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conversion layer. Utilizing a partially reflecting optical ele-
ment and light recycling can increase the effective bright-
ness and the output efficiency of the illumination system.
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LIGHT RECYCLING ILLUMINATION
SYSTEMS UTILIZING LIGHT EMITTING
DIODES

CROSS REFERENCES TO RELATED
APPLICATIONS

This application is related to U.S. patent application Ser.
No. 10/445,136 entitled “ILLUMINATION SYSTEMS
UTILIZING HIGHLY REFLECTIVE LIGHT EMITTING
DIODES AND LIGHT RECYCLING TO ENHANCE
BRIGHTNESS,” to U.S. patent application Ser. No. 10/814,
043 entitled “ILLUMINATION SYSTEMS UTILIZING
LIGHT EMITTING DIODES AND LIGHT RECYCLING
TO ENHANCE OUTPUT RADIANCE” and to U.S. patent
application Ser. No. 10/814,044 entitled “ILLUMINATION
SYSTEMS UTILIZING MULTIPLE WAVELENGTH
LIGHT RECYCLING,” all of which are herein incorporated
by reference.

This application is also related to U.S. patent application
Ser. No. 10/952,112 entitled “LIGHT EMITTING DIODES
EXHIBITING BOTH HIGH REFLECTIVITY AND HIGH
LIGHT EXTRACTION,” U.S. patent application Ser. No.
10/977,923 entitled “HIGH BRIGHTNESS LIGHT EMIT-
TING DIODE LIGHT SOURCE” and U.S. patent applica-
tion Ser. No. 10/952,230 entitled “LIGHT RECYCLING
ILLUMINATION SYSTEMS HAVING RESTRICTED
ANGULAR OUTPUT,” all of which are filed concurrently
with this application and are herein incorporated by refer-
ence.

TECHNICAL FIELD

The present invention relates to illumination systems
incorporating light emitting diodes and partially reflecting
optical elements.

BACKGROUND

Ilumination systems that contain blackbody light sources
such as arc lamp sources or incandescent sources are usually
designed so that no light is reflected or recycled back to the
source. Blackbody light sources are excellent light absorbers
and poor light reflectors. Any emitted light that does get
back to the source is absorbed and lost, lowering the overall
efficiency of the illumination system.

Certain types of light sources, such as some fluorescent
light sources and some light emitting diodes (LEDs), can
reflect light as well as emit light. Reflecting light sources can
be used in illumination systems that recycle light back to the
source. Recycled light that is returned to the source and that
is reflected by the source can increase the effective bright-
ness of the source. In addition, light sources that can reflect
light instead of absorbing light can reduce absorption losses
and increase the overall output efficiency of such illumina-
tion systems.

U.S. patent application Ser. No. 10/445,136, U.S. patent
application Ser. No. 10/814,043 and to U.S. patent applica-
tion Ser. No. 10/814,044 describe light recycling systems
that include light recycling cavities or envelopes that enclose
one or more light reflecting LEDs. The light reflecting
cavities or envelopes reflect and recycle a portion of the light
emitted by the LEDs back to the LEDs. The light recycling
cavity or envelope has an output aperture with an area that
is smaller than the total emitting area of the enclosed LED:s.
In such cases, it is possible for the light exiting the cavity or
envelope to be brighter than an equivalent LED measured in
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the absence of recycling. The three aforementioned appli-
cations disclose illumination systems that incorporate light
recycling cavities or envelopes, but do not disclose illumi-
nation systems that lack light recycling cavities or enve-
lopes.

U.S. patent application Publication No. 20020093284
describes a light-emitting display device with a reflective
element behind an organic light-emitting layer. Cholesteric
liquid crystal polarization separators, a quarter-wave plate
and a polarizer are formed on the organic light-emitting
layer. The light-emitting device is a display device. Any
ambient light from outside the device, which is incident on
the device, is absorbed by the polarizer to prevent reflection
of the ambient light. The polarization separators reflect
circularly polarized light, which is converted to linearly
polarized light; a portion of the linearly polarized light is
absorbed by the polarizer.

It would be desirable to design illumination systems that
utilize light emitting diode light sources and light recycling
but that do not require a light recycling cavity or envelope.
It would be desirable to design illumination systems that
maximize emitted light and maximize the reflection of
incident light. Such systems can have increased output
brightness and efficiency compared to systems that do not
recycle light.

SUMMARY OF THE INVENTION

This invention is an illumination system that incorporates
a light emitting diode and a partially reflecting optical
element. The light emitting diode emits internally generated
light and reflects incident light with high reflectivity. The
partially reflecting optical element transmits a first portion of
the internally generated light and reflects a second portion of
the internally generated light back to the light emitting
diode, where the second portion is reflected by the light
emitting diode. The partially reflecting optical element can
be a non-absorbing reflecting polarizer or a wavelength
conversion layer. Utilizing light recycling can increase the
effective brightness and the output efficiency of the illumi-
nation system.

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 1A is a simplified schematic view of the cross-
section of a preferred light emitting diode used in this
invention.

FIGS. 1B-1D are cross-sectional views of example LED
structures.

FIGS. 2A-2B are cross-sectional views of an embodiment
of this invention that includes a non-absorbing reflecting
polarizer.

FIG. 3 is a cross-sectional view of an embodiment of this
invention that includes a non-absorbing reflecting polarizer
and a polarization mixing element.

FIG. 4 is a cross-sectional view of another embodiment of
this invention that includes a light collimating means.

FIGS. 5A-5B are cross-sectional views of another
embodiment of this invention that incorporates a light emit-
ting diode and a wavelength conversion layer.
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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 figures. The preferred embodiments of this
invention illustrated in the figures are not intended to be
exhaustive or to limit the invention to the precise form
disclosed. The figures are chosen to describe or to best
explain the principles of the invention and its applicable and
practical use to thereby enable others skilled in the art to best
utilize the invention.

An LED of this invention incorporates a multi-layer
semiconductor structure that emits light. Inorganic light-
emitting diodes can be fabricated from materials containing
gallium nitride (GaN), including the materials aluminum
gallium nitride (AlGaN) and indium gallium nitride (In-
GaN). Other appropriate LED materials are aluminum
nitride (AIN), aluminum indium gallium phosphide (Alln-
GaP), gallium arsenide (GaAs), indium gallium arsenide
(InGaAs) or indium gallium arsenide phosphide (InGaAsP),
for example, but are not limited to such materials. Especially
important LLEDs for this invention are GaN-based LEDs that
emit light in the ultraviolet, blue, cyan and green region of
the optical spectrum and AllnGaP LEDs that emit light in the
yellow and red regions of the optical spectrum.

FIG. 1A is a simplified schematic diagram of the cross-
section of LED 10. FIG. 1A is an illustrative example. The
LED 10 does not show all the elements of a reflective LED
for ease of understanding the present invention in FIG. 2 and
the subsequent figures. LED 10 is comprised of a multi-layer
semiconductor structure 12 and a reflecting layer 14. Multi-
layer semiconductor structure 12 is a simplified representa-
tion of a multi-layer group of elements that normally
includes at least an n-doped layer, a p-doped layer and an
active layer that emits internally generated light. The active
layer is typically a multi-quantum well structure and is
located between the n-doped layer and the p-doped layer.
Multi-layer semiconductor structure 12 has a surface 16
through which the internally generated light 20 exits the
multi-layer semiconductor structure. Surface 18 of the
multi-layer semiconductor structure 12 is in contact with
reflecting layer 14. The multi-layer semiconductor structure
is usually not completely transparent and does absorb some
of the internally generated light before the light exits LED
10. The absorption coefficient for the multi-layer semicon-
ductor structure 12 for GaN-based LEDs ranges from
approximately 10 cm™ to approximately 200 cm™ in the
wavelength region from 400-600 nanometers.

In order to better understand this invention, more detailed
schematics of some example LED structures are shown in
FIGS. 1B-1D. FIGS. 1B-1D explicitly illustrate example
LED electrode structures and some of the elements that
comprise the multi-layer semiconductor structure. These
examples are for illustrative purposes only and are not meant
to limit the scope of this invention to just these examples.

FIG. 1B illustrates the cross-section of LED 40. LED 40
is comprised of reflecting layer 14 that also serves as a
bottom electrode, a multi-layer semiconductor structure 12,
a substrate 42 and a top electrode 50. The multi-layer
semiconductor structure 12 is epitaxially grown onto the
substrate 42.

If LED 40 is a GaN LED, the multi-layer semiconductor
structure 12 contains at least an n-doped GaN layer 44 that
is usually adjacent to the substrate 42, an active layer 46 that
emits internally generated light 52 and a p-doped GaN layer
48. The active layer 46 is typically a GaN-based multi-
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quantum well structure and is located between the n-doped
GaN layer 44 and the p-doped GaN layer 48.

The substrate 42 of LED 40 must be at least partially
transparent to the internally generated light 52. Substrate 42
must also be electrically conducting in order to form an
electrical path between the n-doped layer 44 and the top
electrode 50. A typical material for substrate 42 is doped
silicon carbide (SiC), but other materials can be used. SiC is
partially transparent, but does absorb some of the internally
generated light 52. The absorption coefficient of SiC is
approximately 2 cm™ in the wavelength region from 400-
600 nanometers.

A metallic top electrode 50 is in contact with the electri-
cally conducting substrate 42. The area of the top electrode
50 should be minimized in order for internally generated
light 52 to escape from the uncovered area of the multi-layer
semiconductor structure 12. The top electrode 50 should
have high reflectivity in order to efficiently reflect both
internally generated light hitting the bottom surface 54 of the
top electrode 50 and incident light hitting the top surface 56
of the top electrode 50. Preferably the reflectivity of top
electrode 50 is greater than 70%. More preferably, the
reflectivity of the top electrode 50 is greater than 80%. Most
preferably, the reflectivity of the top electrode 50 is greater
than 90%. Appropriate metals for the top electrode 50
include silver, niobium and aluminum, but are not limited to
these materials.

Alternatively, the material for the top electrode 50 can be
a transparent conductor. If the material for the top electrode
50 is a transparent conductor, the light transmission of the
transparent conductor is preferably greater than 90%. The
transparent conductor is transmissive to the wavelengths of
light generated by multi-layer semiconductor structure 12 of
LED 40. Example transparent conductors include, but are
not limited to, indium tin oxide (ITO or In,0;:Sn), fluorine-
doped tin oxide (SnO,:F) and aluminum-doped zinc oxide
(ZnO:Al).

FIG. 1C illustrates the cross-section of LED 60. LED 60
is comprised of a reflecting layer 14 that also serves as a first
bottom electrode, a multi-layer semiconductor structure 12,
a substrate 64 and a second bottom electrode 66. The
multi-layer semiconductor structure 12 is epitaxially grown
onto the substrate 64.

IfLED 60 is a GaN LED, the multi-layer semiconductor
structure 12 contains at least an n-doped GaN layer 44 that
is usually adjacent to the substrate 64, an active layer 46 that
emits internally generated light 62 and a p-doped GaN layer
48. The active layer 46 is typically a GaN-based multi-
quantum well structure and is located between the n-doped
GaN layer 44 and the p-doped GaN layer 48.

The substrate 64 of LED 60 must be at least partially
transparent to the internally generated light 62. In this
example substrate 64 does not need to be electrically con-
ductive. A typical material for substrate 64 is sapphire
(Al,0;), which is transparent to visible light.

In order to form a second electrode, an etching process
removes portions of the reflecting layer 14, the p-doped
layer 48 and the active layer 46, thereby exposing a portion
of the n-doped layer 44. A second metallic bottom electrode
66 is formed in contact with the exposed n-doped layer 44.

FIG. 1D illustrates the cross-section of LED 80. LED 80
is similar to LED 40 except that LED 80 does not have a
partially transparent substrate. LED 80 is comprised of
reflecting layer 14 that also serves as a bottom electrode, a
multi-layer semiconductor structure 12 and a top electrode
90. The multi-layer semiconductor structure 12 is epitaxially
grown onto a substrate, but the substrate is removed before






