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ILLUMINATION APPARATUS WITH HIGH CONVERSION EFFICIENCY AND

METHODS OF FORMING THE SAME

Cross-Reference to Related Applications

This application claims priority to and the benefit of U.S. Provisional Patent

Application No. 61/220,024, filed on June 24, 2009, and U.S. Provisional Patent

Application No. 61/334,012, filed on May 12, 2010, the entire disclosure of each of which

is incorporated by reference herein.

Field of the Invention

In various embodiments, the present invention relates to artificial illumination, and

in particular to an illumination apparatus capable of providing light at any intensity profile

and any color profile, including, without limitation, uniform white light, with high

conversion efficiency.

Background

Artificial light may be generated in many ways, including, electroluminescent

illumination (e.g., light-emitting diodes), incandescent illumination (e.g., conventional

incandescent lamps and thermal light sources) and gas discharge illumination (e.g.,

fluorescent lamps, xenon lamps, and hollow cathode lamps). Light may also be emitted via

direct chemical radiation discharge of a photoluminescent (e.g., chemoluminescence,

fluorescence, or phosphorescence).

A light-emitting diode (LED) is essentially a p-n junction semiconductor diode that

emits a monochromatic light when operated under forward bias. In the diode, current flows

easily from the p-side to the n-side but not in the reverse direction. When two

complementary charge carriers (i.e., an electron and a hole) collide, the electron-hole pair

experiences a transition to a lower energy level and emits a photon. The wavelength of the

light emitted depends on the difference between the two energy levels, which in turn

depends on the band-gap energy of the materials forming the p-n junction.



LEDs are used in various applications, including, traffic signal lamps, large-sized

full-color outdoor displays, various lamps for automobiles, solid-state lighting devices, flat

panel displays, and the like. The basic structure of an LED consists of the light-emitting

semiconductor material, also known as the bare die, and numerous additional components

designed for improving the performance of the LED. These components may include a

light-reflecting cup mounted below the bare die, a transparent encapsulation (typically

silicone) surrounding and protecting the bare die and the light reflecting cup, and bonders

for supplying the electrical current to the bare die. The bare die and the additional

components are efficiently packed in a LED package.

The LED has won remarkable attention as a next-generation small-sized light-

emitting source. The LED has heretofore had advantages such as a small size, high

resistance and long life, but has mainly been used as indicator illumination for various

measuring meters or a confirmation lamp in a control state because of restrictions on a

light-emitting efficiency and light-emitting output. However, in recent years, the light-

emitting efficiency has rapidly been improved, and may soon exceed that of a high-pressure

mercury lamp or a fluorescent lamp of a discharge type. Due to the appearance of the high-

efficiency high-luminance LED, a high-output light-emitting source using the LED has

rapidly assumed a practicability. In recent years, a blue LED has been brought into

practical use, complementing conventional red and green LEDs, and this has also

accelerated the application of the LED.

The high-efficiency high-luminance LED has been considered as a promising small-

sized light-emitting source of an illuminating unit having a light-condensing capability.

The LED has characteristics superior to those of other light-emitting sources, such as life,

durability, lighting speed, and lighting driving circuit. Furthermore, the availability of the

three primary colors has enlarged an application range of a full-color image displays.

LEDs also represent an attractive alternative light source for general lighting

applications. Solid-state LEDs consume less power than incandescent light bulbs and may

have lifetimes in excess of 100,000 hours. Besides producing little heat and being energy-

efficient, LEDs are smaller and less vulnerable to breakage or damage due to shock or

vibration than incandescent bulbs. LED characteristics generally also do not change



significantly with age. Moreover, LEDs can be used to create luminaires having novel form

factors incompatible with most incandescent bulbs. More widespread luminaire design

efforts not constrained by traditional incandescent form limitations will increase adoption of

LED-based lighting and reap the energy savings associated therewith.

Luminescence is a phenomenon in which energy is absorbed by a substance,

commonly called a luminescent, and emitted in the form of light. The absorbed energy may

be in a form of light (i.e., photons), electrical field, or colliding particles (e.g., electrons).

The wavelength of the emitted light differs from the characteristic wavelength of the

absorbed energy (the characteristic wavelength equals hclE, where h is the Plank's constant,

c is the speed of light and E is the energy absorbed by the luminescent). Luminescence may

be classified by excitation mechanism as well as by emission mechanism. Examples of

such classifications include photoluminescence, electroluminescence, fluorescence, and

phosphorescence. Similarly, luminescent materials may be classified into photoluminescent

materials, electroluminescent materials, fluorescent materials, and phosphorescent

materials, respectively.

A photoluminescent is a material which absorbs energy in the form of light, an

electroluminescent is a material which absorbs energy is in the form of electrical field, a

fluorescent material is a material which emits light upon return to the base state from a

singlet excitation, and a phosphorescent material is a material which emits light upon return

to the base state from a triplet excitation.

In fluorescent materials, or fluorophores, the electron de-excitation occurs almost

spontaneously, and the emission ceases when the source which provides the exciting energy

to the fluorophore is removed.

In phosphor materials, or phosphors, the excitation state involves a change of spin

state which decays only slowly. In phosphorescence, light emitted by an atom or molecule

persists after the exciting source is removed.

Luminescent materials are selected according to their absorption and emission

characteristics and are widely used in cathode ray tubes, fluorescent lamps, X-ray screens,

neutron detectors, particle scintillators, ultraviolet (UV) lamps, flat-panel displays, and the

like. Luminescent materials, particularly phosphors, may also be used for altering the color



of LEDs. Since blue light has a short wavelength (compared, e.g., to green or red light),

and since the light emitted by the phosphor generally has a longer wavelength than the

absorbed light, blue light generated by a blue LED may be readily converted to produce

visible light having a longer wavelength. For example, a blue LED coated by a suitable

yellow phosphor can emit white light. The phosphor absorbs the light from the blue LED

and emits in a broad spectrum, with a peak in the yellow region. The photons emitted by

the phosphor and the non-absorbed photons emitted of the LED are perceived together by

the human eye as white light. The first commercially available phosphor based white LED

was produced by Nichia Co. and consisted of a gallium indium nitride (InGaN) blue LED

coated with a yellow phosphor.

In order to get sufficient brightness, a high-intensity LED is needed to excite the

phosphor to emit the desired color. As commonly known, white light is composed of

various colors of the whole range of visible electromagnetic spectrum. In the case of

LEDs, only the appropriate mixture of complementary monochromatic colors can cast

white light. This is typically achieved by having at least two complementary light sources

in the proper power ratio. A "fuller" light (similar to sunlight) may be achieved by adding

more colors. Phosphors are usually made of zinc sulfide or yttrium oxides doped with

certain transition metals (Ag, Mn, Zn, etc.) or rare earth metals (Ce, Eu, Tb, etc.) to obtain

the desired colors.

In a similar mechanism, white LEDs may also be manufactured using a fluorescent

semiconductor material instead of a phosphor. The fluorescent semiconductor material

serves as a secondary emitting layer, which absorbs the light created by the light-emitting

semiconductor and reemits yellow light. The fluorescent semiconductor material, typically

an aluminum gallium indium phosphide (AlGaInP), is bonded to the primary source wafer.

Another type of light-emitting device is an organic light emitting diode (OLED)

which makes use of thin organic films. An OLED device typically includes an anode layer,

a cathode layer, and an organic light-emitting layer containing an organic compound that

provides luminescence when an electric field is applied. OLED devices are generally (but

not always) intended to emit light through at least one of the electrodes, and may thus

include one or more transparent electrodes.



Combinations of LEDs, OLEDs, and luminescence are widely used in the field of

electronic display devices. Many efforts have been made to research and develop various

types of such devices. Electronic display devices may be categorized into active-display

devices and passive-display devices. The active-display devices include the cathode ray

tube (CRT), the plasma display panel (PDP), and the electroluminescent display (ELD).

The passive-display devices include a liquid crystal display (LCD), the electrochemical

display (ECD), and the electrophoretic image display (EPID).

In active-display devices, each pixel radiates light independently. Passive-display

devices, on the other hand, do not produce light within the pixel and the pixel is only able

to block light. In LCD devices, for example, an electric field is applied to liquid-crystal

molecules, and an alignment of the liquid-crystal molecule is changed depending on the

electric field, to thereby change optical properties of the liquid crystal, such as double

refraction, optical rotatory power, dichroism, light scattering, etc. Since LCDs are passive,

they display images by reflecting external light transmitted through an LCD panel or by

using the light emitted from a light source, e.g., a backlight assembly, disposed below the

LCD panel.

An LCD includes a LCD panel and backlight assembly. The LCD panel includes an

arrangement of pixels, which are typically formed of thin-film transistors fabricated on a

transparent substrate coated by a liquid-crystal film. The pixels include three color filters,

each of which transmits one-third of the light produced by each pixel. Thus, each LCD

pixel is composed of three sub-pixels. The thin-film transistors are addressed by gate lines

to perform display operation by way of the signals applied thereto through display signal

lines. The signals charge the liquid-crystal film in the vicinity of the respective thin-film

transistors to effect a local change in optical properties of the liquid crystal film.

A typical LED backlight assembly includes a source of white light, a light-guiding

plate for guiding the light toward the LCD panel, a reflector disposed under the light-

guiding plate to reflect the light leaked from the light-guiding plate back toward the light-

guiding plate, and optical sheets for enhancing brightness of the light exiting from the light-

guiding plate. Backlight assemblies are designed to achieve many goals, including high

brightness, large-area coverage, uniform luminance throughout the illuminated area,



controlled viewing angle, small thickness, low weight, low power consumption, and low

cost.

In operation, a backlight assembly produces white illumination directed toward the

LCD pixels. The optical properties of the liquid-crystal film are locally modulated by the

thin-film transistors to create a light-intensity modulation across the area of the display.

The color filters colorize the intensity-modulated light emitted by the pixels to produce a

color output. By selective opacity modulation of neighboring pixels of the three-color

components, selected intensities of the three component colors are blended together to

selectively control color light output. Selective blending of three primary colors, i.e., red,

green, and blue (RGB), generally produces a full range of colors suitable for color display

purposes.

LCD devices are currently employed in many applications (cellular phones,

personal acceptance devices, desktop monitors, portable computers, television displays,

etc.), and there is a growing need to devise high-quality backlight assemblies for improving

the image quality in these applications.

Since the light from the backlight must pass through the color filters, it therefore

must include a wavelength at which the respective filter is transparent. However, the use of

white LEDs composed of blue LEDs coated by yellow phosphors is often not efficient for

backlighting because, although such dichromatic light appears as white light to the human

eye, it cannot efficiently pass through RGB color filters. Another potential approach is the

use of red, green, and blue LEDs that match the central wavelength of each color filter.

This approach significantly complicates the manufacturing process because the red, green,

and blue LEDs must be accurately aligned in a multichip approach. An additional approach

is to generate white light using a UV LED and three different phosphors, each emitting

light at a different wavelength (e.g., red, green and blue). The efficiency of this

configuration, however, is very low because a high amount of heat is released due to the

Stokes shift.

Furthermore, traditional LEDs utilizing phosphors suffer from low conversion

efficiency because (i) up to 60% of the emitted light (both unconverted and converted by the

phosphor) is reflected back into the chip and lost, (ii) the phosphor material is positioned



proximate to the LED and is heated thereby, reducing its conversion efficiency, and (iii)

light absorbed by the LED creates deleterious heating which reduces the LED efficiency.

Current phosphor-converted LEDs have conversion efficiencies of only about 50% to 55%

due to these issues.

Presently known LED-based backlight devices are limited by the size, price and

performance of the LEDs. To date, the performance of the LED is controlled by its

transparent encapsulation (which provides the necessary light scattering), the phosphor or

fluorescent semiconductor material which is responsible for color conversion, and the lead

frame which allows for heat evacuation, all of which significantly increase the size and cost

of the LED. Since the performance, cost, and size of the LED are conflicting features,

some compromises are inevitable.

There is thus a widely recognized need for, and it would be highly advantageous to

have, a diode-based illumination apparatus devoid of the above limitations.

Summary

Generally, embodiments of the present invention overcome the deficiencies of the

background art by providing an illumination apparatus that generates and diffuses light with

a high conversion efficiency (e.g., greater than approximately 70%, or even greater than

approximately 80%). For an illumination apparatus utilizing one or more phosphors to shift

the wavelength of light emitted from an LED, the conversion efficiency is defined as the

ratio of the output light power (e.g., the output power of white output light in milliwatts) to

the input light power (e.g., the input power of unshifted light emitted by an LED in

milliwatts). The illumination apparatus may include one or more light sources embedded in

a waveguide material. The waveguide material is capable of propagating light generated by

the light source(s), such that at least a portion of the light is diffused within the waveguide

material and exits through at least a portion of its surface. In various exemplary

embodiments of the invention the light source(s) include or consist essentially of bare LED

dies. Furthermore, various embodiments of the invention feature nano-size phosphor

particles and/or quantum dots as the light-shifting phosphor material.



The light from the light source(s) is emitted into the waveguide material, and,

thereafter, interacts with a photoluminescent material to form substantially white light

emitted from the apparatus. The waveguide material preferably forms a continuous path

from the light sources to the emission portion (i.e., the "out-coupling region" of the

waveguide material) and the photoluminescent material. Light from any light source(s)

unaffected (i.e., unconverted) by the photoluminescent material is color-mixed with the light

to be converted by the photoluminescent material within the waveguide material with

substantially no light losses. The color mixing may take place in, e.g., a propagation region

of the waveguide material between the embedded light sources and the out-coupling region.

Embodiments of the present invention may be incorporated in a passive display

device or serve for providing signage or for providing illumination in various decorative

patterns of significant aesthetic interest. In various exemplary embodiments of the

invention, the apparatus serves as a component of an LCD device.

In an aspect, embodiments of the invention feature an illumination apparatus

including a substantially planar waveguide, a plurality of light sources embedded within the

in-coupling region of the waveguide, and a film disposed over the out-coupling region of

the waveguide. The film has a thickness less than approximately 100 µm and comprises or

consists essentially of a photoluminescent material. The film may include or consist

essentially of a substrate layer (which may itself be substantially optically transparent)

and/or a resin encapsulating the photoluminescent material. The photoluminescent material

converts a portion of light emitted by at least one of the light sources to a different

wavelength. A surface of the out-coupling region has an average reflectivity of greater than

approximately 90%. Light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and the conversion efficiency

of the illumination apparatus is greater than approximately 70%.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The conversion efficiency of the illumination apparatus may be

greater than approximately 80%. The photoluminescent material may be stable only at

temperatures less than approximately 50 0C. The thickness of the film may be less than

approximately 50 µm. A propagation region may be disposed between the in-coupling



region and the out-coupling region. The in-coupling region may include a first plurality of

scattering elements, the out-coupling region may include a second plurality of scattering

elements, and/or the propagation region may be substantially free of scattering elements.

The film may be in mechanical contact but not optical contact with the out-coupling region.

The film may include or consist essentially of polyethylene terephthalate and/or silicone.

The index of refraction of the film may be less than or greater than the index of refraction of

the waveguide. At least two of the light sources may emit light of substantially different

wavelengths. The photoluminescent material may be outside a direct line-of-sight of each

of the light sources. Light emitted by at least one of the light sources may pass through the

film without being converted to a different wavelength by the photoluminescent material.

In another aspect, embodiments of the invention feature an illumination apparatus

including a substantially planar waveguide, a plurality of light sources embedded within the

in-coupling region of the waveguide, and a film disposed over the out-coupling region of

the waveguide. The film has a thickness less than approximately 100 µm and comprises or

consists essentially of a photoluminescent material. The film may include or consist

essentially of a substrate layer (which may itself be substantially optically transparent)

and/or a resin encapsulating the photoluminescent material. The photoluminescent material

converts a portion of light emitted by at least one of the light sources to a different

wavelength, and is positioned so that, during operation of the illumination apparatus, the

temperature of the photoluminescent material does not exceed approximately 50 0C. The

photoluminescent material may only be stable at temperatures less than approximately

50 0C. A surface of the out-coupling region has an average reflectivity of greater than

approximately 90%. Light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and the conversion efficiency

of the illumination apparatus is greater than approximately 70%.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The conversion efficiency of the illumination apparatus may be

greater than approximately 80%. The photoluminescent material may be disposed outside a

direct line-of-sight of each of the light sources. The thickness of the film may be less than

approximately 50 µm. A propagation region may be disposed between the in-coupling



region and the out-coupling region. The in-coupling region may include a first plurality of

scattering elements, the out-coupling region may include a second plurality of scattering

elements, and/or the propagation region may be substantially free of scattering elements.

The film may be in mechanical contact but not optical contact with the out-coupling region.

The film may include or consist essentially of polyethylene terephthalate and/or silicone.

The index of refraction of the film may be less than or greater than the index of refraction of

the waveguide. At least two of the light sources may emit light of substantially different

wavelengths. Light emitted by at least one of the light sources may pass through the film

without being converted to a different wavelength by the photoluminescent material.

In a further aspect, embodiments of the invention feature an illumination apparatus

including a substantially planar waveguide, a plurality of light sources embedded within the

in-coupling region of the waveguide, and a film disposed over the out-coupling region of

the waveguide. The film has a thickness less than approximately 100 µm and comprises or

consists essentially of a photoluminescent material. The film may include or consist

essentially of a substrate layer (which may itself be substantially optically transparent)

and/or a resin encapsulating the photoluminescent material. The photoluminescent material

converts a portion of light emitted by at least one of the light sources to a different

wavelength, and is disposed outside a direct line-of-sight of each of the light sources. A

surface of the out-coupling region has an average reflectivity of greater than approximately

90%. Light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and the conversion efficiency

of the illumination apparatus is greater than approximately 70%.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The conversion efficiency of the illumination apparatus may be

greater than approximately 80%. The thickness of the film may be less than approximately

50 µm. A propagation region may be disposed between the in-coupling region and the out-

coupling region. The in-coupling region may include a first plurality of scattering elements,

the out-coupling region may include a second plurality of scattering elements, and/or the

propagation region may be substantially free of scattering elements. The film may be in

mechanical contact but not optical contact with the out-coupling region. The film may



include or consist essentially of polyethylene terephthalate and/or silicone. The index of

refraction of the film may be less than or greater than the index of refraction of the

waveguide. At least two of the light sources may emit light of substantially different

wavelengths. Light emitted by at least one of the light sources may pass through the film

without being converted to a different wavelength by the photoluminescent material.

In another aspect, embodiments of the invention feature an illumination apparatus

including a substantially planar waveguide, a plurality of light sources embedded within the

in-coupling region of the waveguide, and a film disposed over the out-coupling region of

the waveguide. The film has a thickness less than approximately 100 µm and comprises or

consists essentially of a photoluminescent material. The film may include or consist

essentially of a substrate layer (which may itself be substantially optically transparent)

and/or a resin encapsulating the photoluminescent material. The photoluminescent material

converts a portion of light emitted by at least one of the light sources to a different

wavelength, and light emitted by at least one of the light sources passes through the film

without being converted to a different wavelength by the photoluminescent material. A

surface of the out-coupling region has an average reflectivity of greater than approximately

90%. Light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and the conversion efficiency

of the illumination apparatus is greater than approximately 70%.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The conversion efficiency of the illumination apparatus may be

greater than approximately 80%. The thickness of the film may be less than approximately

50 µm. A propagation region may be disposed between the in-coupling region and the out-

coupling region. The in-coupling region may include a first plurality of scattering elements,

the out-coupling region may include a second plurality of scattering elements, and/or the

propagation region may be substantially free of scattering elements. The film may be in

mechanical contact but not optical contact with the out-coupling region. The film may

include or consist essentially of polyethylene terephthalate and/or silicone. The index of

refraction of the film may be less than or greater than the index of refraction of the



waveguide. At least two of the light sources may emit light of substantially different

wavelengths.

In yet another aspect, embodiments of the invention feature an illumination

apparatus including a waveguide having a first surface. Embedded within the waveguide is

a light-emitting source for emitting source light and a photoluminescent material for

converting some of the source light to a different wavelength. The converted source light

mixes with unconverted source light to form output light spectrally different from both the

converted source light and the unconverted source light. Output light is emitted from at

least a portion of the first surface. The photoluminescent material includes or consists

essentially of nano-size phosphor particles and/or quantum dots.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The photoluminescent material may include or consist essentially

of a first layer and, proximate and/or in direct contact with the first layer, a second layer.

The first layer may include or consist essentially of nano-size phosphor particles and/or

quantum dots, and the second layer may include or consist essentially of a phosphor

material. The second layer may not contain nano-size phosphor particles or quantum dots,

and/or may scatter source light. The source light may include at least one of blue light or

ultraviolet light, or substantially white light. The light-emitting source may include a bare

LED die and/or may be embedded proximate a second surface of the waveguide opposite

the first surface. A printed circuit board may be proximate the second surface of the

waveguide, and the light-emitting source may be electrically connected to the printed

circuit board. The photoluminescent material may be disposed proximate the first surface

or may be dispersed throughout substantially all of the waveguide. The photoluminescent

material may scatter source light. An encapsulation may be disposed between the light-

emitting source and the waveguide. The photoluminescent material may be disposed

proximate and in direct contact with the encapsulation. The waveguide may be

substantially planar.

The waveguide may further include a discrete in-coupling region for receiving

source light, a discrete out-coupling region for emitting output light, and a discrete

propagation region, spatially distinct from the in-coupling and out-coupling regions, for



propagating source light from the in-coupling region to the out-coupling region. The in-

coupling region may include a first plurality of scattering impurities, the out-coupling

region may include a second plurality of scattering impurities, and the propagation region

may be substantially free of scattering impurities. The concentration, size, and/or type of

the second plurality of scattering particles may vary along at least one dimension of the out-

coupling region and/or may increase as a function of distance from the in-coupling region.

The propagation region may include the photoluminescent material, and the

photoluminescent material may be disposed proximate and in direct contact with the first

surface in the out-coupling region. The photoluminescent material may include or consist

essentially of nano-size phosphor particles having an average diameter of less than

approximately 3 nm.

In a further aspect, embodiments of the invention feature an illumination apparatus

including a waveguide having a first surface. Embedded within the waveguide is a light-

emitting source for emitting source light. A layer of phosphor-encapsulating material is

disposed on the first surface of the waveguide. Disposed within the layer of phosphor-

encapsulating material is a photoluminescent material for converting some of the source

light to a different wavelength. The converted source light mixes with unconverted source

light to form output light spectrally different from both the converted source light and the

unconverted source light. Source light is emitted from at least a portion of the first surface

of the waveguide, and output light is emitted from at least a portion of the layer of

phosphor-encapsulating material.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The layer of phosphor-encapsulating material may include or

consist essentially of silicone, and may be in mechanical contact but not optical contact

with the first surface of the waveguide. The index of refraction of the phosphor-

encapsulating material may be less than or greater than the index of refraction of the

waveguide.

The waveguide may further include a discrete in-coupling region for receiving

source light, a discrete out-coupling region for emitting output light, and a discrete

propagation region, spatially distinct from the in-coupling and out-coupling regions, for



propagating source light from the in-coupling region to the out-coupling region. The in-

coupling region may include a first plurality of scattering impurities, the out-coupling

region may include a second plurality of scattering impurities, and the propagation region

may be substantially free of scattering impurities. The concentration, size, and/or type of

the second plurality of scattering particles may vary along at least one dimension of the out-

coupling region and/or may increase as a function of distance from the in-coupling region.

The photoluminescent material may be present at least, or even only, over the out-coupling

region.

The layer of phosphor-encapsulating material may have a thickness less than

approximately 200 µm. The photoluminescent material may include or consist essentially

of a plurality of particles having an average diameter ranging from approximately 0.5 µm to

approximately 50 µm. The photoluminescent material may include or consist essentially of

nano-size phosphor particles and/or quantum dots.

In another aspect, embodiments of the invention feature an illumination apparatus

including a waveguide having a first surface. Multiple light-emitting sources, each emitting

a different source light, are embedded within the waveguide. Disposed proximate the first

surface is a photoluminescent material for converting some of the source light of one or

more of the light-emitting sources to a different wavelength. The converted source light

mixes with unconverted source light to form output light spectrally different from both the

converted source light and the unconverted source light. The output light is emitted from at

least a portion of the first surface and has a CRI value greater than approximately 70. The

CRI value of the output light may be greater than approximately 80.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The different source lights may include or consist essentially of

red, green, and blue light. The converted source light may include or consist essentially of

yellow light. The output light may be substantially white light. The photoluminescent

material may be disposed within the waveguide, or may be disposed within a layer of

phosphor-encapsulating material disposed above and in mechanical contact with the first

surface. The layer of phosphor-encapsulating material may or may not be disposed in

optical contact with the first surface. The photoluminescent material may include or consist



essentially of nano-size phosphor particles and/or quantum dots.

In yet another aspect, embodiments of the invention feature a plurality of

illumination apparatuses. The first illumination apparatus includes a first light-emitting

source emitting source light having a first wavelength, and a first layer including or

consisting essentially of a photoluminescent material. The photoluminescent material

converts some of the source light to a different wavelength. The converted source light

mixes with unconverted source light to form output light spectrally different from both the

converted source light and the unconverted source light. The second illumination apparatus

includes a second light-emitting source emitting source light having a second wavelength,

as well as a second layer including or consisting essentially of the photoluminescent

material. The second wavelength may differ from the first wavelength by at least

approximately 2 nm, at least approximately 5 nm , or at least approximately 10 nm. The

color coordinates of the first and second illumination apparatuses differ by no more than

approximately 5%, or even by no more than approximately 1%.

In another aspect, embodiments of the invention feature a method of forming a

plurality of illumination apparatuses. The method includes providing first and second

illumination apparatuses, each apparatus including a layer of photoluminescent material for

converting a portion of source light from a light-emitting source to a different wavelength,

the converted source light mixing with unconverted source light to form output light

spectrally different from both the converted source light and the unconverted source light,

coupling a first light-emitting source emitting source light having a first wavelength to the

first illumination apparatus, and coupling a second light-emitting source emitting source

light having a second wavelength differing from the first wavelength. The second

wavelength may differ from the first wavelength by at least approximately 2 nm, at least

approximately 5 nm , or at least approximately 10 nm. The color coordinates of the first

and second illumination apparatuses differ by no more than approximately 5%, or even by

no more than approximately 1%.

Embodiments of the invention may include one or more of the following in any of a

variety of combinations. The light-emitting sources may include or consist essentially of

bare LED dies. Coupling the first light-emitting source may include or consist essentially



of embedding the first light-emitting source within the first illumination apparatus.

Coupling the second light-emitting source may include or consist essentially of embedding

the second light-emitting source within the second illumination apparatus. The

photoluminescent material may include or consist essentially of nano-size phosphor

particles having an average diameter of less than approximately 3 nm.

In a further aspect, embodiments of the invention feature a method of forming an

illumination apparatus including embedding a light-emitting source within a waveguide and

disposing a layer above the first surface of the waveguide. The layer may include a

photoluminescent material, and/or may be in mechanical contact with the waveguide. The

layer may not be in optical contact with the waveguide. The photoluminescent material

may include or consist essentially of nano-size phosphor particles and/or quantum dots.

The waveguide may further include a discrete in-coupling region for receiving

source light, a discrete out-coupling region for emitting output light, and a discrete

propagation region, spatially distinct from the in-coupling and out-coupling regions, for

propagating source light from the in-coupling region to the out-coupling region. The in-

coupling region may include a first plurality of scattering impurities, the out-coupling

region may include a second plurality of scattering impurities, and the propagation region

may be substantially free of scattering impurities. The concentration, size, and/or type of

the second plurality of scattering particles may vary along at least one dimension of the out-

coupling region and/or may increase as a function of distance from the in-coupling region.

The photoluminescent material may be present at least, or even only, over the out-coupling

region.

In another aspect, embodiments of the invention feature a method of producing

output light. The method includes providing a waveguide, including a first surface, having

embedded therein a light-emitting source and a photoluminescent material and emitting

source light from the light-emitting source. A portion of the source light is converted to a

different wavelength and mixed with unconverted source light to form output light

spectrally different from both the converted source light and the unconverted source light.

Output light is emitted from at least a portion of the first surface. The photoluminescent

material includes or consists essentially of nano-size phosphor particles and/or quantum



dots.

One or more of the following features may be included. The light-emitting source

may include a bare LED die. The waveguide may include a discrete in-coupling region for

receiving source light from the light-emitting source, a discrete propagation region for

propagating source light, and a discrete out-coupling region for emitting output light. The

light-emitting source may be operated utilizing pulsed electrical current.

These and other objects, along with advantages and features of the present invention

herein disclosed, will become more apparent through reference to the following description,

the accompanying drawings, and the claims. Furthermore, it is to be understood that the

features of the various embodiments described herein are not mutually exclusive and may

exist in various combinations and permutations. As used herein, the term "substantially"

means +10%, and in some embodiments, +5%. The term "consists essentially of" means

excluding other materials or structures that contribute to function, unless otherwise defined

herein.

Brief Description of the Drawings

In the drawings, like reference characters generally refer to the same parts

throughout the different views. Also, the drawings are not necessarily to scale, emphasis

instead generally being placed upon illustrating the principles of the invention. In the

following description, various embodiments of the present invention are described with

reference to the following drawings, in which:

FIGs. IA- IB are a perspective view (Figure IA) and a section view (Figure IB) of

an illumination apparatus, according to various exemplary embodiments of the present

invention;

FIG. 1C is a perspective view of the apparatus in a preferred embodiment in which

the apparatus includes or consists essentially of a non-planar waveguide material;

FIGs. 2A-2F are schematic fragmentary views of preferred embodiments in which a

source or sources are embedded in the bulk of the waveguide material (Figures 2A and 2C)

or near the surface of the waveguide material (Figures 2B, 2D-2F);



FIG. 3 is a section view of the apparatus, in a preferred embodiment in which the

apparatus includes a structured film;

FIG. 4 is a fragmentary view of the apparatus in a preferred embodiment in which

the apparatus includes one or more embedded optical elements for enhancing the diffusion

of light;

FIG. 5 is a block diagram schematically illustrating a liquid crystal display device,

according to various exemplary embodiments of the present invention;

FIG. 6A is a schematic illustration of the waveguide material in a preferred

embodiment in which two layers are employed;

FIGs. 6B-6C are schematic illustrations of the waveguide material in preferred

embodiments in which three layers are employed;

FIG. 7A is a schematic illustration of the waveguide material in a preferred

embodiment in which at least one impurity is used for scattering light;

FIG. 7B is a schematic illustration of the waveguide material in a preferred

embodiment in which the impurity comprises a plurality of particles having a gradually

increasing concentration;

FIG. 7C is a schematic illustration of the waveguide material in a preferred

embodiment in which one layer thereof is formed with one or more diffractive optical

elements for at least partially diffracting the light;

FIG. 7D is a schematic illustration of the waveguide material in a preferred

embodiment in which one or more regions have different indices of refraction so as to

prevent the light from being reflected;

FIG. 8 is a schematic illustration of the illumination apparatus in an embodiment in

which photoluminescent material is within a direct line-of-sight of the light source;

FIG. 9 is a schematic illustration of an illumination apparatus having high

conversion efficiency in accordance with various embodiments of the invention; and

FIG. 10 is a schematic representation of light propagation through and emission

from various components of the illumination apparatus in accordance with various

embodiments of the invention.



Detailed Description

Embodiments of the present invention include an apparatus, device and system that

may be used for providing illumination or displaying images. Specifically, embodiments of

the present invention may be used to provide light at any intensity profile and any color

profile. The present embodiments are useful in many areas in which illumination is

required, including, without limitation, display, signage and decoration applications.

When a ray of light moves within a transparent substrate and strikes one of its

internal surfaces at a certain angle, the ray of light may be either reflected from the surface

or refracted out of the surface into the open air in contact with the substrate. The condition

according to which the light is reflected or refracted is determined by Snell's law, which is a

mathematical relation between the impinging angle, the refracting angle (in case in case of

refraction), and the refractive indices of both the substrate and the air. Broadly speaking,

depending on the wavelength of the light, for a sufficiently large impinging angle (also

known as the critical angle) no refraction can occur and the energy of the light is trapped

within the substrate. In other words, the light is reflected from the internal surface as if

from a mirror. Under these conditions, total internal reflection is said to take place.

Many optical systems operate according to the total-internal-reflection phenomenon.

One such optical system is the optical fiber. Optical fibers are transparent flexible rods of

glass or plastic, basically composed of a core and cladding. The core is the inner part of the

fiber, through which light is guided, while the cladding surrounds it completely. The

refractive index of the core is higher than that of the cladding, so that light in the core

impinging the boundary with the cladding at a critical angle is confined in the core by total

internal reflection.

As stated, total internal reflection occurs only for light rays impinging the internal

surface of the optical fiber with an angle which is larger than the critical angle. Thus, a

calculation performed according to geometrical optics may provide the largest angle that is

allowed for total internal reflection to take place. An important parameter of every optical

fiber (or any other light-transmitting optical system) is known as the "numerical aperture,"

which is defined as the sine of the largest incident light ray angle that is successfully



transmitted through the optical fiber, multiplied by the index of refraction of the medium

from which the light ray enters the optical fiber.

Another optical system designed for guiding light is the graded-index optical fiber,

in which a light ray is guided by refraction rather than by total internal reflection. In this

optical fiber, the refractive index decreases gradually from the center outwards along the

radial direction, and finally drops to the same value as the cladding at the edge of the core.

As the refractive index does not change abruptly at the boundary between the core and the

cladding, there is no total internal reflection. However, although no total internal reflection

takes place, refraction bends the guided light rays back into the center of the core while the

light passes through layers with lower refractive indexes.

Optical fibers are available in various lengths and core diameters. For large core

diameters, glass optical fibers are known to be more brittle and fragile than plastic optical

fiber.

Another type of optical system is based on photonic materials, where the light ray is

confined within a band-gap material surrounding the light ray. In this type of optical

system, also known as a photonic-material waveguide, the light is confined in the vicinity of

a low-index region. One example of a photonic-material waveguide is a silica fiber having

an array of small air holes throughout its length. This configuration is capable of providing

lossless light transmission, e.g., in either cylindrical or planar type waveguides.

The above description holds both for polarized and unpolarized light. When

polarized light is used, an additional electromagnetic phenomenon influences the reflection

of the light, as further explained hereinbelow.

Polarized light is produced when the direction of the electromagnetic fields in the

plane perpendicular to the direction of propagation are constrained in some fashion. For the

purpose of providing a simple explanation, only the electric field is discussed herein. A

complementary explanation, regarding the magnetic field, can be easily obtained by one

ordinarily skilled in the art by considering the magnetic field as being perpendicular to both

the direction of propagation and the electric field.

The light is said to be elliptically polarized when two perpendicular components of

the electric field have a constant phase difference, and the tip of the electric field vector



traces out an ellipse in the plane perpendicular to the direction of propagation. Linearly

polarized light is a special case of elliptically polarized light, where the two components

oscillate in phase and the electric vector traces out a straight line.

Circularly polarized light is also a special case of elliptically polarized light in which

the two components have a 90° phase difference and the electric-field vector traces out a

circle in the plane perpendicular to the direction of propagation. When viewed looking

towards the source, a right circularly polarized beam at a fixed position as a function of time

has a field vector that describes a clockwise circle, while left circularly polarized light has a

field vector that describes a counter-clockwise circle.

When polarized light strikes a surface between two different materials, it is useful to

define the polarization of the light relative to the surface, typically as horizontal and vertical

polarizations with respect to the surface. When the light strikes a material having associated

values of permeability, permittivity, and conductivity, a portion of the energy carried by the

light is lost due to the non-ideal conductivity of the material. The relative portion of the

energy which is lost is defined as the reflection coefficient of the material. The reflective

coefficient varies according to the angle of incidence, the polarization of the incoming

wave, its frequency and the characteristics of the surface. For horizontal polarizations the

coefficient may be generalized to a constant value, whereas for vertical polarizations,

however, the coefficient varies between 0 and 1.

When the reflective coefficient value goes to zero, the light is not reflected from the

surface. This phenomenon is known as the Brewster effect, and the angle at which there is

not reflection (for a particular polarization) is called the Brewster angle. This angle often

referred to as the polarizing angle, since an unpolarized wave incident on an interface at this

angle is reflected as a polarized wave with its electric vector being perpendicular to the

plane of incidence.

Embodiments of the present invention successfully provide various illumination

apparatuses which provide surface illumination at any brightness, intensity, and color

profile. As further detailed herein, an additional physical phenomenon, light scattering, may

be exploited by the illumination apparatus of the present embodiments.



Unlike the abovementioned reflection, where radiation is deflected from the surface

in one direction, some particles and molecules, also known as scatterers, have the ability to

scatter radiation in more than one direction. Many types of scatterers are known. Broadly

speaking, scatterers may be categorized into two groups: (i) selective scatterers, which are

more effective at scattering a particular wavelength (i.e., color), or a narrow range of

wavelengths, of the light; and (ii) non-selective scatterers, which are capable of scattering

light in a wide range of wavelengths.

Referring now to the drawings, Figures Ia-Ib illustrate a perspective view (Figure

Ia) and a section view along line A-A (Figure Ib) of an illumination apparatus 10,

according to various exemplary embodiments of the present invention.

Apparatus 10 comprises one or more light-emitting sources 12 embedded in a

waveguide material 14 having a first surface 16 and a second surface 18. Waveguide

material 14 is capable of propagating light generated by each light source 12, such that at

least a portion of the light is diffused within waveguide material 14 and exits through at

least a portion of first surface 16 (and/or, in some embodiments, second surface 18).

The terms "light source" and "light-emitting source," are used herein

interchangeably and refer to any self light-emitting element, including, without limitation,

an inorganic light-emitting diode, an organic light-emitting diode, and/or any other

electroluminescent element. The term "light source" as used herein refers to one or more

light sources.

As used herein, the term "organic" includes polymeric materials as well as small-

molecule organic materials that may be used to fabricate organic optoelectronic devices.

"Small molecule" refers to any organic material that is not a polymer, and "small

molecules" may actually be quite large. Small molecules may include repeat units in some

circumstances. For example, using a long chain alkyl group as a substituent does not

remove a molecule from the "small molecule" class. Small molecules may also be

incorporated into polymers, for example as a pendent group on a polymer backbone or as a

part of the backbone. Small molecules may also serve as the core moiety of a dendrimer,

which consists of a series of chemical shells built on the core moiety. The core moiety of a

dendrimer may be a fluorescent or phosphorescent small-molecule emitter. A dendrimer



may be a "small molecule," and it is believed that all dendrimers currently used in the field

of OLEDs are small molecules.

Organic light emitting diodes suitable for application in embodiments of the present

invention may be bottom-emitting OLEDs, top-emitting OLEDs and side-emitting OLEDs

having one or more transparent electrodes.

As used herein, "top" refers to furthest away from second surface 18, while

"bottom" refers to closest to second surface 18.

The waveguide material according to embodiments of the present invention may be

similar to, and/or be based on, the teachings of U.S. Patent Application Nos. 11/157, 190,

60/580,705 and 60/687,865, all assigned to the common assignee of the present invention

and fully incorporated herein by reference. Alternatively, the waveguide material according

to some embodiments of the present invention may also have other configurations and/or

other methods of operation as further detailed herein.

Waveguide material 14 may be translucent or clear as desired. In any event, since

waveguide material 14 propagates and emits the light emitted by light source 12, it is

transparent at least to the characteristic emission spectrum of light source 12. The

characteristic emission spectrum of the light source is also referred to herein as the "color"

of the light source. Thus, for example, a light-emitting source characterized by a spectrum

having an apex at a wavelength of from about 420 to about 500 nm is referred to as a "blue

light source," a light-emitting source characterized by a spectrum having an apex at a

wavelength of from about 520 to about 580 nm is referred to as a "green light source," a

light-emitting source characterized by a spectrum having an apex at a wavelength of about

620 to about 680 nm is referred to as a "red light source," and so on for other colors. This

terminology is well-known to those skilled in the art of optics.

As used herein the terms "about" or "approximately" refer to ± 10 % unless

otherwise indicated.

Waveguide material 14 is optionally and preferably flexible, and may also have a

certain degree of elasticity. Thus, material 14 may include or consist essentially of, for

example, an elastomer. It is to be understood that although waveguide material 14 appears

to be flat, i.e., is substantially planar, in Figures Ia-Ib, this need not necessarily be the case.



Figure Ic schematically illustrates a perspective view of apparatus 10 in a preferred

embodiment in which waveguide material 14 is non-planar. Further, although apparatus 10

is shown as opaque from one direction, this is only for clarity of presentation and need not

necessarily be the case; the surfaces of apparatus 10 are not necessarily opaque. Waveguide

material 14 is generally solid (i.e., not hollow).

According to a preferred embodiment of the present invention, apparatus 10

comprises a reflecting surface 32 that prevents emission of light through surface 18 and

therefore enhances emission of light through surface 16. Surface 32 may include or consist

essentially of any light-reflecting material, and may be either embedded in or attached to

waveguide material 14. Apparatus 10 may further include a printed circuit board (not

shown, see reference numeral 26 in Figure 2b), which supplies forward bias to the

embedded light source.

There are several advantages for embedding the light source within the waveguide

material. One advantage is that all of the light emitted from the light source eventually

arrives at the waveguide material. When the light source is externally coupled to the

waveguide material, some of the light scatters at wide angles and does not impinge on the

waveguide material. Thus, the embedding of light source 12 in waveguide material 14

allows the efficient collection of the emitted light.

Another advantage is the optical coupling between the light source and the

waveguide material, in particular when the light source is a light-emitting diode. When a

diode is externally coupled to the waveguide material, the light emitted from the p-n

junction should be transmitted out of the diode into the air, and subsequently from the air

into the waveguide material. The mismatch of impedances in each such transition

significantly reduces the coupling efficiency due to unavoidable reflections when the light

passes from one medium to the other. On the other hand, when the diode is embedded in

waveguide material, there is a direct transition of light from the diode to the waveguide

material with a higher overall transmission coefficient. To further improve the coupling

efficiency, the waveguide material is preferably selected with a refraction index which is

close to the refraction index of the diode. Typical difference in refraction indices is from

about 1.5 to about 1.6.



Light source 12 may include or consist essentially of an LED, which includes the

bare die and all the additional components packed in the LED package, or, more preferably,

light source 12 may include or consist essentially of the bare die, excluding one or more of

the other components (e.g., reflecting cup, silicon, LED package, and the like). In preferred

embodiments of the invention, bare LED dies do not include a phosphor or other

photoluminescent material as a portion thereof (e.g., on a common substrate therewith or

incorporated into or onto the LED semiconductor layer structure).

As used herein "bare die" refers to a p-n junction of a semiconductor material.

When a forward bias is applied to the p-n junction through electrical contacts connected to

the p side and the n side of the p-n junction, the p-n junction emits light with a characteristic

spectrum.

Thus, in various exemplary embodiments of the invention, light source 12 includes

or consists essentially of only the semiconductor p-n junction and the electrical contacts.

Also contemplated are configurations in which several light sources are LEDs, and several

light sources are bare dies with electrical contacts connected thereto.

The advantage of using a bare die rather than an LED is that some of the

components in the LED package, including the LED package itself, absorb part of the light

emitted from the p-n junction and therefore reduce the light yield.

Another advantage is that the use of a bare die reduces the amount of heat generated

during light emission. This is because heat is generated due to absorption of light by the

LED package and reflecting cup. The consequent increase in temperature of the p-n

junction causes a thermal imbalance that is known to reduce the light yield. Since the bare

die does not include the LED package and reflecting cup, the embedding of a bare die in the

waveguide material reduces the overall amount of heat and increases the light yield. The

elimination of the LED package permits the use of many small bare dies instead of large

packaged LEDs. Such a configuration allows the operation of each bare die at low power

while still producing a sufficient overall amount of light, thus improving the p-n junction

efficacy.

An additional advantage is light diffusion within the waveguide material. The

minimization of redundant components in the vicinity of the p-n junction results in almost



isotropic emission of light from the p-n junction that improves the diffusion of light. To

further improve the coupling efficiency, the waveguide material is preferably selected with

a refraction index which is close to the refraction index of the p-n junction.

Light source 12 may be, e.g., embedded in the bulk of waveguide material 14 or near

surface 18. Figure 2a is a fragmentary view schematically illustrating an embodiment in

which light source 12 is embedded in the bulk of material 14, and Figure 2b is fragmentary

view schematically illustrating an embodiment in which light source 12 is embedded near

surface 18. It is to be understood that Figures 2a-2b illustrate a single light source 12 for

clarity of presentation and are not intended to limit the scope of the present invention to

such a configuration. As stated, apparatus 10 may include one or more light-emitting

sources.

Referring to Figure 2a, when light source 12 is embedded in the bulk of the

waveguide material, the electrical contacts 20 may remain within material 14. In this

embodiment, the forward bias may be supplied to light source 12 by electrical lines 22, such

as flexible conductive wires, which are also embedded in material 14. Thus, lines 22 extend

from contacts 20 to one or more ends 28 of waveguide material 14. Light source 12

including the electrical lines 22 may be embedded in material 14 during the manufacturing

process of the waveguide material. When a plurality of light sources are embedded in the

waveguide material, they may be connected to an arrangement of electrical lines as known

in the art and the entirety of light sources and arrangement of electrical lines may be

embedded in the material during the manufacturing process of the waveguide material.

In various exemplary embodiments of the invention, light source 12 is operated with

low power and therefore does not produce large amount of heat. This is due to the relatively

large light yield of the embedded light source and the high optical coupling efficiency

between the light source and the waveguide material. In particular, when light source 12 is

a bare die, its light yield is significantly high while the produced heat is relatively low.

Light source 12 may also be operated using pulsed electrical current which further reduces

the amount of produced heat.

Preferably, but not obligatorily, light source 12 is encapsulated by a transparent

thermal isolating encapsulation 24. Encapsulation 24 serves for thermally isolating the light



source from material 14. This embodiment is particularly useful when light source 12 is a

bare die, in which case the bare die radiates heat that may change the optical properties of

material 14. Alternatively or additionally, waveguide material 14 may have high specific

heat capacity to allow material 14 to receive heat from light source 12 with minimal or no

undesired heating effects.

Referring to Figure 2b, when light source 12 is embedded near surface 18 of

material 14, electrical contacts 20 may remain outside material 14 at surface 18 and may

therefore be accessed without embedding electrical lines in material 14. The electrical

contacts may be applied with forward bias using external electrical lines or directly from a

printed circuit board 26. In this embodiment, board 26 may be made, at least in part, of

heat-conducting material so as to facilitate evacuation of heat away from light source 12.

When the heat evacuation by board 26 is sufficient, light source 12 may be embedded

without thermal isolating encapsulation 24.

As stated, waveguide material 14 is capable of propagating and diffusing the light

until it exits though surface 16 or a portion thereof. It will be appreciated that this ability of

the waveguide material, combined with the high light yield and efficient optical coupling

between the embedded light sources and the waveguide material, provides apparatus 10

with properties suitable for many applications.

As is further detailed herein, there are many alternatives for construction of the

waveguide material that provide flexibility in its design. In particular, the waveguide

material may be tailored according to the desired optical properties of the waveguide. Thus,

the distribution of light sources within the waveguide material and/or the optical properties

of the waveguide material may be selected to provide the most suitable illumination for the

specific application for which apparatus 10 is used. More specifically, apparatus 10 may

provide illumination at a predetermined light profile, which is manifested by a

predetermined intensity profile, predetermined brightness profile, and/or predetermined

color profile. Such an illumination apparatus may therefore provide high light quality in

terms of brightness, intensity, and/or color profiles.

For example, light sources emitting different colors of light (i.e., light sources

having different characteristic emission spectra, which may or may not have spectral



overlaps therebetween), for example two, three, or more different colors, may be distributed

in the waveguide such that surface 16 emits light at a predetermined light profile.

Additionally, the optical properties of the waveguide material may be made local and

wavelength-dependent according to the predetermined light profile. More specifically,

according to the presently preferred embodiment of the invention, different regions in the

waveguide material have a different response to different light spectra.

In various exemplary embodiments of the invention, apparatus 10 includes one or

more photoluminescent materials 30 coating surface 16 or a portion thereof.

Photoluminescent material 30 may include or consist essentially of, e.g., a phosphor or a

fluorophore. In a preferred embodiment, photoluminescent material 30 is disposed or

dispersed within a phosphor-encapsulating material having an index of refraction less than

the index of refraction of waveguide material 14. For example, waveguide material 14 may

include or consist essentially of polymethylmethacrylate (PMMA) having an index of

refraction of approximately 1.5, and photoluminescent material 30 may be disposed within a

phosphor-encapsulating material including or consisting essentially of silicone having an

index of refraction of approximately 1.4. The phosphor-encapsulating material may be

present as a discrete layer, "foil," or "module" disposed on at least a portion of apparatus 10

(e.g., on surface 16, as shown in Figures 2a and 2b), or may be disposed within apparatus

10. In various embodiments, the phosphor-encapsulating material is disposed over but not

in optical contact with apparatus 10 (e.g., with surface 16). The phosphor-encapsulating

material may be disposed in mechanical contact with apparatus 10, but, e.g., an optical

adhesive may not be utilized, thereby leaving an air gap (having a thickness on the

micrometer scale) therebetween. The air gap facilitates light entering the phosphor-

encapsulating material having been out-coupled from apparatus 10 (e.g., as described

below) by design rather than due to any index of refraction difference between the

phosphor-encapsulating material and waveguide material 14.

In other embodiments, photoluminescent material 30 is not disposed directly on light

source 12. Rather, as described further below, the photoluminescent material (e.g., in the

form of particles and/or layer(s)) is disposed within or above apparatus 10 some distance

away from light source 12 (including, e.g., disposed proximate and/or in direct contact with



an encapsulant around light source 12). In preferred embodiments, the photoluminescent

material 30 is outside the direct line-of-sight of light source 12, as detailed below.

The term "photoluminescent material" is commonly used herein to describe one or a

plurality of photoluminescent materials (which exhibit, for example, chemoluminescence,

fluorescence, and/or phosphorescence), e.g., in layered or mixed form. Additionally, a

photoluminescent material may comprise one or more types of photoluminescent molecules.

In any event, a photoluminescent material is characterized by an absorption spectrum (i.e., a

range of wavelengths of light which may be absorbed by the photoluminescent molecules to

effect quantum transition to a higher energy level) and an emission spectrum (i.e., a range of

wavelengths of light which are emitted by the photoluminescent molecules as a result of

quantum transition to a lower energy level). The emission spectrum of the

photoluminescent layer is typically wider and shifted relative to its absorption spectrum.

The difference in wavelength between the apex of the absorption and emission spectra of

the photoluminescent material is referred to as the Stokes shift of the photoluminescent

material.

The absorption spectrum of photoluminescent material 30 preferably overlaps the

emission spectrum of at least one of light sources 12. More preferably, for each

characteristic emission spectrum of an embedded light source, there is at least one

photoluminescent material having an absorption spectrum overlapping the emission

spectrum the light source. According to a preferred embodiment of the present invention,

the apex of the light source's emission spectrum lies in the spectrum of the

photoluminescent material, and/or the apex of the photoluminescent material's absorption

spectrum lies in the spectrum of the light source.

Photoluminescent material 30 serves to "convert" the wavelength of a portion of the

light emitted by light sources 12. More specifically, for each photon that is successfully

absorbed by material 30, a new photon is emitted. Depending on the type of

photoluminescent material, the emitted photon may have a wavelength which is longer or

shorter than the wavelength of the absorbed photon. Photons that do not interact with

material 30 may propagate therethrough. The combination of converted light and non-

converted light preferably forms the light profile of apparatus 10.



Phosphors are widely used for coating individual LEDs, typically in the white LED

industry. However, photoluminescent materials covering an illuminating surface of a

waveguide material such as the waveguide material of the present embodiments have not

been employed. An advantage of using material 30 over waveguide material 14, as opposed

to on each individual light source 12, is that waveguide material 14 first diffuses the light

and thereafter emits it through surface 16. Thus, instead of collecting light from a point

light source (e.g., an LED), material 30 collects light from a surface light source having a

predetermined area (surface 16 or a portion thereof). This configuration allows better

control of the light profile provided by apparatus 10.

Other configurations of photoluminescent material 30 may also enable uniform

illumination of substantially white light from apparatus 10. Referring to Figure 2c, in an

embodiment, photoluminescent material 30 is disposed at the interface between

encapsulation 24 and waveguide material 14; alternatively, photoluminescent material 30

may be integrated (e.g., dispersed) within the encapsulation 24. In either case, light

unconverted by photoluminescent material 30 passes therethrough and mixes with the

portion of the light emitted by light source 12 converted by photoluminescent material 30,

thus forming substantially white light that is emitted from at least a portion of surface 16.

Moreover, the presence of photoluminescent material 30 at the interface between

encapsulation 24 and waveguide material 14 may decrease or substantially eliminate

deleterious back-scattering at the interface.

Figure 2d illustrates an embodiment in which a layer of photoluminescent material

30 is disposed within waveguide material 14 between light source 12 and surface 16. In

such embodiments, the layer of photoluminescent material 30 may be produced by, for

example, deposition before a final upper layer of waveguide material 14 is applied, and may

be disposed at any level between light source 12 and surface 16, including proximate (and

even in direct physical contact with) surface 16. At least a portion of photoluminescent

material 30 may be within a direct line-of-sight of light source 12.

Referring to Figures 2e and 2f, photoluminescent material 30 may be formed as part

of the "matrix" of waveguide material 14, thereby being distributed throughout substantially

all of waveguide material 14. For example, molecules of photoluminescent material may be



dissolved or dispersed (Figure 2e), or particles of photoluminescent material may be

dispersed (Figure 2f), within the waveguide material 14 (or components thereof) prior to

curing the material into a solid form of waveguide material 14. Because the composite

waveguide and photoluminescent material may be applied as a coating or molded in a single

step, devices based on this configuration may be less complicated to fabricate than, for

example, configurations including localized layer(s) of photoluminescent material 30. In

the embodiment illustrated in Figure 2f, the particles of photoluminescent material 30 may

also function as an impurity 70 (as described below with reference to Figures 7a and 7b).

Many types of phosphorescent and fluorescent substances are suitable for

photoluminescent material 30. Representative examples include, without limitation, the

phosphors disclosed in U.S. Patent Nos. 5,813,752, 5,813,753, 5,847,507, 5,959,316,

6,155,699, 6,351,069, 6,501,100, 6,501,102, 6,522,065, 6,614,179, 6,621,211, 6,635,363,

6,635,987, 6,680,004, 6,765,237, 6,853,131, 6,890,234, 6,917,057, 6,939,481, 6,982,522,

7,015,510, 7,026,756, 7,045,826, and 7,005,086, the entire disclosure of each of which is

incorporated by reference herein.

The various possible light profile options make the apparatus of the present

embodiments suitable for providing illumination in many applications. Representative

examples of uses of apparatus 10, include, without limitation, architectural highlighting,

decorative lighting, medical lighting, signage for displaying commercial or decorative

expressions, visual guidance (e.g., landing strips, aisles), displays, exhibit lighting, roadway

lighting, automotive lighting, and the like. In certain embodiments, the flexibility of the

waveguide material makes apparatus 10 attachable to many surfaces, including, without

limitation, walls of a building (either external or internal), windows, boxes (e.g., jewelry

boxes), toys, and the like.

Although apparatus 10 may be designed to provide any light profile, for many

applications it is desired to construct apparatus 10 to provide substantially uniform

illumination. The apparatus of the present embodiments may provide illumination

characterized by a uniformity of at least 70 %, more preferably at least 80 %, even more

preferably at least 90 %. This is particularly useful when apparatus 10 is incorporated in a

backlight unit of a passive display device.



White light illumination may be provided in more than one way. In one

embodiment, the waveguide material is embedded with red light sources, green light

sources, blue light sources, and optionally light sources of other colors (e.g., orange, yellow,

green-yellow, cyan, amber, blue-violet) that are distributed such that the combination of red

light, green light, blue light, and optionally light in the other colors appears as substantially

uniform white light across the area of surface 16 or a portion thereof.

In another embodiment, material 30 converts the light emitted by light sources 12 to

substantially white light, e.g., using a dichromatic, trichromatic, tetrachromatic, or

multichromatic approach.

For example, a blue-yellow dichromatic approach may be employed, in which blue

light sources (e.g., bare dies of InGaN with a peak emission wavelength at about 460 nm),

may be distributed in waveguide material 14, and material 30 may be made of phosphor

molecules with absorption spectra in the blue range and emission spectra extending to the

yellow range (e.g., cerium-activated yttrium aluminum garnet, or strontium silicate

europium). Since the scattering angle of light sharply depends on the frequency of the light

(fourth-power dependence for Rayleigh scattering, or second-power dependence for Mie

scattering), the blue light generated by the blue light sources is efficiently diffused in the

waveguide material and exits, substantially uniformly, through surface 16 into layer 30.

Material 30, which has no preferred directionality, emits light in its emission spectrum and

complements the blue light which is not absorbed to white light.

In other dichromatic configurations, ultraviolet light sources (e.g., bare dies of GaN,

AlGaN and/or InGaN with a peak emission wavelengths between 360 nm and 420 nm), may

be distributed in waveguide material 14. Light of such ultraviolet light sources is efficiently

diffused in the waveguide material and exits, substantially uniformly, through surface 16.

To provide substantially white light, two photoluminescent layers are preferably disposed

on surface 16. One layer may be characterized by an absorption spectrum in the ultraviolet

range and emission spectrum in the orange range (with peak emission wavelength from

about 570 nm to about 620 nm), and another layer characterized by an absorption spectrum

in the ultraviolet range and emission spectrum in the blue-green range (with peak emission

wavelength from about 480 nm to about 500 nm). The orange light and blue-green light



emitted by the two photoluminescent layers blend to appear as white light to an observer.

Since the light emitted by the ultraviolet light sources is above or close to the end of visual

range, it is not seen by the observer. The two photoluminescent layers are preferably

disposed one on top of the other (in direct physical contact) to improve the uniformity.

Alternatively, a single layer having two types of photoluminescent materials with the above

emission spectra may be utilized.

In another embodiment, a trichromatic approach is employed. For example, blue

light sources may be distributed in the waveguide material as described above, with two

photoluminescent layers deposited on surface 16. A first photoluminescent layer may

include or consist essentially of phosphor molecules with absorption spectra in the blue

range and emission spectra extending to the yellow range as described above, and a second

photoluminescent layer may include or consist essentially of phosphor molecules with

absorption spectra in the blue range and emission spectra extending to the red range (e.g.,

cerium-activated yttrium aluminum garnet doped with a trivalent ion of praseodymium, or

europium-activated strontium sulphide). The unabsorbed blue light, the yellow light, and

the red light blend to appear as white light to an observer.

Also contemplated is a configuration is which light sources with different emission

spectra are distributed and several photoluminescent layers are utilized, such that the

absorption spectrum of each photoluminescent layer overlaps one of the emission spectra of

the light sources, and all of the emitted colors (of the light sources and the photoluminescent

layers) blend to appear as white light. The advantages of such a multi-chromatic

configuration are that it provides high-quality white balance because it allows better control

on the various spectral components of the light in a local manner across the surface of the

illumination apparatus, and delivers a high color rendering index (CRI) for general lighting

applications.

The color composite of the white output light may depend on the intensities and

spectral distributions of the emanating light emissions. These depend on the spectral

characteristics and spatial distribution of the light sources, and, in the embodiments in

which one or more photoluminescent layers are employed, on the spectral characteristics of

the photoluminescent layer(s) and the amount of unabsorbed light. The amount of light that



is unabsorbed by the photoluminescent layer(s) is in turn a function of the thickness of the

photoluminescent layer(s), the density of photoluminescent material(s), and the like. By

judiciously selecting the emission spectra of light source 12 and optionally the thickness,

density, and spectral characteristics (absorption and emission spectra) of material 30,

apparatus 10 may be made to serve as an illumination surface (either planar or non planar,

either stiff or flexible) that provides substantially uniform white light.

In any of the above embodiments, the "whiteness" of the light may be tailored

according to the specific application for which apparatus 10 is used. For example, when

apparatus 10 is incorporated as a backlight of an LCD device, the spectral components of

the light provided by apparatus 10 may be selected in accordance with the spectral

characteristics of the color filters of the liquid-crystal panel. In other words, since a typical

liquid-crystal panel comprises an arrangement of color filters operating at a plurality of

distinct colors, the white light provided by apparatus 10 includes at least the distinct colors

of the filters. This configuration significantly improves the optical efficiency as well as the

image quality provided by the LCD device, because the optical losses due to mismatch

between the spectral components of the backlight unit and the color filters of the liquid

crystal panel are reduced or eliminated.

Thus, in an embodiment in which white light is achieved by light sources emitting

different colors of light (e.g., red light, green light, and blue light), the emission spectra of

the light sources are preferably selected to substantially overlap the characteristic spectra of

the color filters of an LCD panel. In an embodiment in which apparatus 10 is supplemented

by one or more photoluminescent layers, the emission spectra of the photoluminescent

layers and, optionally, the emission spectrum or spectra of the light sources, are preferably

selected to overlap the characteristic spectra of the color filters of an LCD panel. Typically,

the overlap between a characteristic emission spectrum and a characteristic filter spectrum is

about 70 % spectral overlap, more preferably about 80 % spectral overlap, even more

preferably about 90 %.

Reference is now made to Figure 3, which is a section view along line A-A of Figure

Ia, according to a preferred embodiment in which apparatus 10 includes a structured film

34. Structured film 34 may be, for example, a brightness-enhancement film, and it may be



disposed on or embedded in waveguide material 14. Film 34 collimates the light emitted

from light sources 12, thereby increasing the brightness of the illumination provided by

apparatus 10. This embodiment is particularly useful when apparatus 10 is used for a

backlight of an LCD device. The increased brightness enables a sharper image to be

produced by the liquid-crystal panel and allows operating the light sources at low power to

produce a selected brightness. The structured film may operate according to principles and

operation of prisms. Thus, light rays arriving at the structured film at small angles relative

to the normal to the structured film are reflected, while other light rays are refracted. The

reflected light rays continue to propagate and diffuse in the waveguide material until they

arrive at the structured film at a sufficiently large angle. In an embodiment in which

apparatus 10 includes a reflecting surface 32 it prevents the light which is reflected from

film 34 from exiting through surface 18. Structured films are known in the art and are

found in the literature, see, e.g., International Patent Application Publication No. WO

96/023649, the entire disclosure of which is incorporated by reference herein.

Reference is now made to Figure 4, which is a fragmentary view schematically

illustrating an embodiment in which apparatus 10 includes one or more optical elements 36

embedded waveguide material 14 for enhancing the diffusion of light. One skilled in the art

will recognize that several components of apparatus 10 have been omitted from Figure 4 for

clarity of presentation. Element 36 may be embedded in material 14 near surface 16 or at

any other location.

In various exemplary embodiments of the invention, element 36 operates as an

angle-selective light-transmissive element. Specifically, element 36 is preferably

configured to reflect light striking element 36 at a predetermined range of angles (e.g., ± 10°

from the normal to surface 16), and transmit light striking element 36 at other angles.

Element 36 may be a mini prism, a structured surface similar to surface 34 above, a

microlens, or the like. Element 36 may be embedded in material 14 during the

manufacturing process of material 14 in parallel to the embedding of light source 12 or any

other component. The size of element 36 may be selected to allow the collection of light

rays at the predetermined range of angles and therefore may depend on the distance between

surface 16 and light source 12. Thus, in embodiments in which light source 12 is embedded



near surface 18, element 36 has a larger size compared to its size in embodiments in which

light source 12 is embedded in the bulk of material 14.

Reference is now made to Figure 5, which is a block diagram schematically

illustrating a liquid crystal display device 40, according to various exemplary embodiments

of the present invention. Device 40 may include or consist essentially of a liquid-crystal

panel 42 and a backlight unit 44. Backlight unit 44 may include or consist essentially of

illumination apparatus 10 as further detailed hereinabove. Several components of apparatus

10 have been omitted from Figure 5 for clarity of presentation, but one of ordinary skill in

the art, provided with the details described herein, would know how to construct apparatus

10 according to the various exemplary embodiments described above.

Panel 42 may include a matrix of thin-film transistors 46 fabricated on a substrate

48 of glass or another substantially transparent material. A liquid-crystal film 50 may be

disposed over substrate 48 and transistors 46. A polarizer 56 may be disposed on a

backside of substrate 48. Transistors 16 may be addressed by gate lines (not shown)

disposed on the substrate 48 during the fabrication of transistors 16 as is well known in the

art. Each particular transistor conducts electrical current and may charge film 50 in its

vicinity. The charging of the liquid-crystal film alters the opacity of the film, and effects a

local change in light transmission of the liquid-crystal film 20. Hence, transistors 16 define

display cells 52 (e.g., pixels) in liquid-crystal film 50. Typically, the opacity of each

display cell is changed to one of several discrete opacity levels to implement an intensity

gray scale. Thus, the display cells serve as grayscale picture elements. However, pixel

opacity also may be controlled in a continuous analog fashion or a digital (on/off) fashion.

Color-selective filters 54 may be distributed on cells 52 across the display area of

panel 42 to produce a color display. Typically, but not obligatorily, there are three types of

color filters (designated in Figure 5 by 54a, 54b, and 54c) where each filter allows

transmission of one of the three primary additive colors: red, green and blue. The

schematic block diagram of Figure 5 illustrates a single three-component cell that includes

a first component color (e.g., red output by cell 52 covered by filter 54a), a second

component color (e.g., green output by cell 52 covered by filter 54b), and a third



component color (e.g., blue output by the cell 52 covered by the filter 54c), which are

selectively combined or blended to generate a selected color.

In operation, backlight unit 44 may produce a substantially uniform white

illumination as detailed above, and polarizer 56 may optimize the light polarization with

respect to polarization properties of liquid-crystal film 20. The opacity of the cells 52 may

be modulated using transistors 46 as detailed above to create a transmitted light intensity

modulation across the area of device 40. Color filters 54 may colorize the intensity-

modulated light emitted by the pixels to produce a color output. By selective opacity

modulation of neighboring display cells 52 of the three color components, selected

intensities of the three colors may be blended together to selectively control color light

output. As is known in the art, selective blending of three primary colors such as red,

green, and blue may generally produce a full range of colors suitable for color display

purposes. Spatial dithering may be optionally and preferably used to provide further color

blending across neighboring color pixels

Display device 40 may be incorporated in may applications. Representative

examples include, without limitation, a portable computer system (e.g., a laptop), a

computer monitor, a personal digital assistant system, a cellular communication system

(e.g., a mobile telephone), a portable navigation system, a television system, and the like.

Additional objects, advantages and features of the present embodiments will become

apparent to one ordinarily skilled in the art upon examination of the following examples for

constructing waveguide material 14, which are not intended to be limiting. According to a

preferred embodiment of the present invention, waveguide material 14 includes or consists

essentially of a polymeric material. The polymeric material may optionally include or

consist essentially of a rubbery or rubber-like material. According to a preferred

embodiment of the present invention, material 14 is formed by dip-molding in a dipping

medium, for example, a hydrocarbon solvent in which a rubbery material is dissolved or

dispersed. The polymeric material optionally and preferably has a predetermined level of

cross-linking, which is preferably between particular limits. The cross-linking may

optionally be physical cross-linking, chemical cross-linking, or a combination thereof. A

non-limiting illustrative example of a chemically cross-linked polymer includes or consists



essentially of cross-linked polyisoprene rubber. A non-limiting illustrative example of a

physically cross-linked polymer includes or consists essentially of cross-linked block c o

polymers or segmented co-polymers, which may be cross-linked due to micro-phase

separation, for example. Material 14 is optionally cross-linked through application of

radiation, such as, but not limited to, electron-beam radiation and/or electromagnetic

radiation.

Although not limited to rubber itself, the material optionally and preferably has the

physical characteristics of rubber, such as parameters relating to tensile strength and

elasticity, which are well known in the art. For example, material 14 is preferably

characterized by a tensile set value below approximately 5 %. The tensile set value

generally depends on the degree of cross-linking and is a measure of the ability of flexible

material 14, after having been stretched either by inflation or by an externally applied force,

to return to its original dimensions upon deflation or removal of the applied force.

The tensile set value may be determined, for example, by placing two reference

marks on a strip of material 14 and noting the distance between them along the strip,

stretching the strip to a certain degree (for example, by increasing its elongation to

approximately 90 % of its expected ultimate elongation), holding the stretch for a certain

period of time, e.g., one minute, then releasing the strip and allowing it to return to its

relaxed length, and re-measuring the distance between the two reference marks. The tensile

set value is then determined by comparing the measurements before and after the stretch,

subtracting one from the other, and dividing the difference by the measurement taken before

the stretch. In a preferred embodiment, using a stretch of approximately 90% of its

expected ultimate elongation and a holding time of one minute, the preferred tensile set

value is less than approximately 5%. Also contemplated are materials having about 30 %

plastic elongation and less then approximately 5 % elastic elongation.

The propagation and diffusion of light through material 14 may be done in any way

known in the art, such as, but not limited to, total internal reflection, graded refractive index,

and band gap optics. Additionally, polarized light may be used, in which case the

propagation of the light may be facilitated by virtue of the reflective coefficient of material



14. For example, a portion of material 14 may be made of a dielectric material having a

reflective coefficient sufficient to trap the light within at least a predetermined region.

In any event, material 14 is preferably designed and constructed such that at least a

portion of the light propagates therethrough in a plurality of directions, so as to allow the

diffusion of the light in material 14 and the emission of the light through more than one

point in surface 16.

Reference is now made to Figures 6a-6b, which illustrate material 14 in an

embodiment in which total internal reflection is employed. In this embodiment material 14

includes or consists essentially of a first layer 62 and a second layer 64. Preferably, the

refractive index of layer 66, designated in Figures 6a-6b by n
1

is smaller than the refractive

index n2 of layer 64. In such a configuration, when the light, shown generally at 58,

impinges on internal surface 65 of layer 64 at an impinging angle θ, which is larger than the

critical angle, θc ≡ sin (ni/n2), the light energy is trapped within layer 64, and the light

propagates therethrough at a predetermined propagation angle, α. Figures 6b-6c

schematically illustrate embodiments in which material 14 has three layers, 62, 64 and 66,

where layer 64 is interposed between layer 62 and layer 66. In such embodiments, the

refractive indices of layers 62 and 64 are smaller than the refractive index of layer 64. As

shown, light source 12 may be embedded in layer 64 (see Figure 6b) or it may be embedded

in a manner such that it extends over more than one layer (e.g., layers 62 and 64; see Figure

6c).

The light may also propagate through waveguide material 14 when the impinging

angle is smaller than the critical angle, in which case one portion of the light is emitted and

the other portion thereof continues to propagate. This is the case when material 14 includes

or consists essentially of dielectric or metallic materials, where the reflective coefficient

depends on the impinging angle θ.

The propagation angle α, is approximately +(π/2- θ), in radians α depends on the

ratio between the indices of refraction of the layers. Specifically, when n2 is much larger

than ni, α is large, whereas when the ratio n2/ni is close to, but above, unity, α is small.

According to a preferred embodiment of the present invention, the thicknesses of the layers



of material 14 and the indices of refraction are selected such that the light propagates in a

predetermined propagation angle. A typical thickness of each layer is from about 10 µm to

about 3 mm, more preferably from about 50 µm to about 500 µm, most preferably from

about 100 µm to about 200 µm. The overall thickness of material 14 may depend on the

height of light source 12. For example, when light source 12 is an LED device of size

0.6 mm (including the LED package), the height of material 14 is preferably from about

0.65 mm to about 0.8 mm. When light source 12 is a bare die of size 0.1 mm, the height of

material 14 is preferably from about 0.15 mm to about 0.2 mm.

The difference between the indices of refraction of the layers is preferably selected

in accordance with the desired propagation angle of the light. According to a preferred

embodiment of the present invention, the indices of refraction are selected such that

propagation angle is from about 2 degrees to about 15 degrees. For example, layer 64 may

be made of poly(cis-isoprene), having a refractive index of about 1.52, and layers 62 and 66

may be made of Poly(dimethyl siloxane) having a refractive index of about 1.45, so that

∆n ≡ n2 - ni 0.07 and n2/ni 0.953, corresponding to a propagation angle of about ±19

degrees.

The emission of the light from surface 16 of material 14 may be achieved in more

than one way. Broadly speaking, one or more of the layers of waveguide material 14

preferably include at least one additional component 71 (not shown, see Figures 7a-7d)

designed and configured so as to allow the emission of the light through the surface.

Following are several examples for the implementation of component 71, which are not

intended to be limiting.

Referring to Figure 7a, in one embodiment, component 71 is implemented as at least

one impurity 70, present in second layer 64 and capable of emitting light, so as to change

the propagation angle of the light. Impurity 70 may serve as a scatterer, which, as stated,

may scatter radiation in more than one direction. When the light is scattered by impurity 70

in such a direction that the impinging angle θ, which is below the aforementioned critical

angle θc, no total internal reflection occurs and the scattered light is emitted through surface

16. According to a preferred embodiment of the present invention, the concentration and



distribution of impurity 70 is selected such that the scattered light is emitted from a

predetermined region of surface 16. More specifically, in regions of waveguide material 14

where larger portions of the propagated light are to be emitted through the surface, the

concentration of impurity 70 is preferably large, while in regions where a small portion of

the light is to be emitted the concentration of impurity 70 is preferably smaller.

As will be appreciated by one ordinarily skilled in the art, the energy trapped in

waveguide material 14 decreases each time a light ray is emitted through surface 16. On the

other hand, it is often desired to use material 14 to provide a uniform surface illumination.

Thus, as the overall amount of energy decreases with each emission, a uniform surface

illumination may be achieved by gradually increasing the ratio between the emitted light

and the propagated light. According to a preferred embodiment of the present invention, the

increasing emitted/propagated ratio is achieved by an appropriate selection of the

distribution of impurity 70 in layer 64. More specifically, the concentration of impurity 70

is preferably an increasing function (e.g., step-wise or continuous) of the optical distance

which the propagated light travels.

Optionally, impurity 70 may include or consist essentially of any object that scatters

light and that is incorporated into the material, including but not limited to, beads, air

bubbles, glass beads or other ceramic particles, rubber particles, silica particles and so forth,

any of which may optionally be fluorescent particles or biological particles, such as, but not

limited to, liposomes.

Figure 7b further details the presently preferred embodiment of the invention. In

Figure 7b, impurity 70 is optionally and preferably implemented as a plurality of particles

42, distributed in an increasing concentration so as to provide a light gradient. Particles 42

are preferably organized so as to cause light to be transmitted with substantially lowered

losses through scattering of the light. Particles 42 may optionally be implemented as a

plurality of bubbles in a solid plastic portion, such as a tube. According to a preferred

embodiment of the present invention, the approximate size of particles 42 is selected to

selectively scatter a predetermined range of wavelengths of the light. More specifically,

small particles may scatter small wavelengths and large particles may scatter both small and

large wavelengths.



Particles 42 may also optionally act as filters, for example for filtering out particular

wavelengths of light. Preferably, different types of particles 42 are used at different

locations in waveguide material 14. For example, particles 42 that scatter a particular

spectrum may preferably be used within waveguide material 14, at locations where the

particular wavelength is to be emitted from waveguide material 14 to provide illumination.

According to a preferred embodiment of the present invention, impurity 70 is

capable of producing different optical responses to different wavelengths of the light. The

different optical responses may be realized as different emission angles, different emission

wavelengths, and the like. For example, different emission wavelengths may be achieved

by implementing impurity 70 as beads each having predetermined combination of color-

components, e.g., a predetermined combination of fluorophore molecules.

When a fluorophore molecule embedded in a bead absorbs light, electrons are

boosted to a higher energy shell of an unstable excited state. During the lifetime of excited

state (typically 1-10 nanoseconds) the fluorophore molecule undergoes conformational

changes and is also subject to a multitude of possible interactions with its molecular

environment. The energy of the excited state is partially dissipated, yielding a relaxed

singlet excited state from which the excited electrons fall back to their stable ground state,

emitting light of a specific wavelength. The emission spectrum is shifted towards a longer

wavelength than its absorption spectrum. The difference in wavelength between the apex of

the absorption and emission spectra of a fluorophore (also referred to as the Stokes shift), is

typically small.

Thus, in an embodiment, the wavelength (color) of the emitted light is controlled by

the type(s) of fluorophore molecules embedded in the beads. Other objects having similar

or other light-emission properties may be also be used. Representative examples include,

without limitation, fluorochromes, chromogenes, quantum dots, nanocrystals, nanoprisms,

nanobarcodes, scattering metallic objects, resonance light-scattering objects, and solid

prisms.

Referring to Figure 7c, in another embodiment, component 71 is implemented as one

or more diffractive optical elements 72 that at least partially diffract the light. Thus,

propagated light reaches optical element 72, where a portion of the light energy is coupled



out of material 14, while the remnant energy is redirected through an angle, which causes it

to continue its propagation through layer 64. Optical element 70 may be realized in many

ways, including, without limitation, non-smooth surfaces of layer 64, a mini-prism or

grating formed on internal surface 65 and/or external surface 67 of layer 64. Diffraction

gratings are known to allow both redirection and transmission of light. The angle of

redirection is determined by an appropriate choice of the period of the diffraction grating

often called "the grating function." Furthermore, the diffraction efficiency controls the

energy fraction that is transmitted at each strike of light on the grating. Hence, the

diffraction efficiency may be predetermined so as to achieve an output having predefined

light intensities; in particular, the diffraction efficiency may vary locally for providing

substantially uniform light intensities. Optical element 70 may also be selected such that

the scattered light has a predetermined wavelength. For example, in an embodiment in

which optical element 70 is a diffraction grating, the grating function may be selected to

allow diffraction of a predetermined range of wavelengths.

Referring to Figure 7d, in an additional embodiment, one or more regions 74 of layer

62 and/or layer 66 have different indices of refraction so as to prevent the light from being

reflected from internal surface 65 of second layer 64. For example, denoting the index of

refraction of region 74 by n3, a skilled artisan would appreciate that when n3 > n , no total

internal reflection can take place, because the critical angle θc is only defined when the ratio

n3/n2 does not exceed the value of 1. An advantage of this embodiment is that the emission

of the light through surface 16 is independent on the wavelength of the light.

Referring to Figure 8, apparatus 10 may be shaped as a generally planar sheet, and

may include or consist essentially of three discrete, spatially distinct regions, namely, in-

coupling region 80, propagation region 82, and out-coupling region 84. One or more light

sources 12 are preferably embedded within waveguide material 14, and may be surrounded

by encapsulation 24. Apparatus 10 may also include one or more reflectors 86 which reflect

light emitted by source 12 such that it remains confined within waveguide material 14

except in regions from which light is meant to be emitted, e.g., out-coupling region 84.

Light emitted from source 12 is "coupled" into waveguide material 14 in in-coupling region

80 by, e.g., scattering off of one or more impurities 70. In this manner, light emitted from



source 12 is redirected toward propagation region 82 and/or out-coupling region 84, e.g., in

a direction generally perpendicular to the direction of light emission from light source 12.

Propagation region 82 may be characterized by the near or complete absence of scattering

impurities 70; thus, light merely propagates through propagation region 82 with

substantially no emission through surface 16. Finally, light is emitted from surface 16 in

out-coupling region 84, e.g., in a direction generally perpendicular to the propagation

direction through propagation region 82 and/or generally parallel to a direction of light

emission from light source 12. To this end, out-coupling region 84 may include a plurality

of impurities 70, the size, type, and/or concentration of which may vary as a function of

distance along out-coupling region 84 (as in, for example, Figure 7b). Some or all of

impurities 70 in out-coupling region 84 may include or consist essentially of

photoluminescent material 30 (as further described below). The light emitted from out-

coupling region 84 may be substantially uniform and/or substantially white. Apparatus 10

may additionally include one or more cladding layers (not shown) proximate or in direct

physical contact with surfaces 16 and/or 18. The cladding layer(s) may facilitate prevention

of unwanted light emission from one or more regions of surfaces 16 and/or 18. The

cladding layers may include or consist essentially of a phosphor-encapsulating material (as

described above), and may only contain a photoluminescent material 30 over out-coupling

region 84 (such that only out-coupled light is partially or entirely color shifted, as described

below) - in other regions, the cladding layer(s) may be substantially clear. In some

embodiments, the cladding, including or consisting essentially of a phosphor-encapsulating

material, is present only over the out-coupling region 84.

As depicted in Figure 8, an apparatus 10 having in-coupling region 80, propagation

region 82, and out-coupling region 84 may also incorporate photoluminescent material 30 in

any one or more of several possible configurations. While Figure 8 depicts several of these

configurations, embodiments of the invention may incorporate any of the configurations of

photoluminescent material 30 singly or in combination with any number of others.

Analogous to the configurations depicted in Figures 2a-2f, photoluminescent material 30

may be disposed at an interface between encapsulation 24 and waveguide material 14 and/or

as a distinct layer or region within any portion of waveguide material 14 between light



source 12 and surface 16 in out-coupling region 84. In other embodiments,

photoluminescent material 30 may be present in the form of, e.g., particles, for example in

out-coupling region 84. In such embodiments, photoluminescent material 30 may also

facilitate the out-coupling of light through surface 16 in out-coupling region 84. In yet other

embodiments (not pictured in Figure 8 for clarity), photoluminescent material 30 may form

a portion of the waveguide material 14 matrix (as also depicted in Figure 2e) in any one or

more of in-coupling region 80, propagation region 82, and out-coupling region 84. In any

of the above-described embodiments of the invention, a portion or substantially all of

photoluminescent material 30 may be within a direct line-of-sight of light source 12.

Generally, photoluminescent material 30 may be disposed within waveguide material 14 in

any one or more of in-coupling region 80, propagation region 82, and out-coupling region

84.

The configurations and locations of photoluminescent material 30 described herein

may improve, e.g., the quantum efficiency (or other performance metric) thereof, and also

enable the use of particular photoluminescent materials 30 that may degrade when the

material is exposed to elevated temperatures, e.g., temperatures greater than approximately

50 0C. Such placement(s) of photoluminescent material 30 prevents the temperature of the

material from rising (or rising detrimentally) during operation due to, e.g., heat given off by

light source 12 — i.e., the photoluminescent material is disposed sufficiently remotely from

the light source so as to be substantially unaffected by heat emitted by the light source.

Instead, the temperature of at least a portion of photoluminescent material 30 may generally

remain at the ambient temperature of the surroundings of apparatus 10 (e.g., at a room

temperature of approximately 25 0C), or at least at a temperature less than approximately 50

0C. The temperature of photoluminescent material 30 during operation of apparatus 10 may

depend on the specific structure of, e.g., board 26 or a heat sink or heat spreader located

beneath light source 12. Examples of desirable photoluminescent materials 30 include (Y,

Gd)AG:Ce materials.

In an embodiment, the quantum efficiency of photoluminescent material 30 is only

stable up to a temperature of approximately 50 0C. However, in many configurations the

temperature of the material remains lower than this level due to its placement within



apparatus 10 (including, e.g., remotely located with respect to light source 12). In various

embodiments, photoluminescent material 30 includes or consists essentially of one or more

electroluminescent materials rather than (or in addition to) photoluminescent materials.

Such electroluminescent materials may include or consist essentially of quantum dot

materials and/or organic LED (OLED) materials. Suitable quantum dots may include or

consist essentially of cadmium selenide.

During assembly of apparatus 10, elevated temperatures capable of damaging (e.g.,

degrading the quantum efficiency, mechanical structure, and/or chemical structure of)

photoluminescent material 30 are often required when affixing or embedding light source 12

into apparatus 10. Judicious location of photoluminescent material 30 enables it to be

provided within apparatus 10 prior to the addition of light source 12, thereby avoiding such

damage. Furthermore, as noted above, the distance between the material 30 and the light

source 12 may prevent the elevated temperatures from damaging the photoluminescent

material during operation.

One deleterious effect that may occur when color shifting (or "converting" light

from one wavelength to another) with a photoluminescent material is a loss of illumination

efficacy due to one or more of three principal loss mechanisms. First, illumination efficacy

may be lost due to Stokes-shift loss, which is the amount of energy lost when light is

converted from a shorter wavelength to a longer one. Second, loss may arise from

quantum-efficiency loss, i.e., a decrease in the number of photons emitted at the converted

(e.g., longer) wavelength compared to the number of photons absorbed by the

photoluminescent material. Finally, efficacy may be lost via scattering losses resulting from

light being backscattered from the photoluminescent material and absorbed by the device

package. Problematically, the use of some photoluminescent materials for color shifting

may increase the magnitude of these losses, particularly when large amounts of the

materials are utilized.

In various embodiments, apparatus 10 has a high color-rendering index (CRI)

without significant decreases in illumination efficacy. In some embodiments, a high CRI is

facilitated by color shifting via a thin layer (preferably having a thickness less than

approximately 200 µm) that includes photoluminescent material 30 in the form of particles.



The particles may have average diameters ranging from approximately 0.5 µm to

approximately 50 µm. The thin layer may be located at, e.g., any of the various locations

indicated for photoluminescent material 30 in Figures 2a-2d, 8, and 9. Such layers typically

have very high quantum efficiency, minimizing quantum-efficiency losses. The

photoluminescent material 30 tends to be dispersed over a fairly large area (e.g., compared

with the thickness of the thin layer), decreasing the amount of energy absorption (and thus

heat production) in the individual particles of photoluminescent material 30. Thus,

photoluminescent material 30 exhibits small amounts of the heating that tends to reduce

quantum efficiency.

Apparatus 10 may include a photoluminescent material 30 that includes or consists

essentially of a plurality of quantum dots and/or nano-size phosphor particles. As utilized

herein, "nano-size phosphor particles" refers to particles of photoluminescent material

having an average diameter of less than approximately 1 µm, and more typically less than

approximately 100 nm. The quantum dots utilized in various embodiments of the invention

are generally crystalline semiconductor-based particles having an average diameter of less

than approximately 1 µm, and more typically less than approximately 100 nm. In some

embodiments, the quantum dots have average diameters ranging between approximately 5

nm and approximately 7 nm.

The use of quantum dots and/or nano-size phosphor particles as a photoluminescent

material increases the CRI of apparatus 10 without significant decreases in illumination

efficacy primarily because scattering losses are minimized. So long as the quantum dots

and/or nano-size phosphor particles have an average diameter smaller than the wavelength

of the incident light to be converted, scattering losses are generally minimal or absent

entirely. However, the use of nano-size phosphor particles may lead to increased quantum-

efficiency losses due to the large surface area-to-volume ratio of the particles, as well as the

fact that surface states of these particles tend to be non-radiative (and thus do not contribute

to light emission). However, various embodiments of the invention utilize nano-size

phosphor particles having average diameters of less than approximately 3 nm, or even less

than approximately 2 nm. As the average diameter of the particles decreases to such values,



quantum efficiency thereof actually rises significantly, and quantum-efficiency losses are

advantageously minimized.

Thus, embodiments of the invention feature a photoluminescent material 30 that

includes or consists essentially of a plurality of quantum dots and/or nano-size phosphor

particles. The nano-size phosphor particles may have average diameters less than

approximately 3 nm, or even less than approximately 2 nm. The photoluminescent material

30 including or consisting essentially of the quantum dots and/or nano-size phosphor

particles may be present in apparatus 10 either instead of or in addition to any of the other

types of photoluminescent material 30 described herein. For example, apparatus 10 may

include a layer of photoluminescent material 30 including or consisting essentially of

quantum dots and/or nano-size phosphor particles formed proximate and/or in direct contact

with a layer of a different photoluminescent material 30. The photoluminescent material 30

including or consisting essentially of quantum dots and/or nano-size phosphor particles may

also be dispersed among another photoluminescent material 30 present in the form of

scattering particles (as described above). Apparatus 10 including a photoluminescent

material 30 in the form of quantum dots and/or nano-size phosphor particles generally has a

larger CRI than an equivalent illumination apparatus lacking such a photoluminescent

material or including only a photoluminescent material in the form of larger particles or

discrete layer(s).

The utilization of various types of photoluminescent material 30 (including, but not

limited to quantum dots and/or nano-size phosphor particles) may also increase the CRI of

an apparatus 10 including multiple light sources 12. In various schemes, color-mixing

multiple light sources to form, e.g, white light, results in low CRI values. For example,

color mixing with red, green, and blue LEDs typically results in CRI values of only 20-30

(on the CRI scale of 100). Generally, for illumination a light source should have a CRI of

greater than approximately 70.

In various embodiments, apparatus 10 includes multiple light sources 12, and at least

two, or even three, of the light sources 12 each emits light of a different wavelength (e.g., of

a different visible color) from that emitted by the other light source(s) 12. For example,

apparatus 10 may include light sources 12 emitting red, green, and blue light, and may



include one or more of each. Apparatus 10 also includes a photoluminescent material 30

that color shifts a portion of the light emitted from one or more of light sources 12. The

color-shifted light combines with the light emitted from light sources 12 (including any

remaining light color-shiftable by photoluminescent material 30 but not color shifted

thereby, as well as any light not color-shiftable by photoluminescent material 30) to form

light having a CRI value greater than 70, or even greater than 80. The mixture of light

emitted from light sources 12 may be substantially white light even without the interaction

with photoluminescent material 30, and may be substantially white thereafter (but with a

higher CRI value). In an embodiment, apparatus 10 includes light sources emitting red,

green, and blue light, and at least a portion of the blue light is converted into yellow light by

photoluminescent material 30, thus forming white light with a high CRI value.

In order to increase color uniformity (i.e., uniformity of the color coordinates of

emitted light arising from the mixing of the light of individual light sources emitting at

different colors), typical schemes utilize LEDs that must be precisely wavelength-matched,

requiring expensive and time-consuming "binning" procedures to individually select sets of

LEDs. The binning procedures generally must select LEDs having wavelengths within

approximately 5 nm of each other to form color-mixed light sources having repeatable

uniformity values. Unfortunately, even such painstaking procedures may eventually fail, as

the emission wavelength of light sources such as LEDs may change during the lifetime of

the light source.

Such embodiments of the invention may be utilized to form a plurality of

apparatuses 10 that emit light having substantially similar, or even identical, color

coordinates and/or CRI values, even though the individual light sources 12 therein emit light

at wavelengths differing by more than approximately 10 nm. For example, a first apparatus

10 may include red-, green-, and blue-emitting light sources 12, and a second apparatus 10

may include red-, green-, and blue-emitting light sources 12, at least one (or even all) of

which emit at wavelength different by more than approximately 10 nm than that emitted by

the corresponding light source in the first apparatus 10. However, both the first and second

apparatuses 10 emit light (e.g., substantially white light) having color coordinates values

differing by no more than 10%, no more than 5%, no more than 1%, or even less. The color



coordinates values of each apparatus 10 may be the (x,y) chromaticity parameters, as

defined by the standard of the International Commission on Illumination (CIE), which are

functions of the CIE tristimulus values (X, Y, Z). The respective x and y parameters for

each apparatus preferably differ by no more than 10%, no more than 5%, no more than 1%,

or even less. Further, the respective x and y parameters for each apparatus may differ by no

more than 0.002. Such repeatability is advantageously achieved via the use of

photoluminescent material 30 - the color mixing thereby "blurs" the difference in individual

wavelengths by the addition of compensating color-shifted light. Each light source 12 may

emit light having a "spread" or spectrum of wavelengths, and the wavelength referred to

above may correspond to the emitted wavelength of maximum intensity.

Various embodiments of the present invention feature one or more light sources 12

embedded within in-coupling region 80 of apparatus 10 and photoluminescent material 30

(e.g., in the form of a layer and/or particles) disposed within apparatus 10 outside of the

direct "line-of-sight" from light sources 12. That is, in such embodiments, there is no

direct, straight-line optical path between the light sources 12 and the photoluminescent

material 30; rather, light emitted from light sources 12 reflects from a reflector, a surface, or

an interface within apparatus 10 before reaching the photoluminescent material 30. Thus,

any light striking and being back-reflected from the photoluminescent material 30 will not

propagate directly back into light source 12 (where it could be absorbed, thus reducing

overall light output and conversion efficiency of apparatus 10). Rather, light reflecting from

the photoluminescent material 30 will tend to remain within apparatus 10 and eventually be

reflected back toward out-coupling region 84 to be out-coupled. In some embodiments,

there is substantially no direct line-of-sight between light source 12 and the

photoluminescent material 30, i.e., less than approximately 5% of the light from light source

12 has a direct line-of-sight to the photoluminescent material 30; any losses thereof are

therefore negligible.

The conversion efficiency of apparatus 10 may be increased beyond approximately

70%, or even beyond approximately 80%, by judicious combination of various of the

above-described features. Figure 9 depicts a high-conversion-efficiency apparatus 10 that

includes a photoluminescent material 30 outside of the direct line-of-sight of one or more



light sources 12 that are embedded within in-coupling region 80. As shown in Figure 9,

apparatus 10 may include a bend, curve, or other geometry in propagation region 82 (or

even in out-coupling region 84) that facilitates the elimination of a direct line-of-sight

between the light source(s) 12 and the photoluminescent material 30. This geometry may

also facilitate subsequent "tiling" of multiple apparatuses 10 to form an illumination panel,

e.g., a panel in which the out-coupling regions 84 of apparatuses 10 overlie non-illuminating

in-coupling regions 80 and/or propagation regions 82 of adjacent apparatuses 10, as

described in U.S. Patent Application Publication Nos. 2009/0161341, 2009/0161369, and

2009/0161383, the entire disclosures of which are incorporated by reference herein. The

shape depicted in Figure 9 is exemplary, and many other configurations are possible. As

shown by the schematic break within propagation region 82 in Figure 9, propagation region

82 may be elongated and/or be sized and shaped so as to substantially or completely

eliminate the direct line-of-sight between light source(s) 12 and photoluminescent material

30.

The apparatus 10 depicted in Figure 9 exhibits a high conversion efficiency (e.g.,

greater than approximately 70%, or even greater than approximately 80%) due to the

combination of (i) highly reflective internal surfaces, particularly in out-coupling region 84,

(ii) improvements in the quantum efficiency of photoluminescent material 30 by its remote

placement with respect to light source 12 (e.g., outside the direct line-of-sight of light

source 12) and thus facilitating its lower temperature during operation, (iii) the placement of

photoluminescent material 30 (in the form of a uniform layer or as a collection of discrete

particles) within or on a thin layer (i.e., a layer having a thickness less than approximately

100 µm, less than approximately 50 µm, or even less than approximately 20 µm) of material

disposed over apparatus 10 in out-coupling region 84, and (iv) reducing the above-described

Stokes shift-related losses by utilizing multiple light sources 12 with a single

photoluminescent material 30 that converts only one color of light (e.g., blue light) to a

relatively narrow range of wavelengths of converted light (e.g., only a single color of

converted light, such as yellow). Each of these measures is described in further detail

below.



The internal surfaces (and/or the external surfaces) of apparatus 10, particularly near

the photoluminescent material 30, are preferably highly reflective (e.g., having an average

reflectivity greater than approximately 90%, or in some embodiments, greater than

approximately 95% or even greater than approximately 98%) in order to prevent losses of

the light emitted by light sources 12 and concomitant decreases in conversion efficiency.

For example, one or more surfaces in out-coupling region 84 other than the surface through

which the light is emitted may have such high average reflectivity. The reflectivity may be

enhanced via utilization of reflectors 86, which may include or consist essentially of one or

more reflective materials such as aluminum or VIKUITI Enhanced Specular Reflector

(ESR) film, available from 3M Company of St. Paul, Minnesota, USA. Thus, most back-

scattered light in apparatus 10 is reflected back toward out-coupling region 84. Only a

negligible portion (if any) of the light may be absorbed by the light source 12 itself, as the

photoluminescent material 30 is removed from, or even outside the direct line-of-sight of,

light source 12, as described above. Light source 12 may be disposed on a carrier 90 that

facilitates heat conduction away from light source 12 and may even be reflective to promote

the "recycling" of light within apparatus 10.

As described above with reference to Figures 8 and 9, the remote placement of

photoluminescent material 30 maintains its temperature at a lower relative value during

operation of apparatus 10, thus maintaining its quantum efficiency as large as possible

(since, in general, quantum efficiency of photoluminescent materials decreases with

increased temperature). Moreover, the remote placement enables the use of a wider range

of photoluminescent materials that have high quantum efficiencies but are not necessarily

stable at high temperatures of operation or experienced during traditional assembly steps

(such as soldering). Both of these advantages improve the quantum efficiency of the

photoluminescent material 30 itself and result in increased conversion efficiency for

apparatus 10. Photoluminescent material 30 is preferably outside the direct line-of-sight of

light source(s) 12.

Photoluminescent material 30 may include or consist essentially of Y3AIsO^Ce 3+

(YAG:Ce). YAG:Ce having a Ce3+ dopant density in the range of 0.1% mol to 1.6 % mol

typically has an average reduction in efficacy (lm/w) of 1% for each 10 0C increase in



temperature. This average reduction in efficacy tends to increase (i.e., the temperature-

dependent efficacy worsens) as the dopant density increases; thus, higher dopant densities

are traditionally disfavored in phosphor-converted LEDs. However, since embodiments of

the present invention maintain photoluminescent material 30 at low temperatures during

operation, YAG:Ce with a Ce3+ dopant density greater than approximately 2%, or even

greater than approximately 5%, may be utilized as photoluminescent material 30. For

example, even though the average efficacy reduction of such highly doped YAG:Ce may be

approximately 1.5% for each 10 0C temperature increase between 30 0C and 100 0C, the

highly doped material generally has an approximately 5-10% higher efficacy (lm/w) at room

temperature (i.e., approximately 25 0C). Additional details regarding TAG:Ce phosphor

materials may be found in Luminescent Materials and Applications by Adrian Kitai (ed.),

John Wiley & Sons Ltd: West Sussex, England, pp. 92-93 (2008), the entire disclosure of

which is incorporated by reference herein.

Photoluminescent material 30 is also preferably disposed in or on a layer of material

that, in addition to being substantially transparent to the light emitted by apparatus 10, has a

thickness less than approximately 100 µm, less than approximately 50 µm, or even less than

approximately 20 µm. When disposed on the layer, the photoluminescent material 30 may

have a thickness of less than approximately 20 um, and the total thickness of the supporting

layer and the layer of photoluminescent material 30 may be less than approximately 50 µm.

The small thickness of this layer reduces light losses by decreasing the distance through

which the light must travel to be emitted from out-coupling region 84. If it is in optical

contact with out-coupling region 84, this layer generally has a lower index of refraction than

that of waveguide material 14. In some embodiments, the layer is disposed in mechanical

contact (but not optical contact) with out-coupling region 84 with a micrometer-scale air

gap therebetween. In such embodiments, the index of refraction of the layer may be lower,

identical to, or higher than that of waveguide material 14. However, it may be

advantageous for the layer to have a higher (even significantly higher) index of refraction

than that of waveguide material 14. In an embodiment, the layer includes or consists

essentially of polyethylene terephthalate (PET). The photoluminescent material 30 may be

encapsulated within a resin, e.g., silicone, which is subsequently disposed on the layer or



directly on apparatus 10 (e.g., on out-coupling region 84) as a thin coating. The resin

preferably has a higher index of refraction than that of waveguide material 14. The layer is

preferably not itself a "diffuser" meant to uniformly diffuse and/or out-couple light from

apparatus 10. Rather, the layer is generally optically transparent. In some embodiments,

the layer may be disposed over both out-coupling region 84 and other portions of apparatus

10 (e.g., in-coupling region 80 and/or propagation region 82), but may only contain

photoluminescent material in a portion overlying out-coupling region 84 (the remaining

portions of the layer being optically transparent).

In preferred embodiments apparatus 10 emits substantially white light and

incorporates a blue-emitting (or "blue") light source 12, along with a photoluminescent

material 30 that converts a portion of the blue light into yellow light. Thus, the conversion

efficiency of apparatus 10 corresponds to the ratio of the white-light output power (or

"irradiance") to the blue-light input power, as described above. The conversion efficiency

is further increased by minimizing the Stokes-shift loss in apparatus 10. In order for

apparatus 10 to emit white light, red and/or green light is also mixed with the blue light

emitted by the blue light source 12 and the yellow light from photoluminescent material 30.

Rather than utilizing a photoluminescent material 30 that additionally converts a portion of

the blue light into red and/or green light (or utilizing multiple photoluminescent materials

30 to do so), high-conversion-efficiency apparatus 10 utilizes red and/or green light sources

12 in addition to the blue light source 12. Thus, the red and/or green light mixed into the

white light emitted by apparatus 10 is substantially unshifted by a photoluminescent

material 30, eliminating Stokes-shift losses for those components of the light.

Figure 10 is a schematic representation of various components of the light within

apparatus 10. The first component, labeled A, represents light extracted from light source(s)

12 that propagates to and is emitted from out-coupling region 84 to interact with

photoluminescent material 30. For example, A may include blue light, at least a portion of

which is meant to be converted by photoluminescent material 30 to a different wavelength,

as well as light of any other colors emitted by light source(s) 12 that is not meant to be

converted.



The second component, labeled B, represents light that propagates back from the

photoluminescent material 30 to in-coupling region 80, propagation region 82, and/or out-

coupling region 84. For example, B may include (i) blue light back-scattered by

photoluminescent material 30 (i.e., without being converted), (ii) non-blue light back-

scattered by photoluminescent material 30 (including light converted by photoluminescent

material 30 prior to being back-scattered), and (iii) converted light emitted "backward" (i.e.,

back toward in-coupling region 80, propagation region 82, and out-coupling region 84), as

photoluminescent material 30 generally isotropically emits light upon conversion in all

directions.

The third component, labeled C, includes light that is "recycled" back toward

photoluminescent material 30 after previously having been back-scattered therefrom. The

component C light may include or consist essentially of light of any combination of

wavelengths, as the recycling of the light from the in-coupling region 80, the propagation

region 82, and/or the out-coupling region 84 relates to the reflectivities of those portions of

apparatus 10 (which do not depend on wavelength).

The fourth component, labeled D, represents the light emitted by apparatus 10. The

component D light includes, e.g., (Dl) blue light not converted by photoluminescent

material 30 but rather transmitted therethrough or scattered "forward" (i.e., out of apparatus

10) therefrom, (D2) non-blue light (including converted light) transmitted through or

scattered forward from photoluminescent material 30, and (D3) converted light emitted

forward via the isotropic emission distribution of photoluminescent material 30.

The above-defined conversion efficiency of apparatus 10 may equivalently be

defined as the ratio of the D light to the A light. As mentioned previously, the best

commercial LEDs have conversion efficiencies of only 50-55%, while an apparatus 10 in

accordance with embodiments of the present invention exhibits a conversion efficiency of

greater than approximately 70%, or even greater than approximately 80%.

The conversion efficiency may be increased by increasing any of the components of

the D light. For example, Dl may be increased by the conversion of less blue light;

however, less conversion of blue light directly diminishes the amount of white light emitted

by apparatus 10, an undesirable outcome. The amount of D3 light may be increased by



improving the quantum efficiency of photoluminescent material 30. As detailed above, the

quantum efficiency may be enhanced by maintaining photoluminescent material 30 at a low

temperature (even as low as the ambient temperature surrounding apparatus 10).

Maintaining photoluminescent material 30 at low temperature also enables the use of higher

quantum efficiency materials that may not be stable at elevated temperatures.

The amount of D2 light may be increased by improving the reflectivity of various

components of apparatus 10 such that light is emitted, reflected, and/or recycled toward

photoluminescent material 30. For example, as described above, the reflectivity of various

surfaces in apparatus 10 (e.g., surfaces of out-coupling region 84 other than the surface

through which light is emitted) may have an average value of over approximately 90%.

Moreover, any relatively low reflectivity components in apparatus 10, e.g., light source 12,

are remotely placed with respect to (preferably outside the direct line-of-sight of)

photoluminescent material 30 such that any internally reflected or back-emitted light is not

absorbed thereby. And, since the waveguide material 14 forms a continuous path between

the light source(s) 12 and the out-coupling region 84, much of the light emitted by light

source(s) 12 will propagate losslessly through apparatus 10 via total internal reflection.

Using the model depicted in Figure 10, an average reflectance coefficient for

apparatus 10 may be defined as the ratio of the component B light to the component C light

(i.e., the ratio of backward-directed light to forward-directed light). Commercial phosphor-

containing LEDs have reflectance coefficients of only approximately 66%, and this may be

increased to approximately 80% by placing the phosphor away from the light source (but

still within its line-of-sight). An apparatus 10 in accordance with embodiments of the

invention may have a reflectance coefficient greater than approximately 80%, greater than

approximately 85%, or even greater than approximately 90%.

The table below depicts the electrical performance of two different apparatuses 10

incorporating the above-described features to enhance conversion efficiency.



As stated, flexible material 14 preferably includes or consists essentially of a

polymeric material. The polymeric material may optionally include or consist essentially of

natural rubber, a synthetic rubber, or a combination thereof. Examples of synthetic rubbers,

particularly those which are suitable for medical articles and devices, are taught in U.S.

Patent No. 6,329,444, hereby incorporated by reference as if fully set forth herein with

regard to such illustrative, non-limiting examples. The synthetic rubber in this patent is

prepared from cis-l,4-polyisoprene, although of course other synthetic rubbers could

optionally be used. Natural rubber may optionally be obtained from Hevena brasiliensis or

any other suitable species. In some embodiments material 14 is not flexible, comprising or

consisting essentially of, for example, polymethyl methacrylate and/or polycarbonate.

Other exemplary materials, which may optionally be used alone or in combination

with each other, or with one or more of the above rubber materials, include but are not

limited to, crosslinked polymers such as polyolefins, including but not limited to,

polyisoprene, polybutadiene, ethylene-propylene copolymers, chlorinated olefins such as

polychloroprene (neoprene) block copolymers, including diblock-, triblock-, multiblock- or

star-block-, such as: styrene-butadiene-styrene copolymers, or styrene-isoprene-styrene

copolymers (preferably with styrene content from about 1% to about 37 %), segmented

copolymers such as polyurethanes, polyether-urethanes, segmented polyether copolymers,

silicone polymers, including copolymers, and fluorinated polymers and copolymers.



For example, optionally and preferably, the second layer may include or consist

essentially of polyisoprene, while the first layer optionally and preferably may include or

consist essentially of silicone. If a third layer is present, it also optionally and preferably

may include or consist essentially of silicone.

According to an optional embodiment of the present invention, the flexible material

is formed by dip-molding in a dipping medium. Optionally, the dipping medium may

include or consist essentially of a hydrocarbon solvent in which a rubbery material is

dissolved or dispersed. Also optionally, the dipping medium may include one or more

additives selected from the group consisting of cure accelerators, sensitizers, activators,

emulsifying agents, cross-linking agents, plasticizers, antioxidants, and reinforcing agents.

The terms and expressions employed herein are used as terms and expressions of

description and not of limitation, and there is no intention, in the use of such terms and

expressions, of excluding any equivalents of the features shown and described or portions

thereof. In addition, having described certain embodiments of the invention, it will be

apparent to those of ordinary skill in the art that other embodiments incorporating the

concepts disclosed herein may be used without departing from the spirit and scope of the

invention. Accordingly, the described embodiments are to be considered in all respects as

only illustrative and not restrictive.



What is claimed is:

1. An illumination apparatus comprising:

a substantially planar waveguide;

a plurality of light sources embedded within an in-coupling region of the

waveguide; and

a film having a thickness less than approximately 100 µm, comprising a

photoluminescent material, and disposed over an out-coupling region of the waveguide, (i)

the photoluminescent material converting a portion of light emitted by at least one of the

light sources to a different wavelength, and (ii) a surface of the out-coupling region having

an average reflectivity of greater than approximately 90%,

wherein (i) light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and (ii) a conversion efficiency

of the illumination apparatus is greater than approximately 70%.

2. The illumination apparatus of claim 1, wherein the conversion efficiency of the

illumination apparatus is greater than approximately 80%.

3. The illumination apparatus of claim 1, wherein the photoluminescent material is

stable only at temperatures less than approximately 50 0C.

4. The illumination apparatus of claim 1, wherein the thickness of the film is less than

approximately 50 µm.

5. The illumination apparatus of claim 1, further comprising a propagation region

disposed between the in-coupling region and the out-coupling region, wherein the in-

coupling region comprises a first plurality of scattering elements, the out-coupling region

comprises a second plurality of scattering elements, and the propagation region is

substantially free of scattering elements.



6. The illumination apparatus of claim 1, wherein the film is in mechanical contact but

not optical contact with the out-coupling region.

7. The illumination apparatus of claim 1, wherein the film comprises at least one of

polyethylene terephthalate or silicone.

8. The illumination apparatus of claim 1, wherein an index of refraction of the film is

less than an index of refraction of the waveguide.

9. The illumination apparatus of claim 1, wherein an index of refraction of the film is

greater than an index of refraction of the waveguide.

10. The illumination apparatus of claim 1, wherein at least two of the light sources emit

light of substantially different wavelengths.

11. The illumination apparatus of claim 1, wherein the photoluminescent material is

outside a direct line-of-sight of each of the light sources.

12. The illumination apparatus of claim 1, wherein light emitted by at least one of the

light sources passes through the film without being converted to a different wavelength by

the photoluminescent material.

13. An illumination apparatus comprising:

a substantially planar waveguide;

a plurality of light sources embedded within an in-coupling region of the

waveguide; and

a film having a thickness less than approximately 100 µm, comprising a

photoluminescent material, and disposed over an out-coupling region of the waveguide, (i)

the photoluminescent material positioned so that, during operation of the illumination

apparatus, a temperature of the photoluminescent material does not exceed approximately



50 0C, (ii) the photoluminescent material being stable only at temperatures less than

approximately 50 0C, (iii) the photoluminescent material converting a portion of light

emitted by at least one of the light sources to a different wavelength, and (iv) a surface of

the out-coupling region having an average reflectivity of greater than approximately 90%,

wherein (i) light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and (ii) a conversion efficiency

of the illumination apparatus is greater than approximately 70%.

14. The illumination apparatus of claim 13, wherein the conversion efficiency of the

illumination apparatus is greater than approximately 80%.

15. The illumination apparatus of claim 13, wherein the photoluminescent material is

disposed outside a direct line-of-sight of each of the light sources.

16. The illumination apparatus of claim 13, wherein the thickness of the film is less

than approximately 50 µm.

17. The illumination apparatus of claim 13, further comprising a propagation region

disposed between the in-coupling region and the out-coupling region, wherein the in-

coupling region comprises a first plurality of scattering elements, the out-coupling region

comprises a second plurality of scattering elements, and the propagation region is

substantially free of scattering elements.

18. The illumination apparatus of claim 13, wherein the film is in mechanical contact

but not optical contact with the out-coupling region.

19. The illumination apparatus of claim 13, wherein the film comprises at least one of

polyethylene terephthalate or silicone.



20. The illumination apparatus of claim 13, wherein an index of refraction of the film is

less than an index of refraction of the waveguide.

2 1. The illumination apparatus of claim 13, wherein an index of refraction of the film is

greater than an index of refraction of the waveguide.

22. The illumination apparatus of claim 13, wherein at least two of the light sources

emit light of substantially different wavelengths.

23. The illumination apparatus of claim 13, wherein light emitted by at least one of the

light sources passes through the film without being converted to a different wavelength by

the photoluminescent material.

24. An illumination apparatus comprising:

a substantially planar waveguide;

a plurality of light sources embedded within an in-coupling region of the

waveguide; and

a film having a thickness less than approximately 100 µm, comprising a

photoluminescent material, and disposed over an out-coupling region of the waveguide, (i)

the photoluminescent material being disposed outside a direct line-of-sight of each of the

light sources, (ii) the photoluminescent material converting a portion of light emitted by at

least one of the light sources to a different wavelength, and (iii) a surface of the out-

coupling region having an average reflectivity of greater than approximately 90%,

wherein (i) light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and (ii) a conversion efficiency

of the illumination apparatus is greater than approximately 70%.

25. The illumination apparatus of claim 24, wherein the conversion efficiency of the

illumination apparatus is greater than approximately 80%.



26. The illumination apparatus of claim 24, wherein the thickness of the film is less

than approximately 50 µm.

27. The illumination apparatus of claim 24, further comprising a propagation region

disposed between the in-coupling region and the out-coupling region, wherein the in-

coupling region comprises a first plurality of scattering elements, the out-coupling region

comprises a second plurality of scattering elements, and the propagation region is

substantially free of scattering elements.

28. The illumination apparatus of claim 24, wherein the film is in mechanical contact

but not optical contact with the out-coupling region.

29. The illumination apparatus of claim 24, wherein the film comprises at least one of

polyethylene terephthalate or silicone.

30. The illumination apparatus of claim 24, wherein an index of refraction of the film is

less than an index of refraction of the waveguide.

31. The illumination apparatus of claim 24, wherein an index of refraction of the film is

greater than an index of refraction of the waveguide.

32. The illumination apparatus of claim 24, wherein at least two of the light sources

emit light of substantially different wavelengths.

33. The illumination apparatus of claim 24, wherein light emitted by at least one of the

light sources passes through the film without being converted to a different wavelength by

the photoluminescent material.

34. An illumination apparatus comprising:

a substantially planar waveguide;



a plurality of light sources embedded within an in-coupling region of the

waveguide; and

a film having a thickness less than approximately 100 µm, comprising a

photoluminescent material, and disposed over an out-coupling region of the waveguide, (i)

the photoluminescent material converting a portion of light emitted by at least one of the

light sources to a different wavelength, (ii) light emitted by at least one of the light sources

passing through the film without being converted to a different wavelength by the

photoluminescent material, and (iii) a surface of the out-coupling region having an average

reflectivity of greater than approximately 90%,

wherein (i) light emitted by the light sources mixes with light converted by the

photoluminescent material to form substantially white light, and (ii) a conversion efficiency

of the illumination apparatus is greater than approximately 70%.

35. The illumination apparatus of claim 34, wherein the conversion efficiency of the

illumination apparatus is greater than approximately 80%.

36. The illumination apparatus of claim 34, wherein the thickness of the film is less

than approximately 50 µm.

37. The illumination apparatus of claim 34, further comprising a propagation region

disposed between the in-coupling region and the out-coupling region, wherein the in-

coupling region comprises a first plurality of scattering elements, the out-coupling region

comprises a second plurality of scattering elements, and the propagation region is

substantially free of scattering elements.

38. The illumination apparatus of claim 34, wherein the film is in mechanical contact

but not optical contact with the out-coupling region.

39. The illumination apparatus of claim 34, wherein the film comprises at least one of

polyethylene terephthalate or silicone.



40. The illumination apparatus of claim 34, wherein an index of refraction of the film is

less than an index of refraction of the waveguide.

4 1. The illumination apparatus of claim 34, wherein an index of refraction of the film is

greater than an index of refraction of the waveguide.

42. The illumination apparatus of claim 34, wherein at least two of the light sources

emit light of substantially different wavelengths.

43. An illumination apparatus comprising:

a waveguide having a first surface;

embedded within the waveguide, (i) a light-emitting source for emitting source

light, and (ii) a photoluminescent material for converting some of the source light to a

different wavelength, the converted source light mixing with unconverted source light to

form output light spectrally different from both the converted source light and the

unconverted source light,

wherein output light is emitted from at least a portion of the first surface, and the

photoluminescent material comprises at least one of nano-size phosphor particles or

quantum dots.

44. The illumination apparatus of claim 43, wherein the photoluminescent material

consists essentially of at least one of nano-size phosphor particles or quantum dots.

45. The illumination apparatus of claim 43, wherein photoluminescent material

comprises a first layer consisting essentially of at least one of nano-size phosphor particles

or quantum dots and, proximate the first layer, a second layer of phosphor material.

46. The illumination apparatus of claim 45, wherein the second layer does not contain

nano-size phosphor particles or quantum dots.



47. The illumination apparatus of claim 46, wherein the second layer scatters source

light.

48. The illumination apparatus of claim 43, wherein the light-emitting source is

embedded proximate a second surface of the waveguide opposite the first surface.

49. The illumination apparatus of claim 43, wherein the photoluminescent material is

disposed proximate the first surface.

50. The illumination apparatus of claim 43, wherein the photoluminescent material is

dispersed throughout substantially all of the waveguide.

51. The illumination apparatus of claim 43, wherein the waveguide is substantially

planar.

52. The illumination apparatus of claim 43, wherein the waveguide comprises:

a discrete in-coupling region for receiving source light;

a discrete out-coupling region for emitting output light; and

a discrete propagation region, spatially distinct from the in-coupling and out-

coupling regions, for propagating source light from the in-coupling region to the out-

coupling region.

53. The illumination apparatus of claim 52, wherein the in-coupling region comprises a

first plurality of scattering impurities, the out-coupling region comprises a second plurality

of scattering impurities, and the propagation region is substantially free of scattering

impurities.

54. The illumination apparatus of claim 52, wherein the propagation region comprises

the photoluminescent material.



55. The illumination apparatus of claim 52, wherein the photoluminescent material is

disposed proximate and in direct contact with the first surface in the out-coupling region.

56. The illumination apparatus of claim 43, wherein the photoluminescent material

comprises nano-size phosphor particles having an average diameter of less than

approximately 3 nm.

57. An illumination apparatus comprising:

a waveguide having a first surface;

embedded within the waveguide, a light-emitting source for emitting source light;

disposed on the first surface of the waveguide, a layer of phosphor-encapsulating

material; and

disposed within the layer of phosphor-encapsulating material, a photoluminescent

material for converting some of the source light to a different wavelength, the converted

source light mixing with unconverted source light to form output light spectrally different

from both the converted source light and the unconverted source light,

wherein source light is emitted from at least a portion of the first surface of the

waveguide and output light is emitted from at least a portion of the layer of phosphor-

encapsulating material.

58. The illumination apparatus of claim 57, wherein the layer of phosphor-

encapsulating material is in mechanical contact but not optical contact with the first surface

of the waveguide.

59. The illumination apparatus of claim 57, wherein the phosphor-encapsulating

material comprises silicone.

60. The illumination apparatus of claim 57, wherein an index of refraction of the

phosphor-encapsulating material is less than an index of refraction of the waveguide.



61. The illumination apparatus of claim 57, wherein an index of refraction of the

phosphor-encapsulating material is greater than an index of refraction of the waveguide.

62. The illumination apparatus of claim 57, wherein the waveguide comprises:

a discrete in-coupling region for receiving source light;

a discrete out-coupling region for emitting output light; and

a discrete propagation region, spatially distinct from the in-coupling and out-

coupling regions, for propagating source light from the in-coupling region to the out-

coupling region,

and wherein the photoluminescent material is present only over the out-coupling

region.

63. The illumination apparatus of claim 57, wherein the layer of phosphor-

encapsulating material has a thickness less than approximately 200 µm and the

photoluminescent material comprises a plurality of particles having an average diameter

ranging from approximately 0.5 µm to approximately 50 µm.

64. The illumination apparatus of claim 57, wherein the photoluminescent material

comprises at least one of nano-size phosphor particles or quantum dots.

65. An illumination apparatus comprising:

a waveguide having a first surface;

embedded within the waveguide, a plurality of light-emitting sources, each light-

emitting source emitting a different source light; and

disposed proximate the first surface, a photoluminescent material for converting

some of the source light of one of the light-emitting sources to a different wavelength, the

converted source light mixing with unconverted source light to form output light spectrally

different from both the converted source light and the unconverted source light,

wherein the output light has a CRI value greater than approximately 70.



66. The illumination apparatus of claim 65, wherein the different source lights comprise

red, green, and blue light, and the converted source light comprises yellow light.

67. The illumination apparatus of claim 65, wherein the output light is substantially

white.

68. The illumination apparatus of claim 65, wherein the photoluminescent material is

disposed within the waveguide.

69. The illumination apparatus of claim 65, wherein the photoluminescent material is

disposed within a layer of phosphor-encapsulating material disposed above and in

mechanical contact with the first surface.

70. The illumination apparatus of claim 69, wherein the layer of phosphor-

encapsulating material is disposed in optical contact with the first surface.

71. The illumination apparatus of claim 65, wherein the photoluminescent material

comprises at least one of nano-size phosphor particles or quantum dots.

72. A plurality of illumination apparatuses comprising:

a first illumination apparatus comprising:

a first light-emitting source emitting source light having a first wavelength,

and

a first layer comprising a photoluminescent material for converting some of

the source light to a different wavelength, the converted source light mixing with

unconverted source light to form output light spectrally different from both the converted

source light and the unconverted source light; and

a second illumination apparatus comprising:



a second light-emitting source emitting source light having a second

wavelength differing from the first wavelength by at least approximately 5 nm, and

a second layer comprising the photoluminescent material,

wherein color coordinates of the first and second illumination apparatuses differ by

no more than approximately 5%.

73. The plurality of illumination apparatuses of claim 72, wherein the second

wavelength and the first wavelength differ by at least approximately 10 nm.

74. The plurality of illumination apparatuses of claim 72, wherein the color coordinates

of the first and second illumination apparatuses differ by no more than approximately 1%.

75. A method of forming a plurality of illumination apparatuses, the method

comprising:

providing first and second illumination apparatuses, each apparatus comprising a

layer of photoluminescent material for converting a portion of source light from a light-

emitting source to a different wavelength, the converted source light mixing with

unconverted source light to form output light spectrally different from both the converted

source light and the unconverted source light;

coupling a first light-emitting source emitting source light having a first wavelength

to the first illumination apparatus; and

coupling a second light-emitting source emitting source light having a second

wavelength differing from the first wavelength by at least approximately 5 nm,

wherein color coordinates of the first and second illumination apparatuses differ by

no more than approximately 5%.

76. The method of claim 75, wherein coupling the first light-emitting source comprises

embedding the first light-emitting source within the first illumination apparatus, and

coupling the second light-emitting source comprises embedding the second light-emitting

source within the second illumination apparatus.



77. The method of claim 75, wherein the second wavelength and the first wavelength

differ by at least approximately 10 nm.

78. The method of claim 75, wherein the color coordinates of the first and second

illumination apparatuses differ by no more than approximately 1%.

79. A method of forming an illumination apparatus, the method comprising:

embedding a light-emitting source within a waveguide; and

disposing a layer comprising a photoluminescent material above a first surface of

the waveguide, wherein the layer is in mechanical contact but not optical contact with the

waveguide.

80. The method of claim 79, wherein the photoluminescent material comprises at least

one of nano-size phosphor particles or quantum dots.

81. The method of claim 79, wherein the waveguide comprises:

a discrete in-coupling region for receiving source light;

a discrete out-coupling region for emitting output light; and

a discrete propagation region, spatially distinct from the in-coupling and out-

coupling regions, for propagating source light from the in-coupling region to the out-

coupling region,

and wherein the photoluminescent material is present only over the out-coupling

region.
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