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Optical cavity including a light emitting device and wavelength converting material

Field of the invention
The present invention relates to an optical cavity including a semiconductor
light emitting device such as light emitting diode and a wavelength converting material such

as a phosphor.

Background

Semiconductor light-emitting devices including light emitting diodes (LEDs),
resonant cavity light emitting diodes (RCLEDs), vertical cavity laser diodes such as surface-
emitting lasers (VCSELSs), and edge emitting lasers are among the most efficient light sources
currently available. Materials systems currently of interest in the manufacture of high-
brightness light emitting devices capable of operation across the visible spectrum include
Group III V semiconductors, particularly binary, ternary, and quaternary alloys of gallium,
aluminum, indium, and nitrogen, also referred to as I1I nitride materials. Typically, III nitride
light emitting devices are fabricated by epitaxially growing a stack of semiconductor layers
of different compositions and dopant concentrations on a sapphire, silicon carbide, I1I-nitride,
or other suitable substrate by metal-organic chemical vapor deposition (MOCVD), molecular
beam epitaxy (MBE), or other epitaxial techniques. The stack often includes one or more n-
type layers doped with, for example, Si, formed over the substrate, one or more light emitting
layers in an active region formed over the n-type layer or layers, and one or more p-type
layers doped with, for example, Mg, formed over the active region. Electrical contacts are
formed on the n- and p-type regions.

[I-nitride devices may be combined with wavelength converting materials

such as phosphors, as is known in the art, to form white light or light of other colors.
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Fig. 1 illustrates a backlight described in more detail in US 7,052,152.
Column 5 line 33 through column 6 line 7 of US 7,052,152 describes the device in Fig. 1 as a
backlight configuration when only blue, UV, or near-UV LEDs are used, and where the
color-converting phosphor layer 139 is on the cover plate 140. The cover plate 140 may or
may not be a diffuser, depending on the amount of diffusion performed by the phosphor. The
phosphor layer 139 is a uniform layer, consisting of one or more different type of phosphors.
Preferably, a green and a red phosphor are used, but a yellow (YAG) phosphor could be used
as well. This layer 139 can, for example, be applied by spray painting, screen-printing, or
electrophoretic deposition, or might be a film with uniform density of particles or a
luminescent dye distributed throughout the film. This configuration is attractive because the
phosphor is not on top of the LED die, and light emitted from the phosphor to the rear of the
backlight 126 has a larger recycling efficiency than into the LED chips, due to the high
reflectivity of the films used in the backlight 126. And in addition to the recycling efficiency,
the phosphor can be operated at a lower temperature and does not have chemical
compatibility issues with the LED die, improving the efficiency and lifetime considerably.
An LCD panel 114 is disposed over backlight 126.

In another embodiment, one type of phosphor is applied to the cover plate 140,
preferably the green or amber phosphor, while another phosphor, preferably the red
phosphor, is applied to the rear panel 148 of the backlight configuration. The rear panel acts
as a diffuser. This phosphor is not applied as a uniform coating, but is applied as a dot
pattern. The combination of blue light from the LEDs and the red and green light from the
phosphor layers produces a substantially white backlight for the LCD panel 114. By
separating the phosphor in such a configuration, higher conversion efficiency is achieved,
while by optimizing the size and spacing of the phosphor dots the required color balance and

gamut can be achieved.
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Summary

It is an object of the invention to form an optical system where an LED and a
wavelength converting material are disposed on a substrate, which may improve the
efficiency of the system.

Embodiments of the invention include a semiconductor light emitting diode
attached to a substrate. A first region of wavelength converting material is disposed on the
substrate. The wavelength converting material is configured to absorb light emitted by the
semiconductor light emitting diode and emit light at a different wavelength. The substrate is
disposed proximate a bottom surface of an optical cavity. A second region of wavelength
converting material is disposed proximate a top surface of the optical cavity. A filter is
disposed proximate a top surface of the optical cavity. The filter is configured to reflect a
portion of light emitted by the plurality of semiconductor light emitting diodes and transmit a

portion of light emitted by the wavelength converting material.

Brief description of the drawings

Fig. 1 illustrates a prior art backlight including a two dimensional array of
LED:s.

Fig. 2 illustrates an optical cavity with at least one semiconductor light
emitting device attached to a substrate and a wavelength converting material disposed on the
substrate.

Fig. 3 illustrates an optical cavity with at least one semiconductor light
emitting device attached to a substrate and wavelength converting material disposed at the
top and bottom of the cavity.

Fig. 4 illustrates an optical cavity with at least one semiconductor light
emitting device attached to a substrate, wavelength converting material disposed at the sides

of the cavity, and reflective regions disposed over the semiconductor light emitting devices.
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Figs. 5, 6, and 7 illustrate optical cavities with shaped reflective regions.

Detailed description

Fig. 2 illustrates an optical cavity according to embodiments of the invention.
One or more II-nitride LEDs 16 are disposed on a substrate 14 in or next to optical cavity
10. Though the examples below refer to I1I-nitride LEDs that emit blue or UV light,
semiconductor light emitting devices besides LEDs such as laser diodes and semiconductor
light emitting devices made from other materials systems such as other I1I-V materials, I11-
phosphide, II-arsenide, II-VI materials, ZnO, or Si-based materials may be used in
embodiments of the invention.

Any suitable III-nitride LED may be used and such LEDs are well known.
LEDs 16 may be, for example, flip chip devices configured to emit a majority of light from
the top surface of the LED. To form such an LED, a [lI-nitride semiconductor structure is
first grown on a growth substrate, as is known in the art. The growth substrate may be any
suitable substrate such as, for example, sapphire, SiC, Si, GaN, or composite substrates. The
semiconductor structure includes a light emitting or active region sandwiched between n- and
p-type regions. An n-type region may be grown first and may include multiple layers of
different compositions and dopant concentration including, for example, preparation layers
such as buffer layers or nucleation layers, and/or layers designed to facilitate removal of the
growth substrate, which may be n-type or not intentionally doped, and n- or even p-type
device layers designed for particular optical, material, or electrical properties desirable for the
light emitting region to efficiently emit light. A light emitting or active region is grown over
the n-type region. Examples of suitable light emitting regions include a single thick or thin
light emitting layer, or a multiple quantum well light emitting region including multiple thin
or thick light emitting layers separated by barrier layers. A p-type region may then be grown

over the light emitting region. Like the n-type region, the p-type region may include multiple
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layers of different composition, thickness, and dopant concentration, including layers that are
not intentionally doped, or n-type layers. The total thickness of all the semiconductor
material in the device is less than 10 um in some embodiments and less than 6 pm in some
embodiments.

A metal p-contact is formed on the p-type region. If a majority of light is
directed out of the semiconductor structure through a surface opposite the p-contact, such as
in a flip chip device, the p-contact may be reflective. A flip chip device may be formed by
patterning the semiconductor structure by standard photolithographic operations and etching
the semiconductor structure to remove a portion of the entire thickness of the p-type region
and a portion of the entire thickness of the light emitting region, to form a mesa which
reveals a surface of the n-type region on which a metal n-contact is formed. The mesa and p-
and n-contacts may be formed in any suitable manner. Forming the mesa and p- and n-
contacts is well known to a person of skill in the art.

The semiconductor structure may be connected to a support through the p- and
n-contacts. The support is a structure that mechanically supports the semiconductor
structure. The support is a self-supporting structure suitable to attach to substrate 14 of Fig.
2. For example, the support may be reflow-solderable. Any suitable support may be used.
Examples of suitable supports include an insulating or semi-insulating wafer with conductive
vias for forming electrical connections to the semiconductor structure, such as a silicon
walfer, thick metal bonding pads formed on the semiconductor structure, for example by
plating, or a ceramic, metal, or any other suitable mount.

LEDs 16, which include the semiconductor structure, metal contacts, and
support described above, are mounted on substrate 14. Substrate 14 may be optically
reflective and thermally conductive. Electrical contact to LEDs 16 may be made through
substrate 14. Examples of suitable substrates 14 include metal core printed circuit board,

FR4-based printed circuit board, ceramic, metal, plastic, and silicone. In some embodiments,
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the top surface of substrate 14 is reflective, or is coated with a reflective substance such as a
reflective paint or a layer of a reflective metal. Substrate 14 may have a thermal conductivity
of at least 0.1W/mK (silicone) in some embodiments, at least 10W/mK in some
embodiments, and at least 100W/mK in some embodiments, and between 0.1W/mK and
400W/mK (copper) in some embodiments.

Though multiple LEDs are illustrated in each of Figs. 2, 3, and 4, in some
embodiments of the invention a single LED 16 may be used. Multiple LEDs 16 may be
arranged in any suitable arrangement on substrate 14. For example, four LEDs 16 may be
arranged in a two by two square array on substrate 14, or multiple LEDs 16 may be arranged
in a circle on substrate 14. Many variations are possible and within the scope of the
invention.

Next to LEDs 16, one or more wavelength converting regions 18 are disposed
on substrate 14. In devices including multiple LEDs 16, wavelength converting regions 18
may be disposed between LEDs 16. In some embodiments, rather than being formed as dots
that only partially cover the surface of the substrate in the region where the wavelength
converting region 18 is formed as in the device illustrated in Fig. 1, wavelength converting
region 18 covers the entire surface of the substrate in the region where it is formed.

In some embodiments, there is no gap between the LEDs 16 and the edge of
wavelength converting regions 18. For example, LEDs 16 may be mounted on substrate 14,
then the entire structure including the LEDs 16 and substrate 14 is coated with wavelength
converting material such that there is no gap between wavelength converting regions 18 and
LEDs 16.

In some embodiments, there is a small gap between the LEDs 16 and the edge
of wavelength converting regions 18. For example, wavelength converting regions 18 may
be formed on substrate 14, then LEDs 16 are mounted in the areas between wavelength

converting regions. Manufacturing tolerances require that a small gap between the edge of
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an LED 16 and the edge of a wavelength converting region 18 will not be covered with
wavelength converting material.

Wavelength converting regions 18 are at least 0.5 mm wide in some
embodiments and no more than 20 mm wide in some embodiments. Any gap between an
LED 16 and the edge of a wavelength converting region 18 is between 0 mm and 0.5 mm in
some embodiments. Wavelength converting regions 18 may be the same thickness as LEDs
16 in some embodiments. In the alternative, wavelength converting regions 18 may be
thinner or thicker than LEDs 16.

Wavelength converting material in wavelength converting regions 18 absorbs
light emitted by LEDs 16 and emits light of a different wavelength. Unconverted light
emitted by the light emitting device is often part of the final spectrum of light extracted from
the optical cavity, though it need not be. Examples of common combinations include a blue-
emitting LED combined with a yellow-emitting wavelength converting material, a blue-
emitting LED combined with green- and red-emitting wavelength converting materials, a
UV-emitting LED combined with blue- and yellow-emitting wavelength converting
materials, and a UV-emitting LED combined with blue-, green-, and red-emitting wavelength
converting materials. Wavelength converting materials emitting other colors of light may be
added to tailor the spectrum of light emitted from the device.

The wavelength converting material may be conventional phosphors, organic
phosphors, quantum dots, organic semiconductors, II-VI or III-V semiconductors, 1I-VI or
III-V semiconductor quantum dots or nanocrystals, dyes, polymers, or materials such as GaN
that luminesce. Any suitable phosphor may be used, including but not limited to garnet-
based phosphors such as Y3Als01,:Ce (YAG), LusAlsO1,:Ce (LuAG), Y3Als (Ga,01,:Ce
(YAIGaG), (Ba;«Srx)Si03:Eu (BOSE), and nitride-based phosphors such as

(Ca,Sr)AISiN3:Eu and (Ca,Sr,Ba),SisNs:Eu.
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Any of the wavelength converting regions described herein may include a
wavelength converting material disposed in a matrix of transparent material, such as silicone,
epoxy, glass, or any other suitable material. The wavelength converting regions described
herein may be, for example, thin films, ceramic slabs pre-formed or formed in situ with or
without binder material other than the wavelength converting material itself, particles or
powdered wavelength converting material mixed with a transparent binder such as silicone,
epoxy, or any other suitable material and formed by screen printing, molding, spray coating,
stenciling, or any other suitable technique. Each wavelength converting region described
herein may include a single wavelength converting material, a mixture of wavelength
converting materials, or multiple wavelength converting materials formed as separate layers
rather than mixed together. Wavelength converting materials emitting different colors of
light may be disposed in separate regions or mixed together.

The thickness of wavelength converting regions 18 depends on the wavelength
converting materials and the deposition technique. The thickness of the wavelength
converting regions may be between at least 0.5 um in some embodiments, no more 500 um
in some embodiments, and no more than 1 mm in some embodiments. In various
embodiments, wavelength converting material may be disposed over the tops of LEDs 16, or
not disposed over the tops of LEDs 16, as illustrated in Figs. 2, 3, and 4.

In some embodiments, the thickness and density of the wavelength converting
material in wavelength converting regions 18 are selected such that little or no light incident
on the top of wavelength converting regions 18 penetrates wavelength converting regions 18
to reach substrate 14. A wavelength converting layer formed such that no light reaches
substrates may be advantageous for wavelength converting materials that are highly
scattering and/or in applications where it is desirable to wavelength-convert a large fraction

of light emitted by the LEDs 16. For example, in some embodiments where the structure
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emits warm white light, at least 90% of the light emitted by LEDs 16 is wavelength-
converted by the wavelength converting regions.

In alternative embodiments, the thickness and density of wavelength
converting material in wavelength converting regions 18 are selected such that at least some
light is transmitted through the wavelength converting material and reflects off the substrate
back through the wavelength converting material. Such a thinner layer may be advantageous
for wavelength converting materials that are not highly scattering, such as, for example,
organic phosphors, quantum dots, or dense ceramics; in applications where it is desirable to
wavelength-convert a smaller fraction of light emitted by the LEDs 16; and/or when the
wavelength converting material is expensive.

The substrate 14, LEDs 16, and wavelength converting regions 18 form the
bottom surface of an optical cavity 10. Cavity 10 when viewed from the top may be any
suitable shape, such as square or round. The sidewalls of cavity 10 need not be vertical as
illustrated in Figs. 2, 3, and 4, they may be sloped to form, for example, a truncated inverted
pyramid or cone. The shape of cavity 10 may be dictated by the application. Cavity 10 may
be a box filled with air (index of refraction of 1) or ambient gas, or a solid transparent
material such as glass (index of refraction of 1.4 - 2.2), silicone (index of refraction of 1.4 -
2), transparent ceramic (index of refraction of 1.8), sapphire (index of refraction of 1.76), SiC
(index of refraction of 2.4), cubic zirconia (index of refraction of 2.15), diamond (index of
refraction of 2.4), GaN (index of refraction of 2.4), epoxy, or any other suitable material. In
some embodiments, a solid material for cavity 10 is selected to have a refractive index as
close as possible to the refractive index of LEDs 16 (Ill-nitride material with an index of
refraction that varies but is often about 2.4). Optical cavity 10 has an index of refraction of at
least 1 in some embodiments, no more than 2.4 in some embodiments, at lecast 1.8 in some
embodiments, and at least 2 in some embodiments. The thickness of a solid, transparent

material forming optical cavity 10 may be at least 0.5 mm in some embodiments and no more
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than 3 mm in some embodiments, though both thicker and thinner optical cavities 10 are
possible and within the scope of the invention.

In the case of an optical cavity 10 that is a solid transparent material, the
structure including substrate 14, LEDs 16, and wavelength converting regions 18 may be
attached to the solid transparent material by an adhesive such as silicone, or by another other
suitable technique or material.

LEDs 16 and the wavelength converting regions 18 are both disposed on or
near substrate 14, where heat may be efficiently dissipated through substrate 14, for example
by configuring substrate 14 as a heat sink or by thermally connecting substrate 14 to a heat
sink. Because wavelength converting regions 18 can be kept relatively cool during operation
over a variety of driving conditions, problems associated with heating, such as reduced
quantum efficiency and shifting of the emitted wavelength, are reduced or eliminated. In
addition, because wavelength converting regions 18 not formed directly in the path of light
from LEDs 16, the incident optical intensity on the wavelength converting regions is kept
low, which may improve the quantum efficiency of the wavelength converting material. The
thermal resistivity of the path between the LEDs 16 and the substrate 14, or of the path
between the wavelength converting regions 18 and substrate 14, is at least 0.1 ci®’K/W in
some embodiments, no more than 50 cm?K/W in some embodiments, at least 1 cm?K/W in
some embodiments, and no more than 2 cm?K/W in some embodiments.

In some embodiments, the sidewalls 12 of optical cavity 10 are reflective. In
the case where cavity 10 is a box, sidewalls 12 may be reflective, solid walls, or a reflective
material disposed on or attached to solid walls. In the case where cavity 10 is a solid
transparent material, sidewalls 12 may be a reflective foil or reflective material disposed on
the sides of the solid transparent material.

In some embodiments, an optional filter 20 is disposed on the top of optical

cavity 10. For example, filter 20 may be an interference-based dichroic reflecting layer, or
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any other suitable filter. In the case where cavity 10 is a box, a dichroic filter 20 may be a
sheet of dichroic material, or a dichroic layer coated or formed on the top or bottom of a
transparent sheet such as glass or plastic, which may or may not function as a cover over the
structure illustrated in Fig. 2. In the case where cavity 10 is a solid transparent material, a
dichroic filter 20 may be coated or formed on the top surface of the solid transparent
material.

Filter 20 is configured to reflect all or a majority of light emitted by LEDs 16
and incident on filter 20 at small angles relative to a normal to the top surface of LEDs 16, as
illustrated by ray 24. Such light is reflected, as illustrated by ray 28. In some embodiments,
filter 20 is optionally configured to be less reflective of light emitted by LEDs 16 and
incident on filter 20 at large angles relative to a normal to the top surface of LEDs 16, such
that some large-angle light escapes, as illustrated by ray 26. Filter 20 may also be configured
to transmit all or a majority of light that is wavelength converted by wavelength converting
regions 18 at any angle, as illustrated by ray 30.

An optional scattering layer 22 may be formed over filter 20, or over optical
cavity 10 in embodiments that do not include a filter 20. Scattering layer 22 may include
scattering particles such as TiO; or any other suitable material disposed in a transparent
matrix such as silicone, epoxy, glass, or any other suitable material. In some embodiments,
instead of or in addition to scattering layer 22, scattering particles may be disposed within the
total volume or part of the volume of cavity 10.

During operation, a fraction of light emitted from LEDs 16 is redirected by
optional filter 20 and optional scattering layer 22 back toward the bottom surface of cavity
10. Light incident on wavelength converting regions 18 is converted, i.e. absorbed and
reemitted at a longer wavelength. Converted light is directed upward by scattering from
wavelength converting regions 18 and by reflective substrate 14 into cavity 10. The

converted light and a fraction of unconverted light from LEDs 16 escapes through filter 20,
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possibly after one or more reflections off the reflective edges of cavity 10, and/or possibly
after being scattered by scattering layer 22 or other surfaces. The above-described reflection
and scattering events serve to mix converted and unconverted light, and distribute
unconverted light more uniformly over the wavelength converting regions 18, which may
reduce “hot spots”, i.c. spots on wavelength converting regions 18 that experience higher
relative intensity of unconverted light. Since many suitable wavelength converting materials
are most efficient when the intensity of unconverted pump light is low, the more uniform
excitation helps improve overall system efficiency.

The fraction of unconverted light from LEDs 16 that is transmitted through
filter 20 may be adjusted to ensure that the desired fraction of the pump light escapes the
cavity. For example, for a white colorpoint, in various embodiments 5% to 30% of the light
escaping cavity 10 should be unconverted light from LEDs 16, depending on the desired
color temperature of the mixed light, and depending on the spectral properties of the light
emitted from LEDs 16 and wavelength converting regions 18. The fraction of unconverted
light that is transmitted may be adjusted in embodiments including a dichroic filter 20 by
selecting the materials used in the layers of the dichroic filter, the thicknesses of the layers
and the number of layers in the dichroic filter, as is known in the art. In embodiments
including a scattering layer 22, the fraction of unconverted light that is transmitted may be
adjusted by increasing or decreasing scattering to increase or decrease conversion. Scattering
can be increased by increasing the concentration of scattering particles, increasing the
thickness of the scattering layer, changing the composition of the scattering particles,
changing the size and shape of the scattering particles or changing the composition of the
matrix in which the scattering particles are embedded. Scattering can be also be increased by
roughening surfaces of optical cavity 10, such as the top or side surfaces of optical cavity 10.
In some embodiments, the fraction of unconverted light is increased by decreasing the

thickness and/or concentration of wavelength converting material in the wavelength
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converting regions. In some embodiments, the fraction of unconverted light is increased by
introducing scattering particles into wavelength converting region 18, which causes a larger
fraction of incident light to be scattered away from the wavelength converting material, rather
than absorbed by the wavelength converting material. Scattering particles can be disposed in
a separate layer above the wavelength converting material, or mixed with the wavelength
converting material. In some embodiments, the fraction of unconverted light that is
transmitted is increased by forming scattering layer 22 and/or filter 20 on only a portion of
the top of optical cavity 10.

In some embodiments, filter 20 and scattering layer 22 are adjusted to reduce
angular variations in the color of light emitted from the structures illustrated in Figs. 2, 3, and
4. In some embodiments, angular variations are reduced by increasing the scattering at the
top of optical cavity 10, for example by adding scattering particles at the top surface, adding
scattering wavelength converting particles at the top surface, roughening the top surface of
cavity 10, and/or adding scattering particles to the bulk of cavity 10. In some embodiments,
angular variations are reduced by adjusting the angular transmittance properties of filter 20
(if present) to selectively transmit light at desirable angles, as is known in the art. In some
embodiments, angular variations are reduced by adjusting the amount of wavelength
converting material added to the sidewalls of optical cavity 10 and/or by adjusting
transmission of light through the sidewalls.

Fig. 3 illustrates an optical cavity 10 with wavelength converting regions
disposed at the top and bottom of the optical cavity. In the structure of Fig. 3, first
wavelength converting regions 18 are disposed between LEDs 16 as in Fig. 2. Second
wavelength converting regions 36 are disposed at the top of cavity 10, for example just below
or just above filter 20 in embodiments including filter 20, or just below or just above
scattering layer 22 in embodiments including scattering layer 22. Second wavelength

converting region 36 may be a single, continuous region that covers the entire top of cavity



10

15

20

25

WO 2013/144798 PCT/IB2013/052287
14

10, as illustrated in Fig. 3, or it may be formed in smaller regions separated by spaces,
transparent material, or another material such as a scattering material. Second wavelength
converting region 36 may be formed by any suitable technique on the top surface of cavity
10, the bottom surface of filter 20, the top surface of filter 20, or on a separate sheet of
transparent material, for example.

Any of the above-described characteristics of wavelength converting regions
18, including but not limited to materials, thickness, and deposition techniques, may be
applied to wavelength converting regions 36 in embodiments of the invention. Wavelength
converting regions 18 and 36 need not have the same characteristics, though they may in
some embodiments.

In some embodiments, a second wavelength converting material is mixed with
the scattering particles in scattering layer 22, rather than formed as a second, separate layer
36 as illustrated in Fig. 3.

A single or multiple wavelength converting materials may be included in each
of wavelength converting regions 18 and wavelength converting region 36. Wavelength
converting materials emitting different colors of light may be separated or mixed. Scattering
or other non-wavelength-converting materials may be added to either or both of wavelength
converting regions 18 and 36.

In some embodiments, in systems with wavelength converting regions on the
top and bottom of cavity 10, the reflectivity of the top surface of cavity 10 (i.e. the
reflectivity of filter 20) can be reduced to allow more light to be transmitted by filter 20,
which may improve the efficiency of the structure. Since there is a top wavelength
converting region, less light from LEDs 16 is required to be incident on the bottom
wavelength converting regions, therefore less light must be reflected toward the bottom of
optical cavity 10. As a result, filter 20 may be less reflective. In addition, scattering caused

by the wavelength converting region on the top of the cavity 10 may increase the amount of
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light directed toward wavelength converting regions 18 on the bottom of the cavity, and may
reduce the amount of scattering material needed in scattering layer 22 or may eliminate the
need for scattering layer 22 altogether.

In some embodiments, the wavelength converting regions disposed on the
bottom of cavity 10 include the wavelength converting materials that suffer the worst
degradation of performance with increased temperature, since the wavelength converting
regions on the bottom of cavity 10 can be more readily cooled than the wavelength
converting regions on the top of cavity 10.

In some embodiments, the device includes wavelength converting material A
which can be excited by light emitted by another wavelength converting material B.
Wavelength converting material A may be disposed in the wavelength converting regions on
the bottom of cavity 10, while wavelength converting material B may be disposed in the
wavelength converting region on the top of cavity 10, to minimize interaction between the
wavelength converting materials.

For example, devices that make white light often include a blue LED and red-
and green- or yellow-emitting phosphors. Many phosphors that emit red light will absorb
light emitted by the green- or yellow-emitting phosphor. Many red-emitting phosphors are
also temperature sensitive. In some embodiments, a red-emitting phosphor is disposed on the
bottom of cavity 10 and a green- or yellow-emitting phosphor is disposed on the top of cavity
10. In such an arrangement, the red-emitting phosphor may absorb less green or yellow light
than in a system where the red- and green/yellow-phosphors are mixed, which may improve
the color rendering index of the mixed light, may improve the efficiency of the device, and
may simplify color targeting.

In some embodiments, a red-emitting phosphor is disposed on the top of
cavity 10 and a green- or yellow-emitting phosphor is disposed on the bottom of cavity 10.

In some embodiments, a red-emitting and green/yellow-emitting phosphor are mixed, and the
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mixture is disposed on both the top and bottom of cavity 10. In some embodiments, a
mixture of a red-emitting phosphor and red-emitting quantum dots is disposed on the bottom
of cavity 10 and a mixture of multiple types of green-emitting phosphors is disposed on the
top of cavity 10. In some embodiments, a single red-emitting phosphor is disposed on the
bottom of cavity 10 and a mixture of the same or a different red-emitting phosphor and a
green/yellow-emitting phosphor is disposed on the top of cavity 10.

During operation of the system illustrated in Fig. 3, a fraction of the light 26
from LEDs 16 is transmitted unconverted through the top of the cavity 10 and is extracted.
Unconverted light may also reflect several times inside the cavity 10 before escaping cavity
10. Another fraction of the light from the LEDs 16 is absorbed by wavelength converting
region 36 and reemitted at a different wavelength. Some of this reemitted light escapes
immediately and some enters the cavity 10 where it may reflect a number of times before
being extracted out the top of cavity 10. A final portion 24 of the light from LEDs 16 reflects
off of the top of the cavity 10 and is incident on wavelength converting regions 18.
Wavelength converting regions 18 absorb some of this light and reemit it at a different
wavelength, and reflect the rest. Wavelength converted or reflected unconverted light may
reflect a number of times before being extracted out of the top of cavity 10.

Fig. 4 illustrates possible modifications to either of the structures illustrated in
Figs. 2 and 3. In some embodiments, the area of the top of cavity 10 directly over LEDs 16
is made more reflective than filter 20 in embodiments where a filter 20 is included, or is
made reflective in embodiments where a filter 20 is not included. For example, reflective
regions 38 may be formed directly over LEDs 16 at the top of cavity 10, such that light from
LEDs 16 encounters reflective regions 38 before filter 20 or scattering layer 22. Reflective
regions 38 may be, for example, disks of reflective metal foil or other reflective material
disposed on the top of cavity 10 or on the bottom of filter 20, on a transparent cover, or on

any other suitable layer.
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If the light reflected by reflective regions 38 is directed back towards LEDs
16, the light may be absorbed by LEDs 16 and lost. In some embodiments, reflective regions
38 are configured to direct reflected light away from LEDs 16. For example, the reflective
regions illustrated in Fig. 4 may have a roughened, textured, or patterned surface that directs
the reflected light away from LEDs 16. Figs. 5, 6, and 7 illustrate examples of shaped
reflective regions 38 that direct reflected light away from LEDs 16. Though Figs. 5, 6, and 7
illustrate one LED 16, the reflective regions 38 illustrated can be repeated over multiple
LEDs in a cavity 10. The reflective regions 38 illustrated are often rotationally symmetric
around a normal to the top surface of LED 16, though they need not be in some
embodiments.

The reflective region 38 illustrated in Fig. 5 has a surface 41 that rises from
proximate the center of LED 16 toward the top of cavity 10, then extends back toward
wavelength converting regions 18. As the surface 41 extends down toward wavelength
converting regions 18, it gets further from LED 16. The surface 41 is illustrated in Fig. 5 as
contacting both the top surface of LED 16 and the top surface of wavelength converting
region 18, though it need not contact either or both surfaces in some embodiments. As
illustrated by ray 43, light emitted from LED 16 is reflected off surface 41 away from LED
16 and toward wavelength converting region 18. The surface 41 may be curved as illustrated
in Fig. 5 or flat, and it may include both curved portions and flat portions. In some
embodiments, top wavelength converting region 36 may be omitted and wavelength
converting material may be disposed in region 42.

Fig. 7 illustrates a system including a reflective region 38 with the same shape
as in Fig. 5. In Fig. 7, region 42 of Fig. 5 is omitted and the surface 41 of reflective region 38
forms the top surface of optical cavity 10. Wavelength converting region 36 is formed over
reflective region 38 as a conformal coating, i.e. a coating with a substantially uniform

thickness. For example, the thickness of wavelength converting region 36 in Fig. 7 may vary
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by less than 50%. The structure illustrated in Fig. 7 may be formed by molding optical cavity
10 over substrate 14, LED 16, and wavelength converting region 18, then molding
wavelength converting region 36 over optical cavity 10, or pressing a preformed, flexible
wavelength converting sheet over optical cavity 10. As in Fig. 5, the reflective region 38
need not have the precise shape illustrated in Fig. 7.

The reflective region 38 illustrated in Fig. 6 has a surface 47 that rises
diagonally from a region of optical cavity 10 above and proximate the center of LED 16 up
toward wavelength converting region 36 and away from LED 16. Surface 47 may also be
considered a protrusion such as an inverted cone or pyramid that extends from a base at the
top of cavity 10 toward a point positioned below the top of cavity 10 and above LED 16. The
surface 47 is illustrated in Fig. 6 as being spaced apart from the top surface of LED 16,
though it may contact LED 16 in some embodiments. As illustrated by ray 45, light emitted
from LED 16 is reflected off surface 47 away from LED 16 and toward wavelength
converting region 18. The surface 47 may be flat as illustrated in Fig. 6 or curved, and it may
include both curved portions and flat portions.

In some embodiments, the structures illustrated in Figs. 5 and 6 reflect by total
internal reflection, by creating a difference in index of refraction at surfaces 41 and 47
between the top of reflective region 38 (42 in Fig. 5, 44 in Fig. 6) and the bottom of reflective
region 38 (cavity 10). Because the reflective regions 38 reflect by total internal reflection,
light incident on the surfaces 41 and 47 at angles less than the critical angle is transmitted
through the surfaces rather than reflected. The structures may be molded in some
embodiments. For example, the structure of Fig. 5 may be molded on wavelength converting
region 36 or another suitable structure such as a transparent cover, then positioned over
substrate 14 such that cavity 10 is air and region 42 is molding compound, silicone, or any
other suitable material. The structure of Fig. 6 may be molded over substrate 14 such that

region 44 is air and cavity 10 is molding compound, silicone, or any other suitable material.
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In some embodiments, the difference in index of refraction that forms reflective regions 38 is
between air and glass or any of the materials described above as suitable to form cavity 10.
For example, regions 42 and 44 may be glass and cavity 10 may be air, or regions 42 and 44
may be air and cavity 10 may be glass. The difference in index of refraction between the two
materials forming the surfaces illustrated in Figs. 5 and 6 may be at least 0.4 in some
embodiments, at least 0.5 in some embodiments, at least 0.8 in some embodiments, and at
least 1 in some embodiments. In some embodiments, the reflective regions 38 illustrated in
Figs. 5 and 6 are formed or coated with reflective material.

Returning to Fig. 4, in some embodiments, wavelength converting and/or
scattering materials are disposed on the sides of optical cavity 10. For example, wavelength
converting regions 40 may be formed on the sidewalls of cavity 10. Wavelength converting
regions may include a wavelength converting material such as a phosphor that is mixed with
a transparent material such as silicone, then coated on the sides of cavity 10, disposed on a
transparent sheet of material that is positioned adjacent the sides of cavity 10, or formed into
a film that is attached to the sides of cavity 10. Light encountering wavelength converting
regions 40 is absorbed and reemitted at a different wavelength or reflected.

Embodiments of the invention may have advantages. Since at least part of the
wavelength converting material is disposed such that it can be kept cool, such as on substrate
14, efficiency of the system may be improved over systems where the wavelength converting
material is subject to heating. Color over angle variation in the light extracted by the system
may be minimized while maintaining high efficiency. In addition, the fraction of light
converted may be made independent of the wavelength converting material loading and
thickness of the wavelength converting regions, such that the color point of the mixed light
may be immune to minor process variations in the formation of the wavelength converting

regions.
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Having described the invention in detail, those skilled in the art will appreciate
that, given the present disclosure, modifications may be made to the invention without
departing from the spirit of the inventive concept described herein. For example, different
elements of different embodiments may be combined to form new embodiments. Therefore,
it is not intended that the scope of the invention be limited to the specific embodiments

illustrated and described.
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CLAIMS:
1. A structure comprising:

a semiconductor light emitting diode attached to a substrate; and

a first region of wavelength converting material disposed on the substrate,
wherein the wavelength converting material is configured to absorb light emitted by the
semiconductor light emitting diode and emit light at a different wavelength;

an optical cavity, wherein the substrate is disposed proximate a bottom surface
of the optical cavity;

a second region of wavelength converting material disposed proximate a top
surface of the optical cavity; and

a filter disposed proximate a top surface of the optical cavity, wherein the
filter is configured to reflect a portion of light emitted by the plurality of semiconductor light
emitting diodes and transmit a portion of light emitted by the wavelength converting material.
2. The structure of claim 1 wherein a path between the wavelength converting
material in the first region and the substrate is thermally conductive.
3. The structure of claim 1 wherein the substrate is a heat sink.
4. The structure of claim 1 wherein the substrate has a thermal conductivity
between 0.1 W/mK and 400 W/mK.
5. The structure of claim 1 wherein:

the wavelength converting material comprises a first wavelength converting
material capable of emitting light of a first wavelength and a second wavelength converting
material capable of emitting light of a second wavelength; and

the first and second regions each comprise a mixture of the first and second
wavelength converting materials.

6. The structure of claim 1 wherein:
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the first region comprises a first wavelength converting material capable of
emitting light of a first wavelength; and

the second region comprises a second wavelength converting material capable
of emitting light of a second wavelength.
7. The structure of claim 6 wherein the first wavelength converting material
emits red light and the second wavelength converting material emits one of green and yellow
light.
8. The structure of claim 6 wherein the first wavelength converting material is
capable of absorbing light emitted by the second wavelength converting material and
emitting light of a different wavelength.
9. The structure of claim 6 wherein performance of the first wavelength
converting material when exposed to heat is reduced more than performance of the second
wavelength converting material when exposed to heat.
10. The structure of claim 1 further comprising a light scattering structure
disposed proximate a top surface of the optical cavity.
11. The structure of claim 1 wherein the optical cavity comprises a solid
transparent material.
12. The structure of claim 1 further comprising particles of light scattering
material disposed within the optical cavity.
13. The structure of claim 1 further comprising a third region of wavelength
converting material disposed proximate a side surface of the optical cavity.
14. The structure of claim 1 wherein a first region proximate the top surface of the
optical cavity that is aligned with the semiconductor light emitting diode is more highly
reflective than a second region proximate the top surface of the optical cavity that is not

aligned with the semiconductor light emitting diode.
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15. The structure of claim 1 wherein the semiconductor light emitting diode is a
first semiconductor light emitting diode, the structure further comprising a second
semiconductor light emitting diode attached to the substrate, wherein the first region of
wavelength converting material is disposed between the first and second semiconductor light
emitting diodes.

16. The structure of claim 1 wherein in the first region, the wavelength converting
material covers an entire surface of the substrate.

17. The structure of claim 1 further comprising a reflective surface disposed above
the semiconductor light emitting diode, wherein the reflective surface is configured to direct

reflected light away from the semiconductor light emitting diode.
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