allow easy attachment to LEDs.
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Another embodiment of this invention 1s a process shown
in FIGS. 11A-11] for forming wavelength conversion chips
that optionally 1include an optical coating 70 on at least one
surface of the chips. Examples of optical coatings include a
dichroic coating that transmits light of a first wavelength
range and reflects light of a second wavelength range, an
antiretlection coating, a reflecting polarizer coating or a pho-
tonic bandgap coating. The coating examples are described in
more detail in the descriptions of the coatings for FIG. 2.

The elements with the same numerical reference 1n FI1G. 11
as in F1GS. 1 and 10 are the same elements as 1n FIGS. 1 and
10 and have the same properties as the elements in FIGS. 1
and 10. Some of the steps of the process shown 1 FIG. 11 are
identical to the process steps outlined above i FIG. 10. In
particular, the step of selecting a substrate 10 1in FIG. 11A 1s
identical to the step described for FIG. 10A. The step of
depositing a wavelength conversion layer 20 on the substrate
in FIG. 11B 1s 1dentical to the step described for FIG. 10B.
The step of removing the wavelength conversion layer from
the substrate in FIG. 11C 1s identical to the step described for
FIG. 10C. The step of optionally annealing the wavelength
conversion layer in FIG. 11D 1s 1dentical to the step described
for FIG. 10D.

The next step following the optional annealing step 1s to
deposit an optical coating 70 to the top surface 24 of the
wavelength conversion layer. The coating 1s shown 1n FIG.
11E and can be deposited by a variety of techniques includ-
ing, but not limited to, chemical vapor deposition (CVD),
metal-organic chemical vapor deposition (MOCVD), sputter-
ing, electron beam evaporation, laser deposition, sol-gel
deposition, molecular beam epitaxy (MBE), liquid phase epi-
taxy (LPE) or spin coating. In FIG. 11E, the optical coating 1s
deposited on the wavelength conversion layer following the
optional annealing step. However, the optical coating can be
applied at an earlier step or at a later step 1n the overall
process. For example the optical coating could be applied
betore the wavelength conversion layer 1s removed from the
substrate or the optical coating could be applied after the
wavelength conversion layer 1s segmented 1nto chips.

The next process step 1s to segment the wavelength con-
version layer 20 and the optical coating 70 into a plurality of
wavelength conversion chips 50. Segmentation can be done in
both the X and Y directions indicated in FIG. 11G. For
example, the segmentation can occur through the optical
coating and the wavelength conversion layer at the dashed
lines 1020 1llustrated in the side cross-sectional view 1n FIG.
11F and in the top plan view 1n FIG. 11G. The segmention can
also occur along the dashed lines 1030 shown 1n FIG. 11G.
Techniques for doing the segmentation include, but are not
limited to, laser scribing, mechanical scribing, optical lithog-
raphy accompanied by wet chemical etching, sputter etching
or 1on beam etching. After segmenting the wavelength con-
version layer that includes an optical coating, wavelength
conversion chips 50 are formed that have an optical coating
on surtace 24 of the wavelength conversion layer. The wave-
length conversion chips are 1llustrated 1n side cross-sectional
views in FIGS. 11H and 111 and 1n a top plan view in F1G. 111.
The wavelength conversion chip includes a wavelength con-
version layer that has a bottom surface 52, side surfaces 356
and a top surface 54 that 1s covered by the optical coating 70.

FIG. 11]J1llustrates a square shaped wavelength conversion
chip that includes an optical coating. However, the wave-
length conversion chips may have any shape including, but
not limited to, a square, a rectangle, a polygon, a circle, an
oval.

Another embodiment of this invention 1s a process shown
in FIGS. 12A-121] for forming wavelength conversion chips
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that optionally include vias 82 that extend through the wave-
length conversion chip or that optionally include arrays of
light extracting elements 80.

The elements with the same numerical reference 1n FIG. 12
as in F1IGS. 1 and 10 are the same elements as in FIGS. 1 and
10 and have the same properties as the elements i FIGS. 1
and 10. Some of the steps of the process shown 1n FI1G. 12 are
identical to the process steps outlined above i FIG. 10. In
particular, the step of selecting a substrate 10 1n FIG. 12A 1s
identical to the step described for FIG. 10A. The step of
depositing a wavelength conversion layer 20 on the substrate
in FIG. 12B i1s identical to the step described for FIG. 10B.

The step of removing the wavelength conversion layer from
the substrate in FIG. 12C 1s identical to the step described for
FIG. 10C. The step of optionally annealing the wavelength

conversion layer in FIG. 12D 1s identical to the step described
tor FIG. 10D.

The next step following the optional annealing step 1s to
form one or more vias and/or one or more light extracting
clements 1n the wavelength conversion layer 20. Via 82 1s
illustrated in FIGS. 12E-12]. Via 82 passes through the wave-
length conversion layer 20 from side 22 to side 24 as shown 1n
FIGS. 12E and 12F. Vias are required to form electrical path-
ways through the wavelength conversion layer and the final
wavelength conversion chips. The vias may be air-filled vias
or the vias may be filled with an electrically conducting
material (not shown) such as a metal.

Light extracting elements 80 are elements that aid 1n the
removal of light from the light emitting layers such as wave-
length conversion layer 20 or wavelength conversion chip 50.
In general, the refractive index of the wavelength conversion
layer 20 or wavelength conversion chip 50 1s higher than the
refractive index of air. A portion of the light that 1s emitted by
the wavelength conversion material can be trapped inside the
wavelength conversion layer 20 or the wavelength conversion
chip 50 by total internal reflection. Light extracting elements
80 cause a larger portion of the emitted light to exit the layer
or chip. Examples of light extracting elements 80 include, but
are not limited to, vertical holes, conical-shaped holes, holes
with polygonal cross-sections, conical-shaped bumps, hemi-
spherical-shaped bumps, bumps with polygonal cross-sec-
tions such as pyramids, grooves, ridges and subwavelength
optical elements. Other examples of light extracting elements
are arrays ol subwavelength optical elements such as holes or
grooves that are arranged to form photonic crystals. For 1llus-
trative purposes, the light extracting elements shown in FIGS.
12E-121]J are conical-shaped holes.

The light extracting elements 80 may be formed on the top
surface 24 of the wavelength conversion layer 20 and may
extend either part way or all the way through the layer. If the
light extracting elements are subwavelength optical elements,
the light extracting elements may be positioned either on the
top surface 24 of the chip or may be fabricated inside the chip.

Vias 82 and light extracting elements 80 may be formed by
techniques that include, but are not limaited to, laser ablation,
mechanical etching, optical lithography accompanied by wet
chemical etching, sputter etching or 1on beam etching.

Vias 82 and light extracting elements 80 are shown 1n FIG.
12E to be fabricated 1n a process step that occurs after the
optional annealing step for the wavelength conversion layer
20. However, 1t 1s within the scope of this invention that the
fabrication of vias and light extracting elements may occur at
other points in the overall process. For example, fabrication of
vias and light extracting elements may be done before the
annealing step or after the wavelength conversion layer 1s
segmented ito wavelength conversion chips.
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The next process step 1s to segment the wavelength con-
version layer 20 into a plurality of wavelength conversion
chips 50. Segmentation can be done in both the X and Y
directions indicated 1n FIG. 12G. For example, the segmen-
tation can occur through the wavelength conversion layer at
the dashed lines 1020 illustrated 1n the side cross-sectional

view 1n FI1G. 12F and 1n the top plan view 1 FIG. 12G. The
segmention can also occur along the dashed lines 1030 shown
in FI1G. 12G. Techniques for doing the segmentation include,
but are not limited to, laser scribing, mechanical scribing,
optical lithography accompanied by wet chemical etching,
sputter etching or 1on beam etching. After segmenting the
wavelength conversion layer, wavelength conversion chips
50 are formed that include optional vias and/or light extract-
ing elements. The wavelength conversion chips are illustrated
in side cross-sectional views 1 FIGS. 12H and 121 and 1n a
top plan view 1n FIG. 12J. The wavelength conversion chip
includes a wavelength conversion layer that has a bottom
surface 52, side surfaces 56, top surface 54, via 82 and light
extracting elements 80.

FI1G. 12]J1llustrates a square shaped wavelength conversion
chip. However, the wavelength conversion chips may have
any shape including, but not limited to, a square, a rectangle,
a polygon, a circle, an oval.

Another embodiment of this invention 1s a process shown
in FIGS. 13A-13] for forming wavelength conversion chips
that optionally include at least one electrical connection and/
or electrical bond pad on the surface of the chip.

The elements with the same numerical reference in F1G. 13
as 1n FIGS. 1 and 10 are the same elements as in FIGS. 1 and
10 and have the same properties as the elements in FIGS. 1
and 10. Some of the steps of the process shown 1n FI1G. 13 are
identical to the process steps outlined above 1n FIG. 10. In
particular, the step of selecting a substrate 10 1n FIG. 13 A 1s
identical to the step described for FIG. 10A. The step of
depositing a wavelength conversion layer 20 on the substrate
in FIG. 13B 1s 1dentical to the step described for FIG. 10B.
The step of removing the wavelength conversion layer from
the substrate 1n F1G. 13C 1s 1identical to the step described for
FIG. 10C. The step of optionally annealing the wavelength
conversion layer in FIG. 13D 1s 1dentical to the step described
for FIG. 10D.

The next step following the optional annealing step 1s to
form one or more electrical connections and/or one or more
clectrical bond pads on the wavelength conversion layer 20.
Electrical bond pad 1320 i1s illustrated in FIGS. 13E-131].
Electrical connection 1310 1s illustrated 1n FIGS. 13G and
13]. Electrical bond pad 1320 and electrical connection 1310
are positioned on surface 24 of the wavelength conversion
layer 20. Electrical bond pads and/or electrical connections
may be required to bond a wavelength conversion chip to the
surface of an LED such as LED 100 1n FIG. 5 A without using,
vias. An electrical pathway can be formed along the surface of
the wavelength conversion layer of the wavelength conver-
sion chip to electrode 102 even if the chip covers the elec-
trode.

Electrical bond pads and electrical connections can be
fabricated from materials that have high electrical conductiv-
ity. Materials with high electrical conductivity include, but
are not limited to, metals, graphite, graphene, carbon nano-
tubes and transparent conductive oxides (1TCOs). The electri-
cal bond pads and electrical connections can be fabricated by
first depositing a highly conductive film by techniques such as
clectron beam evaporation, sputtering, chemical vapor depo-
sition or spin coating. The conductive film can then be pat-
terned by standard lithographic techmques including, but not
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limited to, optical lithography accompanied by wet chemical
etching, sputter etching or 1on beam etching and by pulsed
laser etching.

Another way (not illustrated) to make an electrical connec-
tion on a wavelength conversion layer or chip 1s to etch a
groove 1nto surface 24 of the wavelength conversion layer or
surface 54 of the wavelength conversion chip and press an
clectrical wire or other type of electrode 1nto the resulting
groove. The groove may be formed by techniques that
include, but are not limited to, laser ablation, mechanical
ctching, optical lithography accompanied by wet chemical
ctching, sputter etching or 1on beam etching. An adhesive
may be required to hold the electrical wire or electrode 1n the
groove.

Electrical bond pads are shown in FIG. 13E to be fabricated
in a process step that occurs after the optional annealing step
tor the wavelength conversion layer 20. However, it 1s within
the scope of this imvention that the fabrication of electrical
connections and/or electrical bond pads may occur at other
points 1n the overall process. For example, fabrication of
clectrical connections and electrical bond pads may be done
betfore the annealing step or after the wavelength conversion
layer 1s segmented into wavelength conversion chips.

The next process step 1s to segment the wavelength con-
version layer 20 into a plurality of wavelength conversion
chips 50. Segmentation can be done in both the X and Y
directions indicated 1n FIG. 13G. For example, the segmen-
tation can occur through the wavelength conversion layer at
the dashed lines 1020 1illustrated in the side cross-sectional
view 1n FIG. 13F and 1n the top plan view 1n FIG. 13G. The
segmention can also occur along the dashed lines 1030 shown
in FIG. 13G. Techniques for doing the segmentation include,
but are not limited to, laser scribing, mechanical scribing,
optical lithography accompanied by wet chemical etching,
sputter etching or 1on beam etching. After segmenting the
wavelength conversion layer, wavelength conversion chips
50 are formed that include optional vias and/or light extract-
ing elements. The wavelength conversion chips are 1llustrated
in side cross-sectional views 1 FIGS. 13H and 131 and 1n a
top plan view 1n FIG. 13]. The cross-sectional view 1n FIG.
1311s along the II-11 plane shown 1n FI1G. 13]. The wavelength
conversion chip includes a wavelength conversion layer that
has a bottom surface 52, side surfaces 56, top surface 34,
clectrical connection 1310 and electrical bond pad 1320.

FIG. 13J1llustrates a square shaped wavelength conversion
chip. However, the wavelength conversion chips may have
any shape including, but not limited to, a square, a rectangle,
a polygon, a circle, an oval.

While the invention has been described with the inclusion
of specific embodiments and examples, 1t 1s evident to those
skilled 1n the art that many alternatives, modifications and
variations will be evident 1n light of the foregoing descrip-
tions. Accordingly, the invention 1s intended to embrace all
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such alternatives, modifications and variations that fall within
the spirit and scope of the appended claims.
What 1s claimed 1s:
1. A solid-state light source comprising
a light emitting diode emitting light of a first wavelength
range;
a wavelength conversion layer on said light emitting diode,
said wavelength conversion layer converting at least a

portion of said light of a first wavelength range to light of
a second wavelength range, said second wavelength

range being different from said first wavelength range;

said wavelength conversion layer having at least one via,
said via extending through said wavelength conversion
layer, said via making electrical contact with said light
emitting diode; and

said wavelength conversion layer having at least one light
extracting element on the surface of said wavelength
conversion layer away from said light emitting diode,

said at least one light extracting element improving the
emission of light from said solid-state light source by

reducing the total internal reflection of light at said sur-
face of said wavelength conversion layer away from said
light emitting diode.

2. The solid-state light source of claim 1 further comprising

a bonding layer between said light emitting diode and said
wavelength conversion layer, said bonding layer
improving the emission of light from said solid-state

light source by reducing the total internal reflection of

light at said surface of said light emitting diode, and said

bonding layer conducting heat from said wavelength
conversion layer to said light emitting diode.

3. A solid-state light source comprising

a light emitting diode emitting light of a first wavelength
range;

multiple wavelength conversion layers on said light emat-
ting diode, each of said multiple wavelength conversion
layers converting at least a portion of said light of a first
wavelength range to light of a different wavelength
range, each of said different wavelength range being
different from said first wavelength range, each of said
different wavelength range being different from each
other;

said multiple wavelength conversion layers each having at
least one via, said via extending through said wavelength
conversion layer, said via making electrical contact with
said light emitting diode; and

said multiple wavelength conversion layers having at least
one light extracting element on the surface of said wave-
length conversion layer away from said light emitting
diode, said at least one light extracting element improv-
ing the emission of light from said solid-state light
source by reducing the total internal retlection of light at
said surface of said wavelength conversion layer away
from said light emitting diode.
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